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Abstract

Age and gender are the important factors for brain metabolic declines in both normal aging and neurodegeneration, and
the confounding effects may influence early and differential diagnosis of neurodegenerative diseases based on the ['*F]
fluorodeoxyglucose positron emission tomography (['*FJFDG PET). We aimed to explore the potential of the adjustment
of age- and gender-related confounding factors on ['®F]FDG PET images in differentiation of Parkinson’s disease (PD),
multiple system atrophy (MSA) and progressive supra-nuclear palsy (PSP). Eight hundred and seventy-seven clinically
definitely diagnosed Parkinsonian patients from a benchmark Huashan Parkinsonian PET imaging database were included.
An age- and gender-adjusted Z (AGAZ) score was established based on the gender-specific longitudinal metabolic changes
on healthy subjects. AGAZ scores and standardized uptake value ratio (SUVR) values were quantified at regional-level and
support vector machine-based error-correcting output codes method was applied for classification. Additional references
of the classifications based on metabolic pattern scores were included. The feature-based AGAZ score showed the best
performance in classification (accuracy for PD, MSA, PSP: 93.1%, 96.3%, 94.8%). In both genders, the AGAZ score con-
sistently achieved the best efficiency, and the improvements compared to the conventional SUVR value for PD, MSA, and
PSP mainly laid in specificity (Male: 5.7%; Female: 11.1%), sensitivity (Male: 7.2%; Female: 7.3%), and sensitivity (Male:
7.3%; Female: 17.2%). Female patients benefited more from the adjustment on ['®F]JFDG PET in MSA and PSP groups
(absolute net reclassification index, p <0.001). Collectively, the adjustment of age- and gender-related confounding factors
may improve the differential diagnosis of Parkinsonism. Particularly, the diagnosis of female Parkinsonian population has
the best improvement from this correction.
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Introduction supra-nuclear palsy (PSP), are challenging for the differen-

tial diagnosis. Studies during the past decades have showed

The overlapping and similar clinical symptoms in Parkin-
son’s disease (PD) and atypical parkinsonian syndromes,
including multiple system atrophy (MSA), and progressive
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that ['®F]fluorodeoxyglucose positron emission tomography
(['8F]FDG PET) is a clinically useful tool for accurate dis-
ease distinction and severity assessment in parkinsonism
(Meles et al. 2017). As the most used radiotracer in practice,
['®F]FDG serves as a marker of neuronal function by assess-
ing regional cerebral glucose metabolism, where elevated
uptake indicates synaptic activity and decreased uptake rep-
resents neural dysfunction (Kato et al. 2016; Meles et al.
2017; Meyer et al. 2017; Nobili et al. 2018). The disease-
specific changes and the relatively high availability make
["®FIFDG PET an essential part in the diagnostic work-up of
patients with neurodegenerative disorders (Kato et al. 2016;
Meles et al. 2017; Meyer et al. 2017; Nobili et al. 2018).
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Of note, cerebral glucose metabolic changes are com-
posed of disease-related abnormalities and age-associated
changes. Previous [ISF]FDG PET studies found that the
glucose metabolic activity was decreased with advanc-
ing age in many brain regions, including parkinsonism-
related areas like frontal, occipital and parietal cortices,
striatum, and thalamus (Knopman et al. 2014; Yoshizawa
et al. 2014; Kakimoto et al. 2016; Ishibashi et al. 2018; van
Aalst et al. 2022), and the decline rates varied (2-10% per
decade) (Petit-Taboue et al1998; Greve et al. 2014; Bonte
et al. 2017). Though age-associated changes were mainly
discussed in the context of cognitive impairments like Alz-
heimer’s disease (AD) (Brugnolo et al. 2014; Ewers et al.
2014; Li et al. 2022), their impact on movement disorders
cannot be ignored. As the onset of Parkinsonism spans
over a broad range of age, the mixed age-related changes
may affect the accuracy of an early PET-based diagnosis.

