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INTRODUCTION

Parkinson’s disease (PD) is a progressive movement disorder characterized by loss of
dopaminergic neurons in the substantia nigra [1,2]. Loss of these neurons results in motor
symptoms, including bradykinesia, rigidity, resting tremor, and postural instability. PD
patients also show loss of cholinergic neurons, which further exacerbate cognitive symptoms
[3]. Dopaminergic neurons are directly apposed onto microvasculature in the brain and alter
local cerebral perfusion [4,5]. Similarly, cholinergic neurons are also known to modulate
local vascular tone [6]. It is likely that cerebral blood flow (CBF) is altered due to neuronal
degeneration and subsequent decrease in metabolic demands. Recent studies show posterior
cortical hypoperfusion in PD participants compared to healthy older adults in posterior
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cingulate and parietal regions. Altered perfusion in PD is associated with cognitive
symptoms, motor symptoms, and dopamine replacement therapy (DRT) [7,8].

Recently, using fluorodeoxyglucose (FDG) PET, studies identified PD-specific degeneration
patterns of altered metabolism; a PD-related pattern (PDRP), associated with motor
manifestations, and a PD-related cognitive pattern associated with cognitive impairments
(PDCP) [9-11]. PDRP consists of the thalamus, pallidum, pons, motor cortex, lateral
premotor and posterior parietal areas. PDCP consists of the dorsolateral prefrontal cortex,
supplementary motor area, superior parietal regions, and cerebellum. MRI-derived CBF is
an indirect marker of metabolism similar to FDG PET. Few studies have examined these
patterns using ASL. Melzer et al. showed an ASL-PDRP pattern consisting of the parieto-
occipital cortex, and precuneus, which was slightly different from the PET-derived PDRP
pattern [12]. Teune et al. observed a similar PDRP pattern, including parieto-occipital
cortex, anterior cingulate, thalamus, and motor regions[13]. While there were similarities
between the PDRP patterns derived using ASL and PET, there are also differences
attributable to variations in subject characteristics and imaging. The ASL-derived patterns
still need to be confirmed.

Cholinergic dysfunction may contribute to PD symptoms, including motor manifestations,
gait disturbances, olfactory, and sleep dysfunction [3,14-16]. It can adversely affect
cognitive functions thereby, providing the basis for combination therapy to relieve PD
symptoms [9,17,18]. One marker of cholinergic tone is transcranial magnetic stimulation
(TMS), a non-invasive method to stimulate the brain[19]. When the primary motor cortex is
stimulated with TMS, it activates the corticospinal pathway to generate a motor evoked
potential (MEP) in the target muscle. At the same time, it also activates other inhibitory and
excitatory circuits within the motor cortex. Afferent inhibition is the process by which a
stimulus to sensory afferent nerves inhibits the contralateral motor neurons. Short latency
afferent inhibition (SAI) refers to the inhibitory response (reduction of ~ 60-80% of the test
MEP) to stimulus in about 20 ms [19-21].

Previous studies show that SAI response is normal in PD subjects in the OFF condition
especially at the stimulus intervals of 20 ms [19]. Reduced amplitude of SAI, an indication
of degree of inhibition, is typically demonstrable in the ON medication state [19]. In
addition, to cholinergic pathways, SAI response is mediated by -y-aminobutyric acid
(GABA) ergic pathways and by DRT. While the association between SAI and PD is unclear,
the association between CBF and SAI response in PD is also underexplored. PD participants
show CBF decreases in cholinergic targets such as the default mode, motor, and salience
functional networks responsible for cognitive and motor symptoms in PD [24,25]. Moreover,
SAI latency, which reflects conductance (speed of response), is relatively untested in PD
[22,23].

