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Abstract

The effective early prediction of clinical outcomes of Parkinson's disease (PD) is of

great significance in the implementation of appropriate interventions. We aimed to

propose a method based on the use of baseline resting-state functional characteris-

tics (i.e., fractional amplitude of low-frequency fluctuations, fALFF) to predict motor

progression in PD patients. Resting-state functional magnetic resonance imaging was

performed on 48 newly-diagnosed drug-naïve PD patients and 27 age- and sex-

matched healthy controls (HCs). Two PD subgroups were defined with different

annual increase of Unified PD Rating Scale Part III motor scores. Least absolute

shrinkage and selection operator regression analysis was performed to explore the

baseline region-functional indicators for PD discrimination as well as the predictors

for future motor deficits. Two significant models composed of baseline fALFF values

from cerebral subregions were proposed. The classification model that distinguished

PD patients from HCs (area under the curve [AUC] = 0.897) showed the most signifi-

cant imaging characteristics in the putamen and precentral gyrus. The other predic-

tion model that evaluated the degree of future deterioration of motor symptoms in

PD patients (AUC = 0.916) showed the most significant imaging characteristics in the

superior occipital gyrus and caudate nucleus. Furthermore, the increased regional

function in bilateral caudate nuclei was correlated with the lower annual increase in

Abbreviations: AUC, area under the curve; BG, basal ganglia; CSF, cerebrospinal fluid; CSTC, cortico-striato-thalamo-cortical; CV, cross validation; DARTEL, diffeomorphic anatomic registration

through an exponentiated lie algebra algorithm; EPI, echo-planar-imaging; fALFF, fractional amplitude of low-frequency fluctuation; FDR, false discovery rate; FWE, family-wise error; FWHM,

full-width at half-maximum; GM, gray matter; HARS, Hamilton anxiety rating scale; HC, healthy control; HDRS, Hamilton depression rating scale; HL, Hosmer-Lemeshow; H&Y, Hoehn & Yahr;

LASSO, least absolute shrinkage and selection operator; LEDD, levodopa equivalent daily dosage; ML, machine learning; MNI, Montreal neurological institute; MoCA, Montreal cognitive
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motor deficits in all PD patients. The caudate nucleus might be the core region

responsible for future motor deficits in newly-diagnosed PD patients, which may aid

the development of disease progression preventive strategies in clinical practice.

K E YWORD S

functional MRI, least absolute shrinkage and selection operator, newly-diagnosed, Parkinson's
disease, prognosis

1 | INTRODUCTION

Parkinson's disease (PD) is one of the most common neurodegenera-

tive diseases. The number of Chinese patients with PD is estimated to

increase to 4.94 million by 2030, which could account for half of the

patients with PD worldwide (Dorsey et al., 2007). Affected individuals

experience a range of motor impairments and various non-motor

symptoms, and this results in a significantly negative impact on their

quality of life and a mounting socioeconomic burden. Moreover, dis-

ease progression is associated with increasing disability and mortality

(Bloem et al., 2021). Thus, the reliable detection of PD progression is

essential for the development of appropriate interventions.

Based on the highly heterogeneous presentations in PD, different

clinical subtypes have been proposed with diverse progression rates

(Marras & Lang, 2013). A study on autopsy-confirmed patients with

PD, published in 2019, showed that the diffuse malignant subtype at

diagnosis was related to more rapid progression towards relevant clin-

ical milestones (i.e., dementia, recurrent falls, and wheelchair depen-

dence) and reduced survival (De Pablo-Fernandez et al., 2019).

However, the subtype classification has been challenged because of

its instability over the course of disease and remains far from provid-

ing individualized prognosis in clinical practice. Novel and powerful

predictors would enable the early identification of individuals with

rapidly progressing disease who require serious attention, facilitate

the prognostic discussions with patients, and enable disease-

modifying studies to determine effective treatment strategies. Never-

theless, reliable biomarkers of PD progression remain unavailable.

Pathologically, the cardinal characteristics of PD are neuronal loss

in the nigrostriatal system and Lewy pathology, the primary compo-

nent of which is α-synuclein (Dickson et al., 2009). The α-synuclein

pathology may occur in a localized manner and propagate across

interconnected networks through the brain, followed by the appear-

ance of clinical symptoms (Goedert et al., 2017). Magnetic resonance

imaging (MRI) can be used to objectively measure wide-spread conse-

quent alterations in the cerebral structure and function, thus aiding

the identification of biomarkers for monitoring PD progression.