Besides, gender is considered to have an effect on
the aging-related brain changes in magnetic resonance
imaging (MRI) (Good et al. 2001; Cosgrove et al. 2007,
Takahashi et al. 2011) and ['®F]JFDG PET (Cosgrove
et al. 2007; Yoshizawa et al. 2014; Kakimoto et al. 2016)
studies though the findings are controversial. Serving as
an important variability for disease susceptibility and
trajectory in neurodegeneration (Baba et al. 2006; Gil-
lies et al. 2014; Ferretti et al. 2018), differences in brain
metabolism between genders have been reported albeit
the majority have focused on AD (Mosconi et al. 2017;
Cavedo et al. 2018). In PD, MRI studies found that males
suffered greater brain atrophy (Tremblay et al. 2020) and
disrupted connectivity (De Micco et al. 2019; Tremblay
et al. 2020) than disease duration and severity-matched
females. Therefore, the effect of gender should also be
considered when attempting to eliminate the influence of
age-related metabolic changes on the ['®F]FDG PET-based
parkinsonism differentiation.

Herein, we hypothesized that an adjustment for the gen-
der-specific age-related changes could improve an ['*F]FDG
PET-based differential diagnosis in Parkinsonian. We first
applied an adjustment for the age-related changes on ['*F]
FDG PET images based on our previously identified gender-
specific longitudinal templates of age-related changes using
exponential model (Zhang et al. 2017), and then compared
its [Age- and Gender-adjusted Z score (AGAZ score)] dis-
ease discrimination efficiency in patients with PD, MSA and
PSP with conventional semi-quantification method [stand-
ardized uptake value ratio (SUVR)] and principal compo-
nent analysis method [the disease-related metabolic patterns:
PD-related pattern (PDRP) (Wu et al. 2013); MSA-related
pattern (MSARP) (Shen et al. 2020); PSP-related pattern
(PSPRP) (Ge et al. 2018)]. Second, we compared the dif-
ference in the degree of improvement between males and
females, as well as different ages.

Materials and Methods
Subjects

The investigated subjects were the same as in our previ-
ous work from Huashan Parkinsonian PET Imaging (HPPI)
Database (Wu et al. 2022). Only the patients with clinical
definite diagnoses (cohort I, n=547) and the ones with con-
firmative diagnoses by follow-up (cohort II, n =330) were
enrolled (Supplementary Table 1).

The institutional review board from Huashan Hospi-
tal approved this study, and all subjects signed a written
informed consent.

Imaging Acquisition and Preprocessing

As described before (Wu et al. 2022), patients underwent
brain ['®F]JFDG PET after an injection of 185 MBq ['3F]
FDG during 60-70 min with Biograph 64 HD positron
emission tomography/computed tomography (PET/CT)
(Siemens, Germany).

The PET images were preprocessed using Statistical
Parametric Mapping (SPM) 12 toolbox (http://www.fil.ion.
ucl.ac.uk/spm/software/spm12/) implemented in MATLAB
(MathWorks, Natick, MA, USA). All PET images were spa-
tially normalized into Montreal Neurological Institute stand-
ardized space using SPM PET template and then smoothed
using a Gaussian kernel with a full width at a half maximum
of 10 mm. The global brain region was regarded as reference
region to count normalization. All images were parcellated
into 119 anatomical regions according to the Automated
Anatomical Labelling (AAL) atlas (116 regions of interest
(ROIs) from AAL atlas, plus midbrain, pons, and medulla)
(Li et al. 2022).

Quantification of AGAZ Score, Conventional SUVR
Value and Pattern Score

Longitudinal templates of gender-specific age-related
changes were applied to adjust for the age-related metabolic
changes. ['®F]FDG PET scans from the normal cohorts (128
males and 127 females) were analyzed using exponential
model to generate longitudinal age-related metabolism
change templates for each gender as describe previously
(Zhang et al. 2017). AGAZ score of each ROI was calculated
by subtracting the age- and gender-associated activity from
the measured activity and then normalized with standard
deviation of the longitudinal template (Fig. 1). Conventional
SUVRs were calculated in the same ROIs.