We compared CBF in PD participants, ON, and 12 hours OFF their DRT using the Scaled
Subprofile Modeling/Principal Component Analysis (SSM-PCA). Our goal was to replicate
the PD-related abnormal perfusion networks reported by previous studies and subsequently
evaluate how it changes with DRT. Ours is the first ASL study to evaluate PDRP modulation
with DRT. We also measured SAI signal amplitude (ON state) and latency as a marker of
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cholinergic deficit and determined the association between the SAI parameters and the
PDRP pattern. We further evaluated the association of cognitive performance with the PDRP
pattern and individual Principal Components (PCs).

METHODS

Subject selection.

Eighty-five individuals, including 26 controls (70+9 years, 11F) and 37 individuals with PD
(6748 years, 12F), were imaged per the Institutional Review Board and the Declaration of
Helsinki for research involving human subjects. Individuals were diagnosed with PD during
a consensus meeting following motor, cognitive, and neuropsychiatric assessments that
included the Movement Disorders Society revision of the Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS) Part 111 [26,27]. Other tests were the Montreal Cognitive
Assessment (MoCA), Boston Naming Test (BNT), Symbol Digit Modality Test (SDT), and
Logical Memory - immediate recall (LMI). All imaging was performed using a 3T Philips
Achieva scanner (Best, Netherlands) and a 32-channel head coil with SENSitivity Encoding
(SENSE) [28]. A second sample of 22 participants (6 control, 16 PD participants) imaged
subsequently following the analysis of the above participants was set aside as a test set.

PD participants were scanned in the morning in the OFF state after withholding their DRT
overnight. Then they took their DRT and were scanned again in the ON state after 90-120
minutes. The controls were scanned in one session. One control individual, receiving pro-
cholinergic therapy, was excluded.

Measurements:

MRI—The T1 scan was performed in the OFF state. The parameters were: 3D MPRAGE
sequence with a sagittal acquisition, resolution = 0.8 x 0.8 x 0.8 mm3, repetition time (TR)/
echo time (TE) = 9.9/4.5 ms. Identical pCASL acquisition was performed in ON and OFF
states. The parameters were: TR/TE = 5000/35 ms, 30 pairs of control and label images,
resolution = 3.5 x 3.5 x 5 mm3, background suppression (1710 ms, 2860 ms), label plane
~80 mm below the center of the imaging volume, labeling duration, <, = 1800 ms and post
labeling delay, w, = 2000 ms[29]. Five averages of a reference MO image were acquired with
TR =10000 ms. All other parameters were identical to the pCASL scan, but no labeling was
performed.

Short-latency afferent inhibition (SAI).—To measure the cholinergic tone and its
association with CBF, we performed SAl in the ON state in PD participants and controls.
Afferent inputs were electrically activated to inhibit the contralateral motor cortex. Motor
cortex was stimulated at intervals of 20 ms to inhibit the contralateral/affected side via the
cholinergic and GABAergic pathways. Data collection was performed using LabChart 8
(AD Instruments, Sydney, AUS) and exported to Igor Pro (Wavemetrics, Tigurd, OR) for
analyses. Conditioning median nerve stimulus was applied at 6 different inter-stimulus
intervals, with 10 trials at each interval (N20 to N20+5). Twenty trials were conducted in the
absence of the conditioning stimulus. The inter-stimulus interval (1SI) was determined based
on the latency of the cortical N20 component of the somatosensory evoked potential.
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CBF measurements.—Individual T1 images were registered to 2mm-MNI space in FSL
v5.0 [30,31]. The ON and OFF scans were processed separately. The pCASL control and
label images were registered using a modified realignment routine in SPM 12 [32] to
account for the intensity fluctuations inherent in the ASL acquisition (higher signal intensity
for control images alternating with lower signal intensity in label images). MO images were
registered and averaged together. Subsequently, the PCASL images were registered to the
respective averaged M0 images. Difference maps (AM) were calculated and then registered
to the segmented gray matter mask from the subject-specific T1 image and finally
transformed to MNI space. This approach to registration using the difference map and
segmented gray matter mask improves alignment and has been applied in the Genetic
Frontotemporal dementia Initiative study [33]. Using the same transformations, the MO
image was registered to the MNI brain. The AM images were then divided by the M0 image,
and CBF was calculated using the International Society for Magnetic Resonance in
Medicine (ISMRM) recommendations [29]. A Quality Evaluation Index (QEI) was
computed, and based on prior work comparing manual inspection, a QEl < 0.90 was
considered to indicate poor quality (Supplementary data)[34]. Six participants were
excluded based on the QEI.

