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A B S T R A C T   

Alterations in different aspects of dopamine processing may exhibit different progressive behaviours throughout 
the course of Parkinson’s disease. We used a novel data-driven multivariate approach to quantify and compare 
spatiotemporal patterns related to different aspects of dopamine processing from cross-sectional Parkinson’s 
subjects obtained with: 1) 69 [11C]±dihydrotetrabenazine (DTBZ) scans, most closely related to dopaminergic 
denervation; 2) 73 [11C]d-threo-methylphenidate (MP) scans, marker of dopamine transporter density; 3) 50 6- 
[18F]fluoro-L-DOPA (FD) scans, marker of dopamine synthesis and storage. The anterior-posterior gradient in the 
putamen was identified as the most salient feature associated with disease progression, however the temporal 
progression of the spatial gradient was different for the three tracers. The expression of the anterior-posterior 
gradient was the highest for FD at disease onset compared to that of DTBZ and MP (P = 0.018 and P = 0.047 
respectively), but decreased faster (P = 0.006) compared to that of DTBZ. The gradient expression for MP was 
initially similar but decreased faster (P = 0.015) compared to that for DTBZ. These results reflected unique 
temporal behaviours of regulatory mechanisms related to dopamine synthesis (FD) and reuptake (MP). While the 
relative early disease upregulation of dopamine synthesis in the anterior putamen prevalent likely extends to 
approximately 10 years after symptom onset, the presumed downregulation of dopamine transporter density may 
play a compensatory role in the prodromal/earliest disease stages only.   

1. Introduction 

In Parkinson’s disease, motor dysfunction is traditionally associated 
with progressive loss of dopaminergic neurons in the substantia nigra 
and their projections to the striatum (Hirsch, 1994; Stoessl, 2012). 
Motor symptoms start to become clinically relevant when around 30–50 
% of dopaminergic neurons are lost (Brooks, 2010). The loss of dopa-
minergic function follows a well characterized functional spatiotem-
poral pattern in which the dorsal posterior putamen contralateral to the 
more affected body side is affected first, followed by dopaminergic nerve 
terminal degeneration in the ventral and anterior putamen and the 
caudate nucleus. Previous studies showed that the disease may have 

differential effects on various aspects of dopaminergic processing at 
different disease stages (Nandhagopal et al., 2009; Nandhagopal et al., 
2011; Lee et al., 2000). These different aspects of dopaminergic func-
tion, including synthesis, storage, presynaptic reuptake, and turnover of 
dopamine, may exhibit different vulnerabilities to disease or potential 
compensatory responses, particularly in the early stage of the disease. 

We have previously used positron emission tomography (PET) to 
quantify the different aspects of dopaminergic processing in Parkinson’s 
disease subjects. In particular, we used 1) [11C]±dihydrotetrabenazine 
(DTBZ), vesicular monoamine transporter type 2 (VMAT2) marker, to 
estimate dopamine vesicular uptake and storage; 2) [11C]d-threo-meth-
ylphenidate (MP), dopamine transporter marker, to estimate 
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presynaptic dopamine reuptake capacity; 3) 6-[18F]-fluoro-L-DOPA (FD) 
to estimate dopamine synthesis and storage (Nandhagopal et al., 2009; 
Nandhagopal et al., 2011; Lee et al., 2000; Lee et al., 2004). By fitting 
exponential functions with pre-determined functional forms to the 
average putaminal binding/uptake values plotted as a function of dis-
ease duration for each tracer separately, FD uptake showed a faster 
decline until DTBZ binding decreased to less than 25 % of normal values, 
indicating upregulated FD uptake in early and mild disease stages. MP 
binding showed a similar progression rate as DTBZ binding throughout 
the course of the disease, but was lower than DTBZ binding in early 
disease. In more advanced disease, the progression rates appeared to be 
the same for all three tracers with the magnitudes ultimately converging 
to the same fraction of control values. As DTBZ binding is deemed to be 
the most direct measure of dopaminergic denervation (Borght et al., 
1995), the relative upregulation of dopamine synthesis and down-
regulation of dopamine transporter density in early disease were inter-
preted to be of compensatory nature, with their breakdown contributing 
to the onset and progression of motor symptoms in more advanced 
disease (Nandhagopal et al., 2011; Lee et al., 2000). In addition, it was 
shown that even though the initial binding was higher for the anterior 
than the posterior putamen, the rate of decline may be the same for the 
anterior and posterior putamen for all three tracers (Nandhagopal et al., 
2009; Lee et al., 2000, 2004). These observations suggested that 
mechanisms involved in disease progression have no or only minimal 
differential effect on the putaminal sub-regions. 