Scores of PDRP, MSARP and PSPRP were obtained via a
Scaled Subprofile Modelling/Principal Component Analysis
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toolbox in ScAnVP ((http://www.feinstein- neuroscience.
org) and Z-transformed as previously described (Wu et al.
2013; Ge et al. 2018; Shen et al. 2020).

A total of 37 ROIs were selected as features to train the
classify model for AGAZ scores and conventional SUVR
values. These regions, covering the typical glucose abnor-
mality in Parkinsonism, including bilateral precentral gyrus,
supplementary motor area, middle occipital, superior pari-
etal, caudate, putamen, pallidum, thalamus, cerebellum,
medulla, pons, and midbrain, were considered to be appro-
priate for Parkinsonism analyses (Meles et al. 2017).

Statistical Analysis

To test the classification performance, the entirety was
divided randomly into the training and test datasets as the
ratio (4:1) with 100 iterations. All measurements (AGAZ
score, SUVR value, pattern score) were regarded as pre-
dictors to perform multi-classification using support vec-
tor machine-based error-correcting output codes method
(Chmielnicki and Stakapor 2011). Accuracy, sensitivity,
specificity, positive predictive value (PPV), and negative
predictive value (NPV) were calculated, and two-sample
T test was used for comparison between AGAZ score and
conventional SUVR value, AGAZ score, and pattern score,
respectively.

To explore the different improvements between genders,
the absolute net reclassification index (NRI) was applied to
compare the predictive performance of different measure-
ments (Alba et al. 2017). Results were considered significant
at p<0.05.

Results
Participant Characteristics
Five hundred and eleven PD, 211 MSA, and 155 PSP

patients were enrolled, of whom 41.8%, 47.9% and 36.8%
were females, respectively (Table 1). Age of the enrolled PD,

MSA and PSP patients ranged from 41 to 82, 42 to 79, 44 to
84 years old, respectively (Fig. 2).

Performance of the Three Measurements
in the Training and Test Datasets

In both datasets, the feature-based conventional SUVR value
achieved high accuracy in classification (92.1-96.3%), and
the AGAZ score (92.8-96.3%) showed a slight improvement
on top of the conventional SUVR value, while pattern score
(83.0-91.2%) had the less favorable performance.

In the training dataset, compared to the classification
based on conventional SUVR values and pattern scores,
AGAZ scores produced a significantly higher accuracy,
specificity and PPV in PD, a significantly higher sensitivity
and NPV in MSA, and a significantly higher sensitivity and
NPV in PSP (p <0.05; Fig. 3). Similar improvements were
observed in the test dataset (Fig. 4). Fig. 5 shows examples
of patients for each disease with wrong classification by con-
ventional SUVR value but correct identification by AGAZ
score. In both displayed PD and MSA patients, by compar-
ing to a group of age-matched healthy controls (p <0.05,
voxel-level), extensive hypometabolism was found in mid-
brain, strongly suggesting a diagnosis of PSP. Neverthe-
less, by applying age- and gender-correction, no significant
decreased metabolic activity was seen in midbrain, and the
disease-specific abnormalities (obvious hypermetabolism in
putamen and thalamus for PD, hypometabolism in putamen
for MSA) were clearer. In the showed PSP patient, the dis-
ease characterized by hypometabolism in the midbrain and
caudate nucleus was more pronounced in the AGAZ map,
although the decreased activity in the medial prefrontal cor-
tex was more readily observed compared to the age-matched
healthy group at voxel level.