Resting-state functional MRI (rs-fMRI) can help to unravel the reorga-

nization of neural pathways and functional disruptions before the

occurrence of neuronal death or brain atrophy, which suggests its

potential as an early and sensitive marker of the pathological process

(Filippi et al., 2020). The fractional amplitude of low-frequency fluctu-

ation (fALFF) analysis can be used to measure the power of low-

frequency resting-state signals and determine the intensity of regional

spontaneous brain activity in each brain region within a network (Zou

et al., 2008). A two-year longitudinal rs-fMRI study found that the

fALFF values in the cerebellum were positively correlated with the

unified PD rating scale (UPDRS) Part III scores and changes in the

scores, which suggests that the cerebellum may play an important role

in the motor progression of patients with PD (Hu et al., 2015). Com-

bined with machine learning (ML) and fALFF, a prediction algorithm of

UPDRS scores at future timepoints could be established, and robust

statistical patterns could be captured (Nguyen et al., 2021). Findings

from one of our previous studies also showed that the ALFF values

may enable the prediction of the UPDRS Part III score at baseline

(Hou et al., 2016). These findings demonstrated that ALFF values

might provide sufficient information about neurobiological changes

and hold prognostic value for patients with PD.

Notably, chronic dopamine replacement therapy can variably

influence the functional activities of the whole brain (Berman

et al., 2016), and a degree of inconsistency among previous studies

may be attributed to the inclusion of patients with PD at different

stages or states (i.e., ON/OFF medication or drug-naïve). Based on

these observations, this study aimed to develop the distinction and

prediction models by applying fALFF parameters and explore the

potential predictive brain regions for future motor deficits in a cohort

of newly-diagnosed drug-naïve patients with PD.

2 | PATIENTS AND METHODS

2.1 | Study population

Patients with PD recruited in our cohort were diagnosed at the Move-

ment Disorders Outpatient Clinic of West China Hospital of Sichuan

University according to the diagnostic criteria of the unified Kingdom

PD society brain bank (Hughes et al., 1992). The diagnosis of PD was

re-evaluated by the movement disorder society clinical diagnostic cri-

teria for PD (MDS-PD Criteria) (Postuma et al., 2015) before the study

commenced. Patients were included if they (1) were first diagnosed at

our center (i.e., to be “newly-diagnosed”); (2) did not undergo anti-

Parkinson treatment or were not administered other centrally acting

drugs (i.e., to be “drug-naïve”); (3) were followed up at least once in a

“practical off” state. Patients were excluded if they had (1) a history

of other neurological or psychiatric diseases, head injury, and neuro-

logical surgery; (2) structural brain defects visible on T1- or T2- imag-

ing. A group of age- and sex-matched healthy controls (HCs) were
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included if they had (1) no history of neurological or psychiatric dis-

eases; (2) no family history of PD; (3) normal brain structure. The

study was approved by the Ethics Committee of West China Hospital,

Sichuan University (No. 2015-236), and registered in the Chinese

Clinical Trial Registry (No. ChiCTR1800020033). Written informed

consent was obtained from all participants.

2.2 | Clinical assessments

Demographic and clinical data, including data on the age, sex, level of

education, and disease duration of participants, were collected. Motor

assessment for each patient was completed at baseline and at the

follow-up visit in a “practical off” state (i.e., the patient was free from

antiparkinsonian medication for at least 12 h before motor assess-

ment) (Albanese et al., 2001). The levodopa equivalent daily dosage

(LEDD) was calculated for each patient (Tomlinson et al., 2010). The

severity of PD was assessed using the Hoehn & Yahr (H&Y) stage

(Hoehn & Yahr, 1967) and UPDRS (Movement Disorder Society Task

Force on Rating Scales for Parkinson's, 2003). The UPDRS can be

used to assess the motor disability and calculate the tremor and non-

tremor scores (Eggers et al., 2011). PD can be categorized as rigidity

dominant (PDAR), tremor dominant (PDTD), and mixed subtypes (refer

to the Supplementary Material for details). Non-motor symptoms

were evaluated using the non-motor symptoms scale (NMSS)

(9 domains) (Wang et al., 2009). The Hamilton depression rating scale

(HDRS) (24 items) (Moberg et al., 2001) and Hamilton anxiety rating

scale (HARS) (Hamilton, 1959) were used to assess the characteristics

of depression and anxiety, respectively. Montreal cognitive assess-

ment (MoCA) (Nasreddine et al., 2005) was used to assess the cogni-

tive function. The PD questionnaire 39 (PDQ-39) (Jenkinson

et al., 1995) was used to evaluate the quality of life of patients

with PD.