Even though the previous studies examined the progressive changes 
in the dopaminergic system as evidenced by the three tracers, the uni-
variate approach that was used suffered from possible limitations. First, 
the investigation was performed in pre-defined regions of interest 
(ROIs), which may oversimplify and restrict the assessment of the 
disease-induced changes. Second, the progressive change in the dopa-
minergic system was modelled by fitting exponential functions with pre- 
determined functional forms to the tracer binding values in each puta-
minal sub-region. This not only requires detailed and sometimes 
complicated parameter tuning, but also restricts the disease-related 
temporal changes to a fixed functional form. In contrast, we recently 
showed that a data-driven approach, the dynamic mode decomposition 
(DMD), was able to identify spatiotemporal patterns of dopaminergic 
denervation that are most sensitive to disease progression at the voxel 
level (Fu et al., 2020). Using DTBZ data, we demonstrated that the 
extracted spatiotemporal patterns of dopaminergic denervation were 
more sensitive to disease progression compared to results obtained by 
fitting exponential curves to the magnitude of binding/uptake values. In 
addition, we showed that DMD was able to decompose the overall 
progressive changes into distinct spatiotemporal patterns associated 
with different functional forms, thus presumably isolating different 
disease-related mechanisms. 

In the present study, we extended DMD to extract features (i.e. 
spatiotemporal patterns) that are most sensitive to disease progression 
in three presynaptic dopaminergic targets. In addition, the comparison 
of the (±)DTBZ outcomes obtained in this study with those previously 
obtained in a different subject cohort with the (+)DTBZ enantiomer and 
a different scanner (Fu et al., 2020) indirectly served as a validation for 
the robustness of the findings obtained with the DMD approach. These 
new spatiotemporal patterns are expected to reflect more detailed and 
unique contributions from each aspect of dopaminergic processing to 
disease initiation, disease progression and potential compensatory 
mechanisms throughout the course of the disease, and thus complement 
and extend the findings obtained with the univariate results reported 
previously. 

2. Methods and Materials 

2.1. Study participants 

This cross-sectional study included a total of 74 Parkinson’s disease 

subjects (disease duration: 0 to 26 years) previously reported in Nand-
hagopal et al. (2009, 2011) and 35 healthy controls age-matched to the 
Parkinson’s subjects. Disease duration was estimated as the time from 
onset of motor symptoms. Parkinson’s subjects were clinically assessed 
for motor functions using the motor segment of the Unified Parkinson’s 
Disease Rating Scale (UPDRS-III) in the OFF-medication state. Detailed 
clinical characteristics are listed in Table 1. The study was approved by 
the Clinical Research Ethics Board of the University of British Columbia 
and all subjects provided informed written consent. 

2.2. Scanning protocols 

All PET scans were performed on the ECAT 953B tomograph (CTI 
Systems, Siemens, Knoxville, TN, USA) in 3D mode with a spatial reso-
lution of approximately (8.5 mm)3. The scanning protocol and image 
reconstruction are described in detail elsewhere (Lee et al., 2000). 
Briefly, all Parkinson’s subjects withdrew anti-parkinsonian medica-
tions for 12 h (immediate release levodopa) or 18–24 h (controlled 
release levodopa or dopamine agonists). Subjects were positioned using 
external lasers, and custom fitted thermoplastic masks were applied to 
minimize head movement. Intravenous injections of 202.4 ± 32.1 MBq 
(±)DTBZ, 198.7 ± 26.0 MBq MP and 185–260 MBq FD were accom-
plished over 60 s using an infusion pump (Harvard Instruments). PET 
scans were separated by at least 2.5 h following injection of 11C tracers 
to allow for tracer decay. Acquired data were binned into 16 time frames 
for DTBZ and MP (4x1 min, 3x2 min, 8x5 min, 1x10 min) for a total of 
60 min and 9 frames for FD (9x10 min) for a total of 90 min. Trans-
mission scans required for attenuation correction were performed with 
external 68Ge rods. PET images were reconstructed using filtered back-
projection algorithm with a dimension of 128 × 128 × 31 and voxel size 
of 2.6078 × 2.6078 × 3.375 mm3. Data were corrected for decay, dead- 
time, normalization, attenuation, scattered and random coincidences. 
For each scan, the frames were spatially realigned with rigid-body 
transformation to minimize the impact of motion during the scan 
using Statistical Parametric Mapping (SPM, version 12, Wellcome Trust 
Centre for Neuroimaging, University College London, UK). 