Performance of the Three Measurements
by Genders

Consistently, the AGAZ scores harbored the best perfor-
mance in classification when tested separately in males

Table 1 The demographical

. ; n Age (years) Symptom dura- UPDRS III H &Y Scale

information tion (months)
PD Male 299 60.7+8.5 40.4+40.9 253+13.1 2.0+0.9
(n=511) Female 214 59.3+7.6 46.2+48.3 25.1+14.2 2.1+1.0
MSA Male 110 58.4+7.5 23.4+14.6 26.1+12.7 29408
(n=211) Female 101 575475 26.9+21.1 345+15.0 32409
PSP Male 98 67.2+7.8 3454212 275+11.4 3.0+08
(n=155) Female 57 65.1+7.0 33.9+20.6 30.8+14.5 34408

PD Parkinson’s disease; MSA multiple system atrophy; PSP progressive supra-nuclear palsy; UPDRS 1]
Unified Parkinson’s Disease Rating Scale, part III; H&Y Scale Hoehn and Yahr Scale
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Fig.2 The distribution of the subjects according to the ages. Each bin covers the age difference of 5 years. PD Parkinson’s disease; MSA multi-

ple system atrophy; PSP progressive supra-nuclear palsy

and females. The AGAZ scores outperformed conventional
SUVR values and pattern scores in differentiation: a higher
accuracy, specificity and PPV in PD, a higher accuracy, sen-
sitivity and NPV in MSA, and a higher accuracy, sensitivity
and NPV in PSP (p <0.05; Figs. 6 and 7). For PD, the most
pronounced improvement for disease classification was in
specificity, and for MSA and PSP, it laid in sensitivity.
Specifically, in males with PD, the AGAZ scores
showed a 2.0%, 5.7%, 3.5% improvement in accuracy,
specificity, and PPV than the conventional SUVR value,
and the corresponding ameliorations in the females were
4.5%, 11.1%, and 7.1%. In males with MSA, the AGAZ
scores showed a 1.6%, 7.2%, 1.9% improvement in accu-
racy, sensitivity and NPV than the conventional SUVR
value, and the corresponding ameliorations in the females
were 1.8%, 7.3%, and 2.5%. For PSP, in male patients, the
improvements of AGAZ scores were most significant with
1.8%, 7.3%, 2.8%, 1.7% in accuracy, sensitivity, PPV and
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NPV comparing to the conventional SUVR values, and
the corresponding ameliorations in females were 2.5%,
17.2%, 0 and 3.1%.

Further comparing the effect of AGAZ score between
genders by NRI showed that the improvements of AGAZ
score compared to SUVR value were more pronounced
in females with MSA (females vs males: 10.7% +1.7%
vs 5.3% +1.5%, p<0.001) and PSP (females vs males:
17.0% +3.2% vs 7.8% +2.6%, p <0.001) than males, while
no difference was seen in PD (females vs males: 7.0% + 1.9%
vs 7.2% +1.7%, p=0.350; Fig. 8).

Performance of the Three Measurements by Ages
Each disease group was equally divided into three subgroups

based on ages. In PD and MSA, the improvement of correc-
tion compared to conventional SUVR was most pronounced
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Fig.4 The classification performance of different measurements
within test dataset. The specificity of the pattern score for diagnos-
ing PD was less than 70% (66.6+6.12) and was therefore not shown
as a bar in the figure. PD Parkinson’s disease; MSA multiple system

in the old group, while in PSP, the improvement was best
in the young group (p <0.001, Supplementary Table 2,
Table 2).
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sample 7 test

Discussion

We tested the gender- and age-associated effect on the dif-
ferentiation power of the highly available PET tracer—[ '*F]



Adjustment for the Age- and Gender-Related Metabolic Changes Improves the Differential. .. 57

SUVR without correction

Fig.5 Examples of patients for each disease with wrong classifica-
tion by conventional SUVR value but correct identification by AGAZ
score. The left column represented the SUVR images, the middle
column showed the abnormal T-maps compared to a group of age-
matched healthy controls (p <0.05, uncorrected), and the right col-
umn presented the AGAZ score maps. The top row was the images
of a patient with PD, the middle row was the images of a patient with

FDG in parkinsonism and found the adjustment for gen-
der-specific and age-associated metabolic changes could
improve the classification performance. Furthermore, the
more pronounced improvements in females suggested the
potential of AGAZ score to deepen the awareness of this
partially overlooked Parkinsonism population.