An increase of 2.5–5.2 points in the UPDRS Part III score indi-

cates a clinically significant difference in patients with PD (Shulman

et al., 2010). The numeric indicator of prognosis was calculated to

evaluate motor progression for each patient with PD (Ou, Wei, Hou,

Zhang, Liu, Lin, Jiang, Zhao, et al., 2021b; Ou, Wei, Hou, Zhang, Liu,

Lin, Jiang, Song, et al., 2021a). In the current study, a rapid progression

of motor symptoms was defined by at least a 2.5-point annual

increase in the UPDRS Part III score, and the slow progression of

motor symptoms was defined by an increase of <2.5 points.

2.3 | MRI acquisition and preprocessing

All MRI examinations were performed on a 3.0 Tesla (T) MRI scanner

(Tim Trio; Siemens Healthineers, Erlangen, Germany) equipped with

an eight-channel head coil. Participants were instructed to lay com-

fortably in supine position with their eyes closed. The foam pad was

used to reduce head movement, and ear plugs were used to minimize

noise interference. High-resolution T1-weighted data were acquired

using a volumetric three-dimensional spoiled gradient recall sequence

(refer to the Supplementary Material for details). The rs-fMRI data

were acquired using an echo-planar-imaging (EPI) sequence with the

following parameters: repetition time [TR] = 2000 ms, echo time

[TE] = 30 ms, flip-angle [FA] = 90�, field of view [FOV] =

240 � 240 mm2, matrix size = 64 � 64, voxel size = 3.75 �
3.75 � 5 mm3, slice thickness= 5 mm (no slice gap). The total 240 vol-

umes with 30 axial slices in each brain volume were obtained for each

participant.

The rs-fMRI data were processed using the Statistical Parametric

Mapping software (SPM12, https://www.fil.ion.ucl.ac.uk/spm-

statistical-parametric-mapping/) and Data Processing & Analysis for

Brain Imaging toolkit (DPABI, http://rfmri.org/DPABI). The preproces-

sing steps included: removal of the first 10 time points, slice timing cor-

rections, spatial realignment to the middle volume, spatial normalization

into the standard Montreal Neurological Institute (MNI) space, resam-

pling into 3 � 3 � 3 mm3 for each voxel, spatial smoothening with

6-mm full-width at half-maximum (FWHM) Gaussian kernel, detrending,

and nuisance signal regression (including the Friston 24-parameters,

white matter (WM) and cerebrospinal fluid (CSF) signals). The head

motion parameters for all participants were <1.5 mm maximum displace-

ment in the x, y, or z plane and <1.5� angular rotation about each axis.

The low frequency power for each voxel was measured by band-

pass filtering at 0.01–0.08 Hz, and then the normalized measure,

fALFF was obtained through dividing the low-frequency power by the

standard deviation of the unfiltered signal. For normalization, the z-

scores for fALFF were calculated for each subject.

2.4 | Statistical analysis and regression models

All statistical analyses were performed using SPM12, R version 3.6.3.,

and SPSS 22.0. To identify the differences in demographic and clinical

data, continuous variables expressed as mean ± standard deviations

were compared using the t-test (or Mann–Whitney U test for vari-

ables with an abnormal distribution), and categorical variables were

compared using the χ2 test or Fisher's exact test.

The voxel-based comparison of fALFF maps between the PD and

HC groups was performed using a two-sample t-test with age and sex

as covariates. The significance threshold was p < 0.001 at the voxel

level, and the family-wise error (FWE) correction for multiple compari-

sons was performed at the cluster level (p < 0.05). Moreover, the less

stringent threshold was used with p < 0.005 at the voxel level and

p < 0.05 corrected by FWE correction at the cluster level. In the PD

group, two-tailed Pearson correlation analyses were performed to

assess the relationship between the characteristics of motor deficits

at baseline and mean values extracted from the regions of inter-

est (ROIs).