2.3. Image processing 

After reconstruction, we first created a tracer-specific template in the 
ECAT-space (image dimension 128 × 128 × 31, voxel size 2.6078 ×
2.6078 × 3.375 mm3) by realigning and averaging 20 healthy control 
subjects’ images using the last 40 min for each tracer. All PET images 
were then registered to the tracer-specific healthy control template and 
parametric tracer binding images were generated for each tracer. In 

Table 1 
Clinical characteristics of the cross-sectional Parkinson’s subjects. H&Y = Hoehn 
and Yahr scale. UPDRS-III = Unified Parkinson’s Disease Rating Scale Part III. N/ 
A = not applicable.   

Total 
# 

Sex Age 
(years) 

Disease 
Duration 
(years) 

H&Y Total 
UPDRS- 
III 

All 
Parkinson’s 
subjects 

74 55M/ 
19F 

60.4 ±
7.5 

7.55 ±
5.98 

1.75 
±

0.57 

27.9 ±
11.8 

DTBZ scans 69 51M/ 
18F 

60.5 ±
10.5 

7.38 ±
5.69 

1.71 
±

0.54 

27.3 ±
10.9 

MP scans 73 55M/ 
18F 

60.8 ±
10.0 

7.55 ±
6.02 

1.75 
±

0.57 

28.0 ±
11.8 

FD scans 50 36M/ 
14F 

60.3 ±
11.0 

7.41 ±
6.08 

1.68 
±

0.51 

26.6 ±
11.4 

Healthy 
controls 

35 16M/ 
19F 

54.5 ±
14.6 

N/A N/A N/A  
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particular, parametric non-displaceable binding potential (BPND) images 
were generated for DTBZ and MP by the simplified reference tissue 
method (Wu and Carson, 2002) with the occipital cortex as the reference 
region, and parametric uptake rate constant (KOCC, min− 1) images were 
generated for FD by the Patlak graphical method with the occipital 
cortex as the reference region (Patlak and Blasberg, 1985). 

To further optimize the registration quality, we used a previously 
published two-step registration pipeline to bring all parametric ECAT 
images into a common Montreal Neurological Institute (MNI) space 
(Klyuzhin et al., 2018). In the first step, each of the three tracer-specific 
healthy control templates in ECAT-space (image dimension 128 × 128 
× 31, voxel size 2.6078 × 2.6078 × 3.375 mm3) was registered to a 
common whole-brain template in MNI-space (image dimension 292 ×
193 × 193, voxel size 1 × 1 × 1 mm3) with nearest neighbour inter-
polation and rigid and non-linear registration. The MNI whole-brain 
template mask was created with magnetic resonance (MR) defined 
segmentation using Freesurfer (Fischl et al., 2002). In the second step, 
the registered tracer-specific templates (in MNI space) were registered 
again to a putaminal template segmented using Freesurfer to further 
optimize the registration quality for the putamen. The resulting trans-
formation matrix was saved and applied to the respective tracer binding 
images. The more and less affected hemispheres were defined in the 
transformed images as contralateral to the more and less clinically 
affected body sides (based on total UPDRS-III). Details about the puta-
minal template and the two-step registration pipeline can be found in 
Klyuzhin et al. (2018). An independent observer, blind to the analysis 
results, visually examined the registration quality for all images. The 
final analyses included 69 DTBZ scans, 73 MP scans and 50 FD scans. A 
total of 48 subjects had all three tracers images. 

For comparison between results obtained with voxel-based DMD 
analysis and ROI analyses using data processed in identical way, 
manually defined circular ROI templates (7.8 mm in diameter) were 
created along the rostrocaudal axis without overlap for the anterior, 
middle and posterior putamen subregions and were placed on the 
parametric binding images in the MNI space to obtain the mean binding 
values in the three putaminal regions in the more and less affected sides 
separately for each tracer. 

In order to compare the disease-related alterations in the data ob-
tained with different PET tracers and correct for potential aging-related 
changes, standardized PET values were obtained at both ROI and voxel- 
level as the ratio between the tracer binding values and the mean age- 
matched normal values in the putamen as described previously (Nand-
hagopal et al., 2011). In short, aging-related changes were estimated 
using PET data from 35 healthy control subjects using linear mixed- 
effect models for each tracer. Linear relationships were obtained for 
each tracer for the mean putamen, which assumes the aging-related 
changes are uniform across the entire putamen. Expected aging- 
related binding values were estimated using the linear relationship for 
Parkinson’s subjects. Voxel-wise standardized PET values in the puta-
men were obtained by dividing the parametric PET binding values by 
the corresponding expected aging-related binding values (constant over 
the whole putamen). Likewise, ROI-level standardized PET values were 
obtained by dividing the putaminal binding values by the corresponding 
expected aging-related binding values. Standardized PET values were 
used as inputs for both ROI-based and voxel-based DMD analyses. 