As an inevitable and irreversible process, aging has
become one of the prominent social issues and neurodegener-
ative diseases account for a non-negligible part of age-related

Comparison to
age-matched controls

Age- and gender-correction
Z score

Threshold

MSA, and the bottom row was the images of a patient with PSP. All
images were displayed by overlaying on the standard avg152T1 image
in the Montreal Neurological Institute space, and a transparency of
30% was applied to the SUVR images. PD Parkinson’s disease; MSA
multiple system atrophy; PSP progressive supra-nuclear palsy; SUVR
standardized uptake value ratio; AGAZ age- and gender-adjusted Z

disorders (Hou et al. 2019). Changes in the brain of normal
aging have been observed in various aspects of functional
and structural perspectives. Given that few or no effective
treatments for aging-related neurodegenerative diseases are
available, the accurate diagnosis remains crucial for therapy
development. In AD, previous studies reported that the struc-
tural MRI-based diagnosis could lead to a misclassification
of younger AD patients and older controls when regarded the
age-related changes and disease-associated changes equally
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Fig.6 The classification performance of different measurements
within males. PD Parkinson’s disease; MSA multiple system atrophy;
PSP progressive supra-nuclear palsy; AGAZ age- and gender-adjusted

(Franke et al. 2010; Dukart et al. 2011). It is believed that
age-related changes may have a greater impact on image-
based diagnosis in patients outside the common onset ages
because changes associated with later-life disease are sub-
tle at very young patients, and age-related brain decline is
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severe in very old patients, which is leading to overestima-
tion of those disease-free areas (Dukart et al. 2011). Hence,
age correction methods have been proposed for both MRI
(Dukart et al. 2011; Li et al. 2021) and ['*F]FDG-based
(Jiang et al. 2018) diagnosis of dementia. The onset age for
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Fig.7 The classification performance of different measurements
within females. PD Parkinson’s disease; MSA multiple system atro-
phy; PSP progressive supra-nuclear palsy; AGAZ age- and gender-

parkinsonism is generally around 55-65 years old, and some
early onset cases may show symptoms in the early 20s, while
some patients show symptoms at very old ages (i.e., late 80s).
Although the utility of ['®F]JFDG PET in parkinsonism’s clas-
sification is well identified (Tang et al. 2010; Meles et al.
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2017; Meyer et al. 2017; Wu et al. 2022), whether age cor-
rection could improve its performance has been less explored.
In this study, we used our previously established gender-spe-
cific longitudinal templates of age-related metabolic change
in healthy controls for the correction (Zhang et al. 2017),
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Fig.8 Gender differences in disease classification improvement by
AGAZ score compared to SUVR value. PD Parkinson’s disease;
MSA multiple system atrophy; PSP progressive supra-nuclear palsy;
AGAZ age- and gender-adjusted Z; NRI net reclassification index.
**%p <0.001, two-sample T test

Table2 Age differences in disease classification improvement by
AGAZ score compared to SUVR value

NRI (%) Young Middle Old p value
PD 6.14+2.03 7.35+2.05 9.13+1.61 <0.001
MSA 5.71+1.29 474+£3.04 102+1.97 <0.001
PD 13.6 +4.1 11.0+£2.93 9.34+3.01 <0.001

One-way ANOVA test was performed

PD Parkinson’s disease; MSA multiple system atrophy; PSP progres-
sive supra-nuclear palsy; AGAZ age- and gender-adjusted Z; SUVR
standardized uptake value ratio; NRI net reclassification index

because in addition to age, gender was also found to play an
important role in age- and disease-associated brain changes
(Yoshizawa et al. 2014; Kakimoto et al. 2016; Mosconi et al.
2017; De Micco et al. 2019). As expected, the conventional
SUVR values without correction showed an impressive
performance for differentiation, benefiting from the feature
selection for disease-prone cerebral regions and the relatively
large sample size for model training. Meanwhile, pattern
scores seemed to be less favorable which might because of
the limited sample size for the initial pattern identification.
When applying further adjustment on top of SUVR, though
the improvements were not large, which might be that the
baseline accuracy is quite high, and the improvements were
still meaningful.