The brain was divided into 116 cortical and subcortical ROIs using

the automated anatomic labeling atlas (Tzourio-Mazoyer et al., 2002),
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and the fALFF values for each ROI were extracted for each partici-

pant. To achieve the most critical imaging characteristics for distin-

guishing patients with PD from HCs, least absolute shrinkage and

selection operator (LASSO) regression analysis was performed in this

study. LASSO regression is a method of regression analysis that can

be used to identify variables, estimate corresponding regression

coefficients, and establish a model with minimized error. This

method can be used to address problems of overfitting of variables

and overestimation of the performance of the model in explaining

variability. However, the regression coefficients may not be reliably

interpretable in terms of independent risk factors (Ranstam &

Cook, 2018). Ten-fold cross validation (CV) was used to determine

the strength λ of the penalty term in LASSO. The minimum of the CV

error was considered to produce the optimal value of λ. Through the

LASSO analysis, the high dimensional imaging variables were

resampled 1000 times, which could automatically remove unrelated

covariates and show the most stable imaging characteristics. A clas-

sification model was constructed using the LASSO regression

method. In addition, the LASSO regression analysis was performed

to define the most critical imaging characteristics for distinguishing

patients with PD with rapid motor progression from patients with

PD with slow motor progression.

Receiver operating characteristic (ROC) curve analysis was per-

formed to evaluate the sensitivity and specificity of the model. More-

over, the testing sets were randomly sampled from the whole cohort

in the model for discriminating patients with PD (47 times, sample size

ranging from 28 to 74 individually) and in the model for discriminating

patients with PD with rapid motor progression (24 times, sample size

ranging from 24 to 47 individually), following which the area under

the ROC curve was evaluated in different random samples. The cali-

bration plot was established to validate the model accompanied with

the Hosmer-Lemeshow (HL) test.

The significant imaging characteristics identified from the first dis-

crimination model were compared between patients with PD and

HCs, and the characteristics from the second prediction model were

compared between the two PD subgroups using the Wilcoxon rank-

sum test. Multiple comparisons with false discovery rate (FDR) correc-

tion were performed. In addition, partial correlation analyses between

imaging features and the characteristics of motor progression were

calculated for all patients with PD, with the baseline UPDRS Part III

scores and LEDD as covariates.

2.5 | Voxel-based morphometry analysis

Diffeomorphic anatomic registration through an exponentiated lie

algebra algorithm (DARTEL) was used to improve the registration of

MR images that were segmented into the gray matter (GM), WM, and

CSF (refer to the Supplementary Material for details). The voxel-based

comparison of GM volume was performed between the PD and HC

groups using a two-sample t-test with age and sex as covariates. The

significance threshold was set at voxel-wise p < 0.001 and the cluster

level of p < 0.05 corrected by FWE correction.

3 | RESULTS

3.1 | Baseline clinical characteristics

No significant difference was observed between patients with PD and

HCs with respect to their age and sex. The mean disease duration of

the enrolled drug-naïve patients with PD was 2.21 ± 2.01 years, with

a mean UPDRS Part III score of 21.04 ± 8.04. Three motor subtypes

(PDAR, PDTD, and mixed subtypes) were identified with a substantial

portion of the mixed subtype. Compared to the PD subgroup with a

greater annual increase in motor deficits, the PD subgroup with a

lesser annual increase in motor deficits showed a higher UPDRS Part I

score. No significant differences were observed in the age, sex, educa-

tion, disease duration, UPDRS Part II and III scores, H&Y stage, NMSS

score, HDRS/HARS score, MoCA score, and quality of life between

the two PD subgroups at baseline (Table 1).

3.2 | Longitudinal clinical characteristics

At follow-up, the mean disease duration of patients with PD was

4.25 ± 2.81 years, with a mean UPDRS Part III score of 28.40

± 10.52. The PD subgroup with a greater annual increase in motor

deficits had higher UPDRS Part I, III, and IV scores and NMSS score

compared to the subgroup with a lesser annual increase in motor defi-

cits. No significant differences were observed in the LEDD, disease

duration, UPDRS Part II score, H&Y stage, HDRS/HARS score, MoCA

score, and quality of life between the two PD subgroups at follow-up

visit (Table 1).