2.4. Clinical characteristics 

We applied one-way analysis of variance (ANOVA) to the age, dis-
ease duration, H&Y stages and UDPRS-III scores for Parkinson’s subjects 
with DTBZ, MP and FD scans. 

2.5. ROI-based analysis 

To examine the relationship between the three PET tracers at 
different stages of disease, we applied one-way analysis of variance 

(ANOVA) to the standardized PET values for DTBZ, MP and FD in the 
more and less affected anterior and posterior putamen separately in 
patients with early (<5 years of disease), mild (5–10 years of disease) 
and advanced (more than 10 years of disease) disease. False positive 
rates were controlled at P = 0.05 using Bonferroni-Holm’s step-down 
procedure (Holm, 1979). The sample size for each disease stage is 
detailed in the Supplementary Materials. 

2.6. Voxel-based analysis – dynamic mode decomposition 

We applied DMD to the parametric standardized values for Parkin-
son’s subjects separately for each tracer (N = 69 for DTBZ, N = 73 for MP 
and N = 50 for FD) and also limited the analysis to data of Parkinson’s 
subjects imaged with all three tracers (N = 48). Standardized PET values 
were used to remove the healthy aging effect in the derived spatiotem-
poral patterns. Mathematical details for the DMD pipeline were previ-
ously published (Fu et al., 2020). In brief, DMD decomposes the input 
parametric tracer binding images into spatial patterns of tracer binding 
values associated with orthogonal temporal progression curves in a 
data-driven fashion. These spatiotemporal patterns are by construct the 
imaging features most sensitive to disease progression. 

As shown in Fig. 1, the input data Xt (standardized parametric tracer 
binding/uptake values) are first de-meaned along each column (subtract 
mean over all voxels) and then arranged so that the columns represent 
consecutive temporal snapshots of tracers’ binding/uptake values at 
different disease duration values separated by Δt, thus representing the 
metric behaviour as a function of disease progression. In particular, for 
Parkinson’s subjects, we used cross-sectional data of subjects with 
different disease duration to represent temporal snapshots of the met-
rics’ values as a function of the disease course (Δt = 1 year). For time 
points with several snapshots (i.e. more than one subjects with the same 
disease duration), we used the average parametric images as a single 
input for the time point. DMD extracted spatial patterns of metrics’ 
values and thus dopaminergic function (DMD modes, ϕ) associated with 
different temporal progression curves in the form T(t) = β*eΩt where t 
is disease duration, β is the DMD amplitude (intercept at t = 0, corre-
sponding to disease onset) and Ω is the decay constant. The DMD modes 
or spatial patterns consist of positive and negative voxel-weights for the 
PET standardized values in the putamen. The DMD amplitude β is the 
regression coefficient along each DMD mode that satisfies the linear 
equation x1 = ϕβ, where x1 is the de-meaned data at the first time point 
(t = 0). The DMD amplitude thus represents the expression strength of 
the DMD mode at disease onset. 

To determine if the temporal progression curves (both decay con-
stants and DMD amplitudes) were different for the three different 
tracers, we randomly permutated the residuals of the DMD model to 
construct the 95 % confidence interval and the distributions of the dif-
ferences in decay constants and DMD amplitudes between tracers. The 
P-value was calculated as the probability for the mean of the distribu-
tions of the group differences to be different from zero. The group dif-
ference was considered statistically significant for P-value < 0.05. 
Leave-one-out cross validation test was also performed on the temporal 
snapshots to examine the stability of the outputs. To compare the spatial 
patterns (DMD modes) obtained with the three tracers, we calculated R2 

for the voxel-wise spatial weights between each pair of tracers. No 
correction for multiple comparison was performed. 

The robustness of the DMD method and the dependence of the results 
on image resolution was assessed by comparing the DMD results ob-
tained with DTBZ with those obtained using the isomerically resolved 
(+)DTBZ and a different cohort of Parkinson’s subjects scanned on a 
higher resolution scanner, the Siemens High Resolution Research 
Tomograph (HRRT, spatial resolution 2.5 mm3)9. We performed corre-
lation analyses on voxel weights for the first DMD spatial patterns and 
correlation analyses on the z-transformed temporal expressions of the 
first DMD spatial patterns obtained with two studies. 