SSM-PCA analyses.—The gray matter masks derived from the subject-specific T1
images were thresholded to include voxels with at least 35% gray matter. Previous studies
have used a 10% threshold for gray matter and was considered too liberal for deriving a gray
matter mask [13]. All gray matter masks were binarized and multiplied to obtain a common
gray matter mask across all participants. The CBF maps were smoothed with a FWHM of 8
mm and multiplied by this mask. To account for partial volume effects, gray matter tissue
probabilities were derived in SPM 12. The estimated CBF maps were divided by the gray
matter tissue probability [35]. Data was log-transformed and de-meaned for each subject and
group. Then, statistically independent PC images were calculated. The number of
components was selected to account for 50% of the total variance. A generalized linear
model using stepwise regression was applied to add or remove the selected PCs that
separated normal healthy controls from PD participants using the Akaike Information
Criterion (AIC, MATLAB command: stepwiseglm). As outlined by Meltzer et al. [12], the
PDRP network was made using a linear combination of the retained PC images. The
corresponding scores were also converted into a network score using the same linear
combination. The PDRP network was standardized by subtracting the mean and dividing by
the standard deviation of all voxels. The scores were also standardized. Further, the mean of
just the control groups was subtracted from the standardized network Z-scores so that all
expressions in the PD participants are deviations from the control group (Control PDRP
score ~ 0). Then, the trained model from the stepwise regression was applied to new data (n
= 22). The regression parameters used to identify the PDRP network from the training set
were applied to this test set, similar to previous studies[13]. Receiver operating characteristic
(ROC) curve and AUC were calculated for both training and test sets. Identical SSM-PCA
procedures to those described above were performed to compared healthy controls and PD
participants ON medication.

Parkinsonism Relat Disord. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rane et al.

RESULTS

Page 5

SAl amplitude and latency measurements.—Data from all trials was averaged and
the signal amplitude was converted to a Z-score at each ISI. Since the study protocol only
used 6 total time points, the complete N20 response peak (indicator of inhibition) and its
return to baseline may not necessarily be captured. Therefore, a gaussian curve was fit to the
data to identify the N20 peak and the latency (indicator of conductance speed) to the peak.

Association of CBF with motor impairment, SAl, and cognitive performance.—
The PDRP network and the first few principal components that explained about 50% [12] of
the variability in the data were considered for further analysis. For this association, all data
from the training and validation sets were used together. The PCs on the validation set were
obtained using the transformation matrices of the training set. The models to test were

PRDP score/PC component = (Age + Gender + Diagnosis) % X

where X = MDS-UPDRS motor scores, SAl amplitude, and SAI latency using R (v3.5) as
well as MOCA, SDT, BNT, and LMI. The association with DRT measures in terms of
levodopa equivalent dose (LED) [36] was tested only in the PD subgroup. Note that we use
association to describe the effect i.e., test whether the beta coefficients of the above
generalized linear model were significantly different from 0 or not. We use association in
lieu of correlation.

Overall, the mean gray matter CBF in the control group (n=22) was 41+7 ml/100g/min,
4248 ml/100g/min in the OFF state and 44+9 ml/100g/min in the ON state in PD group
(n=35, disease duration = 10+5 years) . It was not different between groups after adjusting
for age and gender. Table 1 outlines the demographics and average test scores for MDS-
UPDRS, MOCA, BNT, SDT, and LMI. Average MDS-UPDRS motor scores were
significantly different in the ON and OFF states (pairwise t-test, p<0.001) in the PD
participants. All other scores were not significantly different between groups. SAl amplitude
(2) and latency (s) were not statistically different between groups. The LED in PD
participants was 689+497 mg. Of the 22 controls, 9 individuals were cognitively impaired
(clinical dementia rating, CDR=0.5) and of the 35 PD participants, 12 were cognitively
impaired (CDR=0.5) and 5 had dementia (CDR=1).