3.3 | Regional function in patients with PD

Upon comparison of the whole-brain fALFF maps between the PD

and HC groups, the PD group was found to have a significantly lower

fALFF value in the precentral and postcentral gyri, cuneus, lingual

gyrus, and thalamus but a significantly elevated fALFF value in the

superior and middle frontal gyri (Figure 1a and Table S1). Moreover,

the reduced regional function in the precentral and postcentral gyri

was correlated with more severe motor symptoms (UPDRS Part III

scores) at baseline (Figure 1b and Table S2). After the significance

threshold was relaxed, we further found that the PD group had a sig-

nificantly lower fALFF value in the putamen (Table S3).

3.4 | Imaging characteristics-related models

3.4.1 | The classification model used to distinguish
between patients with PD and HCs

Using the LASSO regression analysis, the classification model was

constructed using the imaging characteristics from nine subregions,

including the superior and middle frontal gyri, precentral and
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postcentral gyri, inferior temporal gyrus, inferior cerebellum, and puta-

men (Figure 2a,b; Table S4). The coefficients of each variable in this

model are displayed in Figure 2c and Table S4. Notably, the imaging

characteristics of the right putamen and right precentral gyrus showed

the highest coefficients. With respect to the performance of this

model, the area under the curve (AUC) was 0.897 (95% CI: 0.828–

0.967). In detail, the sensitivity and specificity were 75.0% and 92.6%,

respectively, and the cutoff value was 0.65 (Figure 2d). The randomly

sampled internal dataset was further used to test the capability of this

model. As shown in Figure 2e, all the AUCs were fluctuated around

the AUC of the model, indicating a good predictive ability. The calibra-

tion curves indicated good probability consistencies (Figure 2f) and

the HL goodness-of-fit test showed no significant deviation between

the observed and predicted events (p = 0.886).

3.4.2 | The prediction model for patients with PD
with rapid motor progression

Using the same method as mentioned above, the prediction model

was constructed using imaging characteristics from 12 subregions,

including the inferior frontal gyrus, olfactory cortex, hippocampus,

temporal pole, superior occipital gyrus, superior and inferior cerebel-

lum, thalamus, caudate nucleus, and putamen (Figure 3a,b; Table S4).

The coefficients are displayed in Figure 3c; Table S4. The imaging

characteristics of the right superior occipital gyrus and bilateral cau-

date nuclei showed the highest coefficients. With respect to the pre-

dictive power, the AUC was 0.916 (95% CI: 0.834–0.999). The

sensitivity and specificity were 100.0% and 87.0%, respectively. The

cutoff value was 0.50 (Figure 3d). As shown in Figure 3e, the model

yielded a good performance. The calibration curves also indicated

good probability consistencies (Figure 3f), and the HL test did not

yield significant deviation between the observed and predicted events

(p = 0.198).

3.4.3 | Post-hoc ROI analysis

Significant imaging characteristics from the abovementioned models

were compared between the two groups. Relative to the HCs,

patients with PD showed a significantly reduced fALFF value in the

putamen and sensorimotor regions and a significantly elevated fALFF

value in frontal and temporal areas (Figure 4a). In addition, relative to

patients with PD with rapid motor progression, patients with PD with

slow motor progression had a significantly lower fALFF value in the

superior occipital gyrus, but a significantly greater fALFF value in the

caudate nucleus, hippocampus, and the inferior frontal region

(Figure 4b).

3.4.4 | Association between the regional function
and motor progression

The results of the partial correlation analyses are shown in Figure 4c.

In the PD group, the significant negative correlation was observed

between the fALFF value in the bilateral caudate nuclei and the

annual increase in the UPDRS Part III score (right caudate nucleus:

r = �0.345; p = 0.019; left caudate nucleus: r = �0.344; p = 0.019).

F IGURE 1 (a) The PD group showed a higher fALFF value in the middle frontal (z = �9 mm), left superior frontal (z = 15 mm) areas and a
lower fALFF value in the left thalamus (z = �6 mm), bilateral lingual gyri (z = �6 mm and 15 mm), left cuneus (z = 24 mm), and bilateral
sensorimotor regions (z = 30 mm and 60 mm), compared with the HC group. (b) The scatterplots showed the significantly negative correlations
between the baseline UPDRS part III motor scores and the mean fALFF values in the bilateral sensorimotor regions of all patients with
PD. Abbreviations: fALFF, fractional amplitude of low-frequency fluctuations; HC, healthy control; L, left; PD, Parkinson's disease; R, right;
UPDRS-III, unified PD rating scale part III
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3.4.5 | VBM analysis

We did not observe any significant difference in the GM volume

between the PD and HC groups, which indicated the absence of

robust association between the altered regional function and ana-

tomic changes in the cohort of newly-diagnosed drug-naïve patients

with PD.