J.F. Fu et al.                                                                                                                                                                                                                                     
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2.7. Univariate analysis 

To compare the DMD results with univariate analyses results, we 
fitted exponential functions (in the form y = β1e− β2 t) to the standardized 
PET values as a function of disease duration in the anterior, middle and 
posterior putamen for the three PET tracers. 

All codes were written in Matlab and are available upon direct 
request to the corresponding author, however PET data used in this 
study cannot be made available publicly in order to protect patient 
confidentiality. 

3. Results 

There was no significant difference in clinical characteristics be-
tween the subjects with DTBZ, MP and FD scans. 

3.1. ROI-based analysis 

In early disease (disease duration<5 years), FD showed significantly 
higher standardized values than DTBZ and MP in the more (P < 0.01 for 
DTBZ, P < 0.05 for MP, corrected) and less (P < 0.001 for DTBZ, P <
0.01 for MP, corrected) affected anterior putamen. In the posterior pu-
tamen, standardized FD values were significantly higher than those of 
MP in both the more (P < 0.01, corrected) and less affected sides (P <
0.05, corrected), but not DTBZ (Fig. 2). There was no significant dif-
ference in the standardized PET values between DTBZ and MP. In mild to 
advanced disease, there were no significant group differences in the 
standardized PET values between any of the tracers after correction for 
multiple comparison. 

3.2. Voxel-based analysis – dynamic mode decomposition 

DMD outputs obtained using all Parkinson’s subjects and using only 

Fig. 1. Schematic diagram of the dynamic mode decomposition (DMD) approach. DTBZ = dihydrotetrabenazine. FD = fluoro-L-DOPA. MP = d-threo-methylphe-
nidate. PET = positron emission tomography. 

J.F. Fu et al.                                                                                                                                                                                                                                     
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Fig. 2. Standardized PET values for DTBZ, MP and FD in the less and more affected anterior and posterior putamen in early disease (disease duration less than 5 
years). The standardized PET values were derived as the tracer binding values (BPND for DTBZ and MP and Kocc for FD) normalized by the age-matched normal 
values. One-way analysis of variance was used to examine the differences between tracers. * = P-value < 0.05. ** = P-value < 0.01. *** = P-value < 0.001. DTBZ =
dihydrotetrabenazine. FD = fluoro-L-DOPA. MP = d-threo-methylphenidate. PET = positron emission tomography. 

Fig. 3. Dynamic mode decomposition (DMD) modes/spatial patterns (z-transformed) in the less and more affected putamen for (A) DTBZ, (B) MP and (C) FD. DTBZ 
= dihydrotetrabenazine. FD = fluoro-L-DOPA. MP = d-threo-methylphenidate. DV = dorsal–ventral. ML = Medial-lateral. AP = anterior-posterior. 

J.F. Fu et al.                                                                                                                                                                                                                                     
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subjects with all three scans were almost identical (less than 8 % dif-
ferences in the estimation of decay constant and DMD amplitudes for all 
tracers). Therefore, only DMD outputs obtained with all subjects are 
shown and discussed in the main manuscript. DMD outputs obtained 
with subjects with all three PET tracers can be found in the Supple-
mentary Materials. 

DMD extracted one spatiotemporal pattern accounting for 89 %, 86 
% and 84 % of the total variance in DTBZ, MP and FD data respectively. 
DMD identified the characteristic gradients consisting of increasingly 
positive weights in the anterior putamen and increasingly negative 
weights in the posterior putamen in both the more and less affected 
putamen as the feature most sensitive to disease progression in all three 
tracers (Fig. 3). Voxel-wise comparison showed high similarity in the 
spatial patterns obtained with the three tracers (Table 2), and a more 
detailed comparison is included in the Supplementary Materials. Visu-
ally, DTBZ and MP showed a clear asymmetry between the more and less 
affected sides with the anterior-posterior gradient being more promi-
nent in the less affected side; FD, on the other hand, did not show 
obvious asymmetry. Applying DMD to the less and more affected sides 
separately gave similar results as applying DMD to both sides together, 
we therefore focused on the results obtained with using both sides 
together to reduce the number of comparisons. 