Interestingly, such improvements were more pronounced
in females than males. It is known that gender plays an
important role not only in brain development and aging
(Kaczkurkin et al. 2019), but also in the occurrence and
development of neurodegeneration (Baba et al. 2006; Gillies
et al. 2014; Ferretti et al. 2018). For example, compared with
the male brain, the female brain was found to have a persis-
tently younger metabolic brain age than their chronological
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age during aging (Goyal et al. 2019). In PD, except as bio-
logical sex-related differences in epidemiological and clinical
features, distinctive pathophysiology involving dopaminer-
gic neurodegeneration, neuro-inflammation, and oxidative
stress highlights the diferences of sex-related brain abnor-
malities (Cerri et al. 2019). Although the gender difference
is relatively less studied in MSA and PSP, considering the
more preserved structure (Tremblay et al. 2020) and func-
tion (Haaxma et al., 2007; De Micco et al. 2019) found in
female PD patients by MRI and dopaminergic PET studies, it
is reasonable to speculate the less damaged brain might hin-
der the early diagnosis on ['®F]JFDG PET, which might help
explain why adjusting the age-associated metabolic changes
contribute more to the classification of females. As gender
difference was mainly observed in MSA and PSP in our
study, future studies investigating possible gender distinction
on brain structural and functional levels within atypical Par-
kinsonism would be of interest. Given the growing concern
about such between-sex differences on brain degeneration,
the gender-specific AGAZ score may have implications for
implementing prevention, diagnosis, and treatment strategies
in the context of precision medicine, as well as deepening the
awareness of the female parkinsonism population, who are
currently partially overlooked (Cerri et al. 2019).

Dividing all patients into young, middle, and old groups,
we further explored the difference of age- and gender-cor-
rection effect by ages. While improvements were observed
in all subgroups, they were slightly pronounced in the old
group with PD and MSA, and in the young group with PSP.
A possible explanation for this discrepancy might be that
the age of onset of PSP was generally older than PD and
MSA (Boxer et al. 2017), and our dataset did not cover
enough young or old patients.

Several limitations needed to be mentioned. First, though
routine MRI images were available to excluding patients with
structural brain abnormalities, partial volume correction and
spatial normalization based on individual MRI were not possi-
ble. As brain atrophy plays an important role in aging, further
studies with partial volume correction are needed for valida-
tion (Bonte et al. 2017). Second, although the current dataset
from HPPI contained a relatively large number of patients,
the cases meeting the definition of young-onset were limited.
Future research on young-onset patient groups is warranted.
Third, the current template for adjustment is based on limited
number of normal controls, and the inclusion of more controls
may further improve the performance of AGAZ score.

Conclusion

This study proposes a new strategy for ['*F]FDG PET-
based parkinsonism differentiation by adjusting age- and
gender-associated confounding metabolic changes to
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assess disease-related metabolism alone. The results show
that the proposed AGAZ score improves the differential
diagnosis of Parkinsonism, especially in female patients
with MSA and PSP. We believe that the AGAZ score will
facilitate the early and differential diagnosis of Parkin-
sonism, as well as the development of gender-oriented
targeted interventions, and inspire the optimization of
image-based diagnostic methods in other neurodegenera-
tive diseases. Further efforts are needed to develop a user-
friendly software to transfer the current tool into clinical
settings, which could facilitate the interpretation of ['8F]
FDG PET in the differential diagnosis of parkinsonism,
especially in settings without experienced readers.
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