4 | DISCUSSION

In the current study, we investigated the resting-state regional spon-

taneous neuronal activity in a cohort of newly-diagnosed drug-naïve

patients with PD. Additionally, we explored the baseline region-

functional indicators for the discrimination of PD and the predictors

for future motor deficits in PD. Overall, our key findings were: (1) The

F IGURE 2 Establishment of the classification (PD patients vs. HCs) model using LASSO regression with a 10-fold cross-validation (a),
counting the minimum criteria (λ) (b), and corresponding coefficients (c). (d) The ROC curves for the distinction of patients with PD from HCs.
(e) Internal validation of the model. The testing sets were randomly sampled from the whole cohort by 47 times, ranging from 28 to 74 performed
individually, following which the area under the ROC curve with 95% confidence intervals was evaluated in different random samples. (f)
Calibration plots of the classification model. Abbreviations: AAL, automated anatomic labeling; AUC, area under the curve; HC, healthy control;
LASSO, least absolute shrinkage and selection operator; PD, Parkinson's disease; ROC, receiver operating characteristic
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voxel-based analysis revealed the presence of significantly impaired

spontaneous neuronal activities in the superior and middle frontal

areas, sensorimotor region (precentral and postcentral gyri), occipital

subregions (cuneus and lingual gyrus), thalamus, and putamen in

patients with PD relative to HCs. The abnormal regional function of

the sensorimotor region was correlated with the motor symptoms of

patients with PD at baseline. (2) Two significant models composed of

baseline fALFF values from the cerebral subregions were proposed.

The classification model used for distinguishing patients with PD from

HCs showed the most significant imaging characteristics in the puta-

men and precentral gyrus. The other prediction model used for evalu-

ating the degree of potential future deterioration in the motor

symptoms of patients with PD showed the most significant imaging

characteristics in the superior occipital gyrus and caudate nucleus.

F IGURE 3 Establishment of the prediction (PD patients with rapid or slow motor progression) model using LASSO regression with a 10-fold
cross-validation (a), counting the minimum criteria (λ) (b), and corresponding coefficients (c). (d) The ROC curves for the evaluation of the potential
degree of deterioration of motor symptoms in patients with PD. (e) Internal validation of the model. The testing sets were randomly sampled from
the whole cohort by 24 times, ranging from 24 to 47 performed individually, following which the area under the ROC curve with 95% confidence
intervals was evaluated in different random samples. (f) Calibration plots of the prediction model. Abbreviations: AAL, automated anatomic
labeling; AUC, area under the curve; LASSO, least absolute shrinkage and selection operator; PD, Parkinson's disease; ROC, receiver operating
characteristic
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(3) The higher spontaneous neuronal activities in the bilateral caudate

nuclei were correlated with the lower annual increase in motor defi-

cits in all patients with PD, suggesting that the caudate nucleus might

be the core predictor for future motor deficits in newly-diagnosed

patients with PD, thereby promoting a deeper understanding of the

potential mechanisms underlying the deterioration of motor symp-

toms in PD.

The pathological hallmark of PD is dopamine neuronal loss in the

substantia nigra pars compacta of the basal ganglia (BG) (Braak

et al., 2003), which can regulate cortical function through the cortico-

striato-thalamo-cortical (CSTC) circuits (Albin et al., 1989; Alexander

et al., 1986; DeLong et al., 1984). The classic model implicated in car-

dinal motor impairments of patients with PD comprises the dysfunc-

tion of CSTC circuits (Galvan & Wichmann, 2008). In the voxel-based

analysis, we found that patients with PD showed local spontaneous

neuronal hypoactivity in the putamen, thalamus, sensorimotor region,

occipital subregions, and hyperactivity in the frontal subregions rela-

tive to HCs, a finding that was consistent with the findings from other

studies on patients with PD (Li et al., 2020; Luo et al., 2015; Possin

et al., 2013; Zhang et al., 2013). Indeed, the decreased regional

F IGURE 4 (a) Regional mean fALFF
values in the PD and HC groups.
Significantly altered fALFF values
between the two groups were observed
in eight ROIs (*p < 0.05, FDR corrected).
(b) Regional mean fALFF values in the HC
and two PD subgroups. Significantly
altered fALFF values between the two PD
subgroups were observed in five ROIs