Temporal expressions of the anterior-posterior gradients decreased 
gradually with disease duration for all tracers (Fig. 4). FD showed a 
significantly higher initial expression (DMD amplitude) of the gradient 
compared to DTBZ (P = 0.018) and MP (P = 0.047) (Table 2); no sig-
nificant difference was observed between DTBZ and MP. DTBZ showed a 
significantly lower decay constant (decline rate) for the expression of the 
anterior-posterior gradient compared to both MP (P = 0.015) and FD (P 
= 0.006); no significant difference in the decay constants was observed 
between MP and FD (Table 2). Error bars obtained with cross-validation 
tests were small as shown in Fig. 4, indicating the robustness of the DMD 
outputs. 

The DMD spatial patterns (R2 = 0.64) and the temporal progression 
curves (P = 10-15, R2 = 0.99) obtained with independent subject cohorts 
scanned on ECAT (this study) and HRRT (previous study9) were highly 
correlated. A detailed comparison is included in the Supplementary 
Materials. 

3.3. Univariate analysis 

Univariate results were consistent with the DMD results in terms of 
the relationship between the three tracers. Detailed univariate results 
can be found in the Supplementary Materials. 

4. Discussion 

In this study, we used a novel data-driven multivariate approach to 

quantify and compare the spatiotemporal patterns of progressive alter-
ations in several aspects of the dopaminergic system in Parkinson’s 
disease. While overall consistent with previous findings, the novel data- 
drive approach revealed additional information on the temporal re-
lationships between the three aspects of dopaminergic system. 

4.1. Comparing with previously reported DMD results 

The spatiotemporal pattern obtained with DTBZ was similar to the 
previous spatiotemporal pattern reported with a different Parkinson’s 
cohort on a PET scanner with higher spatial resolution and (+)DTBZ (Fu 
et al., 2020). Notably, both studies identified the anterior-posterior 
gradient as the dominant progression-related feature in dopaminergic 
denervation and showed that the expression of the gradient decreased 
gradually as disease progresses. This comparison demonstrates the 
applicability and robustness of the DMD approach and shows that the 
lower resolution of the ECAT scanner did not hamper the analysis. 
However, previous DMD results obtained with the HRRT scanner also 
showed a second spatiotemporal pattern consisting of a dorsal–ventral 
gradient in the putamen. The absence of a second spatiotemporal 
pattern in this study was likely due to the use of (±)DTBZ tracer and the 
lower resolution of the ECAT scanner. 

4.2. DMD modes (anterior-posterior gradients in the putamen) 

Previous studies conducted on a similar subject cohort (Nandhagopal 
et al., 2011; Lee et al., 2000) investigated the temporal progression of 
pre-defined spatial regions using an univariate approach. In contrast, 
this study used a data-driven approach to identify spatiotemporal pat-
terns that are most sensitive to disease progression for three presynaptic 
dopaminergic tracers at a voxel-level. The strong expression of the 
anterior-posterior gradient at disease onset is consistent with the evi-
dence that disease has initially a differential effect on putaminal sub- 
regions rather than an uniform impact on the entire structure, and 
that such pattern originates already in the prodromal stage. Analyzing 
subjects in the prodromal stage (e.g. carriers of mutations that increase 
the risk of Parkinson’s disease) is needed to fully understand the factors 
responsible for disease initiation. 

For all three tracers, the anterior-posterior gradient was identified as 
the salient and only spatial pattern related to disease progression, with 

Table 2 
Dynamic mode decomposition (DMD) outputs obtained with the three PET 
tracers. R2 is the voxel-wise correlation value for the DMD spatial patterns. P- 
values for decay constants and DMD amplitudes were obtained using random 
permutation tests. DTBZ = dihydrotetrabenazine. FD = fluoro-L-DOPA. MP = d- 
threo-methylphenidate. PET = positron emission tomography. N/A = not 
applicable.   

DTBZ MP FD DTBZ 
vs MP 

DTBZ 
vs FD 

MP vs 
FD 

Spatial 
pattern 

N/A N/A N/A R2 =

0.85 
R2 =

0.66 
R2 =

0.59 
Decay 

constant 
(ϕ)

− 0.0248 − 0.0706 − 0.0758 P =
0.015 

P =
0.006 

P =
0.39 

DMD 
amplitude 
(β)