SSM-PCA analysis - OFF.

In the OFF state, 6 PCs were identified to classify PD group from the controls on the
training set. Of those, the PDRP network comprised of a linear combination of component 4
(B=0.16, p=0.001, explained variance, ev, =5.9%), and component 5 (=0.07, p=0.04,
ev=5.7%). The PDRP network is shown in Figure 1A. The PDRP included the posterior
cingulate, precentral gyrus, precuneus, occipital fusiform gyrus, and sub-callosal cortex (fit
p-value <7.6e7°). Network Z-scores per group are shown in the bar graph. This network is
similar to that identified by other studies [12,13]. The AUC curves for discriminating PD
subject OFF medications from controls was 72% (1B, accuracy = 73.7%). In the test set, the
AUC for discriminating PD subject OFF medications from controls was 71% (1C, accuracy
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= 64%). The network score was significantly different between groups ( 1D, p=0.001) in the
training set. The network scores from the test set show a similar difference (1E, p=0.01).
The network scores were not associated with MDS-UPDRS, SAl, or neuropsychology
battery, but only with diagnosis.

SSM-PCA analysis - ON.

Association

Association

In the ON state, the network comprised of only 1 component (PC 3, =0.40, p=0.03, fit
p=0.02) and included the posterior cingulate, precentral gyrus, precuneus, supplementary
motor cortex, thalamus, occipital pole, and right hippocampus. The network is shown in
Figure 2A. The network score was significantly different between groups (p=0.02). The
PDRP network was not associated with SAIl amplitude or latency. The AUC curves for
discriminating PD subject ON medications from controls was 58% (2B, accuracy = 52%). In
the test set, the AUC for discriminating PD subject ON medications from controls was 57%
(2C, accuracy = 46%). These results indicate that CBF cannot distinguish PD participants
ON medication from controls using the SSM PCA approach with PCs explaining 50% of the
variance. The network score was significantly different between groups ( 2D, p=0.02) in the
training set. The network scores from the test set show a similar difference (2E, p=0.01).
The network scores were not associated with MDS-UPDRS, SAI, or neuropsychology
battery but only with diagnosis.

with PD features and cognitive scores:

The first 6 components explaining 50% of the total variance in the OFF state (15.2%, 10.5%,
7.4%, 5.9%, 5.7% , and 4.6% respectively) and in the ON state (15.8%, 12.8%, 7.4%, 5.7%,
5.0% , and 4.3% respectively) are depicted in Figure 3A and B.

with PD features and cognitive performance.

Figures 4 and 5 show the association for the 6 PCs for all participants with diagnosis, SAI
amplitude, SAI latency, UPDRS, MOCA, BNT, SDT, and LMI. In the OFF-condition, scores
of PCs 4 and 5, which comprise the PRDP-network, expectedly show significant differences
between controls and PD. PCs 2,3, and 4 were associated with UPDRS. PCs 1,3, and 4 were
associated with SAl amplitude, and PCs 2 and 4 were associated with SAI latency. PCs 1,2,
and 5 were associated with MOCA. Lastly, only PC2 was associated with BNT, SDT, and
LMI.

In the ON state, PC3 scores were significantly different between controls and PD
participants. This is expected since it represents the PDRP network in the ON state. MDS-
UPDRS scores were associated with PCs 2 and 6. The association between both PC scores
and UPDRS was modulated by age. No association was found with SAl amplitude.
However, we found that PC4 and PC5 were associated with SAI latency PCs 3 and 6 were
associated with MOCA, and PC4 and PC6 were associated with BNT.