(*p < 0.05, FDR corrected). The
PD_subgroup_1 refers to the PD
subgroup with a lower annual increase in
motor deficits, and the PD_subgroup_2
refers to the PD subgroup with a higher
annual increase in motor deficits.
(c) Scatterplots showed the significantly
negative partial correlations between the
annual increase in the UPDRS part III
motor scores and the mean fALFF values
in the bilateral caudate nuclei in all
patients with PD. Abbreviations: fALFF,
fractional amplitude of low-frequency
fluctuations; HC, healthy control; L, left;
PD, Parkinson's disease; R, right; ROI,
region of interest; UPDRS-III, unified PD
rating scale part III
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function in the putamen and precentral gyrus were the most consis-

tent features in patients with PD, as indicated by evidence from previ-

ous meta-analyses (Jia et al., 2021; Pan et al., 2017; Wang, Jia,

et al., 2018). The dopamine neuronal loss from the substantia nigra in

PD leads to dopamine expenditure in the striatum, particularly in the

putamen. We also observed that the lower local function in the senso-

rimotor region was correlated with the baseline motor symptoms of

patients with PD, which might reflect the pathophysiological mecha-

nism of motor impairments. The occipital region containing multiple

anatomical regions of the visual cortex is crucial to the processing of

visual information and the generation of motor plans (Meppelink

et al., 2009). The reduced regional function in the cuneus and lingual

areas indicated that patients with PD may suffer from impairment of

visual processing early on before the onset of clinically visual symp-

toms (e.g., visual hallucinations). The largest part of the frontal region

is the prefrontal cortex, which plays important roles in many domains

of cognitive function, such as executive function, attention, and mem-

ory (Gabrieli et al., 1998; Miller & Cohen, 2001; Yuan & Raz, 2014).

Findings from previous studies have shown that the more severe cog-

nitive deficits induced stronger neural activity in the frontal region,

thus suggesting an adaptive compensatory effect in response to a

modest cognitive decline in early PD (Nagano-Saito et al., 2016;

Wang, Zhang, et al., 2018). The enhanced regional function in the

frontal subregions observed in our study may also reflect a compensa-

tory mechanism; however, this warrants further investigation.

We used the imaging characteristics from rs-fMRI to discriminate

between samples collected from patients with PD and HCs and pre-

dict potential motor deficits in patients with PD. In two recent studies,

measures derived from rs-fMRI were used to predict PD prognosis.

Nguyen et al. (2021) used baseline measures including regional homo-

geneity (ReHo) and fALFF, to predict the future on-medication

UPDRS scores for patients with PD, which focused on the total score

rather than the UPDRS Part III motor score that can be more severely

influenced by dopaminergic treatment. De Micco et al. (2021) strati-

fied drug-naïve patients with PD into two subtypes (early/mild and

early/severe) at baseline, explored the association between the base-

line topologic metrics and clinical changes, and only observed signifi-

cant correlations between the functional topological metrics and

cognitive progression. No significant correlation was observed

between the imaging metrics at baseline and motor progression.

Other imaging measures (e.g., atrophy pattern or diffusion property)

have been evaluated to predict the progression trajectories of motor

function in drug-naïve patients with PD (Abbasi et al., 2020; Burciu

et al., 2017; Zeighami et al., 2019). Converging evidence suggests that

functional alterations in the brain can be detectable before the occur-

rence of brain atrophy, especially in the early stage of the disease (Luo

et al., 2014). Biomarkers obtained from rs-fMRI may have greater

power to indicate disease prognosis in drug-naïve patients with PD

and contribute to a larger extent to the confidence of neurologists in

the prognosis of PD at the initial diagnosis stage. In our study, two sig-

nificant models (classification and prediction models) composed of the

baseline fALFF values from cerebral regions were proposed with a

high AUC of 0.897 and 0.916, respectively. These two models

indicated that the baseline fALFF from newly-diagnosed drug-naïve

patients with PD may be used to confidently identify PD and presage

early motor evolution in individuals.