16.3 16.7 27.7 P =
0.49 

P =
0.018 

P =
0.047  

Fig. 4. Dynamic mode decomposition (DMD) temporal progression (unitless) 
curves for DTBZ, MP and FD, associated with the anterior-posterior gradient in 
the putamen (DMD modes shown in Fig. 3). Error bars of the temporal pro-
gression curves were obtained using cross-validation. DTBZ = dihydrote-
trabenazine. FD = fluoro-L-DOPA. MP = d-threo-methylphenidate. 
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its strength decreasing over time, even though previous univariate an-
alyses showed that the anterior-posterior gradient was maintained 
throughout the course of the disease for all three tracers (Nandhagopal 
et al., 2009; Lee et al., 2004). These findings suggest that after clinical 
disease is present, mechanisms responsible for disease progression might 
also have a differential impact on the putaminal sub-regions and these 
mechanisms can be further broken down into the ones responsible for 
dopamine denervation and potential regulatory changes by comparing 
the temporal curves of the three imaging targets. The lack of differential 
progression rates for the anterior and posterior putamen in the univar-
iate analysis is likely due to the higher sensitivity of the DMD approach 
to extract spatial features that are most sensitive to disease progression 
by construct, compared to fitting the data with pre-defined models, 
which are often highly influenced by the number of parameters, 
parameter tuning and noise. 

4.3. DMD temporal expressions 

The expression of the anterior-posterior gradient obtained with 
DTBZ had the slowest decay rate compared to that of MP and FD. 
VMAT2 density (estimated by DTBZ) is deemed a reasonably direct 
measure of the degree of dopaminergic terminal denervation and is the 
least sensitive to disease-related regulatory changes comparing to MP 
and FD (Borght et al., 1995; Fu et al., 2019), even though VMAT2 
expression on non-dopaminergic terminals may not be negligible in 
advanced disease (see Limitations). MP and FD bindings reflect both 
dopaminergic terminal degeneration and disease-related regulatory 
changes (Nandhagopal et al., 2011; Lee et al., 2000; Afonso-Oramas 
et al., 2010; Neff and Hadjiconstantinou, 1995). The strongest expres-
sion of the FD spatial gradient at disease onset likely reflects an upre-
gulation of dopamine synthesis in the surviving terminals; here found to 
be most strongly present in the anterior putamen. While this was already 
inferred from the univariate analysis in early disease, this voxel-based 
data driven approach provides additional information about the pro-
gressive behaviours of such regulatory changes. The relatively rapid 
decline of the expression strength of the FD pattern compared to the 
DTBZ pattern can be interpreted as a decline of the compensatory 
upregulation of dopamine synthesis. Indeed, after approximately 10 
years of disease, the expression of the gradient becomes lower for FD 
compared to DTBZ, suggesting that while the gradient of dopaminergic 
terminal loss is relatively constant throughout the course of disease, the 
compensatory responses in dopamine synthesis persist in early disease 
but eventually break down as the degree of dopaminergic degeneration 
increases. 

In this study, we did not observe any significant difference between 
DTBZ and MP binding at any disease stage using univariate analysis 
contrary to previous results (Lee et al., 2000). This is likely due to the 
differences in preprocessing pipelines: 1) voxel-level analyses require 
normalization of all images onto a common space, 2) the use of more 
standardized ROI template compared to previously manually placed 
ROIs, 3) the addition of frame-to-frame realignment which was not used 
in previous studies. In addition, the current study includes fewer sub-
jects compared to previous studies due to the more demanding pre-
processing pipeline (Nandhagopal et al., 2011; Lee et al., 2000). On the 
other hand, with the voxel-based analysis, we observed that the 
expression of the anterior-posterior gradient in MP was initially similar 
but decreased faster compared to that of DTBZ and decreased at a rate 
similar to FD. Extrapolating the MP temporal curve before t = 0 shows 
the expression of the anterior-posterior gradient is higher for MP than 
DTBZ in the prodromal stage. This observation together with the 
significantly reduced MP binding in both asymptomatic leucine-rich 
repeat kinase 2 (LRRK2) mutation carriers (with higher risks of devel-
oping Parkinson’s disease) and in early Parkinson’s subjects compared 
to healthy controls (Nandhagopal et al., 2011; Lee et al., 2000; Nand-
hagopal et al., 2008; Wile et al., 2017) support the hypothesis that the 
downregulation of dopamine transporter density in the posterior 

putamen may be due to a compensatory mechanism particularly rele-
vant in the prodromal stage. It is possible to speculate that the break-
down of this compensatory effect may play an important role in the 
clinical onset of the disease. In addition, the decay rates for the temporal 
curves of both MP and FD were similar, suggesting the underlying 
mechanisms responsible for the breakdown of the compensatory re-
sponses from dopamine synthesis and dopamine transporters may be 
similar, but occurring at different stages of the disease. 