DISCUSSION

Our work led to two major conclusions. First, a PD-related network PDRP can be well-
detected using ASL in the OFF state. The ON state is thought to ‘“normalize’ brain function,
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and consistent with this, a disease-specific pattern of altered perfusion was not detected ON
dopaminergic medication. Second, the related principal components (PCs) were associated
with MDS-UPDRS scores, SAl measurements, as well as cognitive performance.

PDRP pattern detection.

Our study is the only one to our knowledge to show imaging data pre- and post DRT in the
same participants using the SSM-PCA approach on ASL data. The study by Teune et al.
included PD participants in whom DRT was stopped 12 hours prior, and benzodiazepines
were stopped 24 hours before imaging, while in the study by Melzer et al., PD participants
with and without DRT were combined.

We observed a PDRP network consisting of posterior cingulate, precentral gyrus, and the
subcallosal cortex in the OFF state but not in the ON state. The regions of the PDRP
network in the OFF state are similar to those observed by others [9,12,13]. There are some
notable differences too. The PDRP network derived by Teune et al.[13] comprised of
precuneus, posterior parietal, occipital, prefrontal, thalamus, pallidum, motor cortex,
cerebellum, and the paracentral lobule. PDRP by Melzer et al. [12], comprised of posterior
parietal region, precuneus, cuneus, and middle frontal gyrus. Variability in the networks
could arise due to several factors. Unlike most previous studies, we separately calculated the
PDRP network OFF and ON DRT. To confirm that PD patients OFF and ON DRT are not
similar, we tested whether we could distinguish PD participants ON DRT using the PDRP
network derived from the OFF state. The AUC was 39% (accuracy = 45%), indicating that
PD participants ON medications could not be characterized by using the PDRP network
derived in the OFF state in our study based on CBF.

A second reason that might account for differences among these studies is that image
acquisition and processing were different across all three studies. The study by Teune et al.
did not mention the ASL labeling parameters [13]. The study by Melzer et al. used a label
duration and post labeling delay of 1500 ms [12], parameters recommended for young adult
patients. Our study used a label duration of 1800 ms and post labeling duration of 2000 ms,
which are in accordance with the recommendations by the ISMRM for performing pCASL
acquisition in older adults with and without degenerative disease [29].

The PDRP examined using FDG PET did not differ in the ON and OFF medication states.
Here, using ASL the pattern we see significant differences. Previous studies derived the
PDRP pattern in all PD subjects (drug naive and OFF medication) together as one group,
using considerably fewer subjects than ours [9,37]. As a consequence, the distinction
between PDRP patterns in the ON and OFF status would be minimal by design.
Additionally, although metabolism measurements using FDG and perfusion measurements
using ASL are correlated with each other, their association may be altered in disease
conditions. A recent study of FDG PET and ASL in the same participants with Lewy body
disease showed that although very high, the ability of the two approaches to distinguish
pathological brain from healthy brains is not identical. Interestingly, the patterns of
hypometabolism and hypoperfusion were very similar in Lewy body disease [38].
Furthermore, DRT is known to alter the association between metabolism and perfusion [39].
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While a PDCP network was not detected in this work, PC2 in the OFF-state was associated
with UPDRS, MOCA, BNT, LMI, and SDT, i.e., all neuropsychological tests conducted in
this study and could be analogous to the PDCP network. Similar to previous studies, PC2
included posterior cingulate, superior frontal gyrus, supplementary motor cortex regions.

Association with PD features and cognition.

Striatal dopamine release is modulated by cholinergic tone. SAI is thought to measure the
cholinergic function in PD primarily due to dopaminergic-cholinergic imbalances. SAI
amplitude and latency was associated with several principal components. The N20 latency
was more variable in PD patients (0-6 s) than in controls (2-4 s), which might be due to
either cholinergic dysfunction (OFF state) or DRT effects (ON state).