The baseline fALFF values in the putamen, sensorimotor region,

cerebellum, and frontal and temporal regions were indicators for PD

discrimination, and participants from the PD group showed signifi-

cantly lower fALFF values in the putamen and sensorimotor region

and enhanced fALFF values in the frontal and temporal regions com-

pared to HCs. In addition, the baseline fALFF values in more extensive

cerebral regions were predictors for potential motor progression in

PD, and the PD subgroup with slow motor progression showed signif-

icantly lower fALFF values in the superior occipital gyrus, and

increased fALFF values in the caudate nucleus, hippocampus, and

frontal region. Of note, the most significant characteristics of the two

models were considerably different. The most significant imaging

characteristics from the putamen and precentral gyrus in the classifi-

cation model may reflect the pathophysiological changes in the devel-

opment of PD-related symptoms, whereas the most significant

imaging characteristics from the prediction model are worthy of fur-

ther investigation.

As widely known, the key symptom of motor deficits in PD does

not develop until 50%–60% of nigral dopaminergic neurons are lost

(Fearnley & Lees, 1991), which reflects the capacity of an individual to

tolerate neuropathological lesions and is known as the neural reserve.

However, the suggested motor reserve is different among patients

with PD, which may explain the individual heterogeneity in parkinso-

nian motor signs at similar levels of pathological changes (Chung, Lee,

et al., 2020). This implies that patients with PD with a greater motor

reserve may have milder motor deficits than striatal dopamine loss. A

previous rs-fMRI study identified a motor reserve network for

patients with PD, including the BG (i.e., putamen, caudate nucleus,

and pallidum), inferior frontal cortex, insula, cerebellum, hippocampus,

and amygdala (Chung, Kim, et al., 2020). The increased functional con-

nectivity within the motor reserve network indicated a greater motor

reserve in patients with PD. Moreover, the higher connectivity

strength within the network was correlated with the slower rate of

longitudinal increase in dopaminergic medication doses, that suggest-

ing a significant association with motor progression and the ability to

cope with neurodegeneration throughout disease progression in PD.

We identified several regions, such as the BG (i.e., putamen and

caudate nucleus), hippocampus, cerebellum, and inferior frontal

region, had predictive value in the progression of motor deficits. Spe-

cifically, the bilateral caudate nuclei, right hippocampus, and left infe-

rior frontal region showed significantly enhanced regional function in

the PD subgroup with a lower rate of annual increase in motor deficits

relative to the PD subgroup with a higher rate of annual increase.

Moreover, the core predictive features from the bilateral caudate

nuclei were significantly negatively correlated with the annual

increase in the UPDRS Part III motor scores. These findings supported

the recent concept of motor reserve, and suggested that bilateral cau-

date nuclei might be the key region responsible for the progression of

motor deficits as well as the core targets for preventive strategies of

disease progression for newly-diagnosed drug-naïve patients with PD.
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The current study had certain limitations. The generalizability of the

study findings might be limited by the relatively small sample size of

patients with PD. This limitation was partly attributable to the strict qual-

ity control, such as the drug-naïve status of patients with PD at baseline

and in the off-medication state at the follow-up visit, which was the pri-

mary advantage of the study. Nevertheless, further investigations with a

larger sample size are warranted. Moreover, the external validation of

these models should be conducted in the future. In addition, the propor-

tion of male participants was greater in the PD subgroup with a higher

rate of annual increase in motor deficits (72%) than in the PD subgroup

which had a lower rate (47.8%), although the difference in the sex ratio

was not significant (p = 0.087). The p value may not be adequately small,

given the small sample size. To date, the role of sex in determining either

a more aggressive or a more benign motor disease course is far from

clear (Picillo et al., 2017). Findings from two recent longitudinal studies

on large PD cohorts suggested that the sex-associated difference in the

progression rate of motor impairments was minimal (Abraham

et al., 2019; Iwaki et al., 2021). More studies need to be conducted to

better understand sex-related differences in PD progression.

5 | CONCLUSIONS

Our findings revealed a resting-state regional spontaneous neuronal

reorganization in newly-diagnosed drug-naïve patients with

PD. Moreover, the findings of this study provided compelling evi-

dence for the potential value of fALFF derived from rs-fMRI data in

the distinction and prognostication of PD. Continued efforts to

develop imaging-based predictive tools will not only improve clinical

disease monitoring but also promote the development of more appro-

priate treatment strategies in clinical settings.
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