4.4. Unique strengths of DMD 

A unique strength of the DMD approach is that it is completely data 
driven thus eliminating a potential bias arising from an a-priori hy-
pothesis about the image feature most sensitive to disease progression. 
This ensures that the finding of similar and yet not identical spatio- 
temporal patterns most closely related to disease progression reflects 
objective and most relevant information contained in the data. The DMD 
approach revealed unique longitudinal behaviours of the three presyn-
aptic dopaminergic imaging targets: 1) differential progression rates for 
the anterior and posterior putamen, which were not differentiable with 
univariate analyses, 2) different progression rates for the anterior- 
posterior pattern for FD and MP compared to DTBZ even in advanced 
disease, which were again not differentiable in advanced disease stage 
with univariate analyses, 3) similar progression rates for the anterior- 
posterior pattern for FD and MP. As a minor note, these results could 
also inform on tracer-specific markers that are most sensitive for disease 
detection. For example, while a ratio between PET binding values in the 
anterior and posterior putamen may be a good disease detection marker 
when FD is used, an overall decline in putaminal binding values 
compared to controls may be a more sensitive disease detection marker 
for DTBZ. 

4.5. Limitations 

There are possible confounds and limitations to these in-
terpretations. For example, VMAT2 is also present in other mono-
aminergic terminals (e.g., serotonin and noradrenealine) in the striatum 
and their contribution to DTBZ binding in more advanced disease may 
not be negligible, which may bias the interpretation of the observed 
DTBZ anterior-posterior gradient. VMAT2 binding to non-dopaminergic 
monoaminergic terminals may also impact the ability for DTBZ to serve 
as a benchmark for dopaminergic integrity; however, comparing to FD 
and MP, DTBZ binding is more directly correlated with dopaminergic 
terminal density for the purpose of this study. Similarly, FD uptake also 
reflects dopamine synthesis in other monoaminergic neurons (e.g. the 
serotonergic neurons) (Pavese et al., 2012). The lower expression of the 
anterior-posterior gradient in advanced disease in FD may partially 
reflect the relatively higher proportion of dopamine synthesized by non- 
dopaminergic neurons in the posterior putamen (Pavese et al., 2012). 
Even though DAT is selectively expressed on dopaminergic neurons, MP 
binding is also affected by other factors such as binding to non- 
dopaminergic neurons (e.g., noradrenergic) and occupancy of the 
dopamine transporter by synaptic dopamine. While we need to be 
cautious when interpreting these results, the presence of such binding 
sources may have a larger effect in non-striatal regions compared to the 
putamen (Pavese et al., 2012). Other limitations include the use of cross- 
sectional data to model disease progression, for which individual subject 
variability could represent a potential confounding factor. Previous 
studies, however, showed very similar disease progression curves ob-
tained with cross-sectional data alone (Lee et al., 2000, 2004) and with a 
combination of cross-sectional and longitudinal data (Nandhagopal 
et al., 2009, 2011). Inclusion of longitudinal data in the current analysis 
did not change the results (Supplementary Materials). Using data from 
all three tracers for all the subjects also did not impact the results 
(Supplementary Materials). This is expected as we demonstrated that the 
results of the DMD analysis performed on two completely different 
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subject cohorts using two different scanners were very similar. Lastly, 
there is potential floor effect of dopamine function in the posterior pu-
tamen already in the early disease stages, which could affect the tem-
poral behaviour of the expression of the anterior-posterior gradient. 
However, the floor effect due to dopamine denervation is mainly re-
flected by DTBZ data, which showed a relatively well-maintained 
anterior-posterior gradient in the putamen throughout the course of 
the disease. Therefore, the faster decline rates of the expression of the 
anterior-posterior gradient observed in MP and FD are unlikely due to 
floor effect alone. 

5. Conclusion 

In this work, we applied a novel, completely data-driven multivariate 
approach to identify spatiotemporal patterns of progressive alterations 
in several aspects of the dopaminergic system in Parkinson’s disease. In 
all cases, a putaminal anterior-posterior gradient was identified as the 
only salient feature most sensitive to disease progression, indicating 
similar topological behaviour of the three targets under investigation. In 
addition to a spatially characterized relative upregulation of dopamine 
synthesis in early to mild disease, overall consistent with previous 
findings, our results provided new insights on the disease-induced pro-
gressive changes of dopamine synthesis and reuptake which differ from 
those observed for dopaminergic denervation. More specifically, our 
results suggest that while downregulation of dopamine transporter 
density may be preferentially compensatory in the prodromal stage, the 
breakdown of its compensatory effects may be related to disease onset. 
On the other hand, the potential compensatory effects from upregulation 
of dopamine synthesis, mostly found in the anterior putamen, may 
persist until a more advanced disease stage. 
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