A PC decomposition is an excellent approach to visualizing CBF differences between
groups. However, it is harder to interpret PCs. The positive (red) and negative (blue)
saliences in an individual PC do not necessarily translate into absolute increases or decreases
blood flow in the PD participants. For example, both Z>2 and Z<-2 regions in the PDRP
OFF network (Supplementary Figure 3), show higher CBF in PD participants.

CONCLUSION

The PD-related pattern comprising of abnormal CBF in the precuneus, posterior cingulate,
and subcallosal cortex distinguished the control participants from the PD participants in the
OFF state. The PCs derived using SSM PCA were related to cognitive symptoms and
cholinergic dysfunction as measured using SAI. Furthermore, the PDRP-related pattern was
not distinguishable on the PD participants in the ON state. We believe that the ASL-based
patterns of perfusion in PD have the potential to be suitable markers of motor symptom
severity in PD. The clinical relevance of the study is that ASL is already a widely-available
approach and is significantly cheaper than PET imaging. With, the SSM-PCA approach,
ASL has not only the ability to discriminate PD patients from normal older adults but also
monitor disease progression, and identify the efficacy of new treatments for PD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. A Parkinson’s disease related disease pattern was identified using ASL MRI
and the Scaled Subprofile Modeling/Principal Component Analysis, which
was capable of separating PD subjects (off medications) from the healthy
older adults with an accuracy of 71%.

2. On medications, the PD subjects could not be reliably separated from the
heathy older adults.

3. Principal components were associated with cognitive performance and MDS-
UPDRS scores.
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Figure 1.
(A) The PDRP network in the OFF condition and PDRP-network Z-scores. Closer the score

to zero, more normal the individual. The PDRP network consisted of posterior cingulate,
precuneus, subcallosal cortex (medial frontal), and occipital cortex. (B, C) represents the
ROC plots for the training and test sets for distinguishing PD participants OFF medication
from controls (AUC = 72.2%) and for distinguishing PD participants ON medication from
controls (AUC = 71.0%). The network Z scores for both sets are shown in D and E. The
network scores were significantly different between controls and PD.
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Figure 2.
(A) The PDRP network in the ON condition and PDRP-network Z-scores. Closer the score

to zero, more normal the individual. The PDRP network in the ON state comprised of
posterior cingulate, precuneus, and occipital cortex. No sub callosal cortex (medial frontal
region) was identified. The distinction between the PDRP network scores, although
significant, is less prominent in the ON condition than in the OFF condition. (B, C)
represents the ROC plots for the training and test sets for distinguishing PD participants OFF
medication from controls (AUC = 57.4%) and for distinguishing PD participants ON
medication from controls (AUC = 45.1%). The network Z scores for both sets are shown in
D and E. The network scores were marginally significantly different between controls and
PD only in the training set.
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Figure 3.
(A) The first six PCs explaining about 50% of the variability in the data comparing control

participants to PD subject OFF dopaminergic medication and (B) ON medication. In the
OFF condition, PC1, explaining 15.2% of the variance, comprised of posterior cingulate,
precuneus, thalamus, caudate, and cerebellum. PC2 explained 10.5% of the variance and
included posterior cingulate, superior frontal gyrus, and the supplementary motor cortex.
PC3 (explained variance 7.4%) included posterior cingulate, anterior cingulate, L middle
frontal gyrus, while PC 4 (explained variance = 5.9%) comprised of posterior cingulate,
postcentral gyrus, precentral gyrus, superior frontal gyrus, frontomedial cortex/subcallosal
cortex, L occipital cortex. PC5 and PC6 explained 5.7 and 4.6% of the variance. PC5
included posterior cingulate, superior frontal gyrus, frontomedial cortex/subcallosal cortex,
precentral gyrus and supplementary motor cortex, and PC6 included posterior cingulate,
cuneus, bilateral temporo-occipital regions. In the ON state, PC1, explaining 15.8% of the
variance, comprised of the frontal pole, supplementary motors cortex, and parahippocampal
gyrus. PC2 explained 12.8% of the variance and included frontal pole, thalamus,
parahippocampal gyrus, and the posterior cingulate. PC3 (explained variance 7.4%) included
posterior cingulate, precentral gyrus, supplementary motor cortex, while PC 4 (explained
variance = 5.7%) comprised of posterior cingulate, R frontal pole, and thalamus. PC5 and
PC6 explained 5.0 and 4.3% of the variance. PC5 included Thalamus and R occipital cortex.
PC6 included postcentral gyrus, precentral gyrus, frontomedial cortex/subcallosal cortex,
and temporo-occipital regions.
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Figure 4.

The PCs in the OFF condition were tested for association with diagnosis, MDS-UPDRS,
SAIl measures, and cognitive performance while adjusting for age and gender. PC 4 and PC
5 contributed to the PDRP network in the OFF state. PC 4 significantly (p<0.0005)
discriminated controls form PD participants in the OFF condition. PC 5 was strongly
associated with age (p=0.003). Lower PC 2 and PC 5 scores were associated with high
MDS-UPDRs scores (PC 2, p= 0.02; PC5, p = 0.006). PC 4 showed the opposite trend (p
=0.01). While high PC 3 scores were associated with high UPDRS scores, they decreased
with age (p = 0.02 ). Higher PC 1 scores were associated with low SAI amplitude only in PD
participants (p = 0.001). This relationship was observed for all participants for PC 3 but
decreased with age (p = 0.02). Higher PC4 scores were associated with higher SAI
amplitude (p = 0.0004). Lower PC 2 scores were associated with SAI latency, with this
relationship reversing with increasing age (p = 0.0001). Lower PC 3 scores were associated
with shorter latency times on SAI in controls only (p = 0.003 ). PC 1 showed opposite
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correlations with MOCA scores (p = 0.03). Higher PC 2 scores were associated with higher
MOCA scores, but this relationship reversed with age(p = 0.01). The exact opposite behavior
was observed with PC 5 (p = 0.01). BNT, SDT, and LMI scores were all positively
correlated with PC 2. This correlation reduced or even reversed with age in all tests. (p-
value; BNT = 0.001, SDT <0.0005, LMI = 0.0007).
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The PCs in the ON condition were tested for association with diagnosis, MDS-UPDRS, SAI
measures and cognitive performance while adjusting for age and gender. PC 3 scores were
significantly different between controls and PD participants (p = 0.02). Higher UPDRs
scores were associated with higher PC 2 scores. This correlation decreased with age (p
=0.02 ). On the other hand, PC 6 correlations to UPDRS scores increased with age (p =
0.008). High PC 4 scores were correlated with high latency time for SAI, especially in
controls (p = 0.001 ), and this correlation decreased, even reversed with age (p = 0.0001).
High PC 5 scores were correlated with shorter latency on SAI irrespective of diagnosis (p =
0.03). While PC 3 scores showed a negative correlation with MOCA scores in PD
participants (p = 0.02), PC 6 showed similar trends in controls (p = 0.04). Higher BNT
scores were associated with higher PC 4 scores (p = 0.007) and lower PC 6 scores (p =
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0.02). Both relationships were modulated by age. Note that the neuropsychological battery
was conducted only once in the ON condition within 6 months of the imaging.
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Subject Demographics

Table 1:

Description Controls  PD p-value
N 28 57

Age (year) 69+8 6718

Gender 15M 33M

MDS-UPDRS -OFF  3£10 28+10

MDS-UPDRS -ON 21+8

MOCA 27+2 262 *p<0.0001 between ON and OFF
BNT 29+1 29+1

SDT 16+2 16+4

LMI 1343 13+4

SAI Amplitude (Z) ~ 1.08+0.99  0.88+0.80

SAI Latency (s) 2.96+0.91 2.73x1.36
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