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[*8F19-fluoropropyl-(+)-dihydrotetrabenazine (*®F-(+)DTBZ) is a recently developed PET tracer to
investigate the vesicular monoamine transporter type 2 (VMAT2) activity in measuring dopaminergic
degeneration in vivo and monitoring the severity of Parkinson’s disease (PD). However, manual drawing
of the striatal regions is time consuming and prone to human bias. In the current study, we developed

: an automated method to quantify the signals of the striatum on *8F-(+)DTBZ images. 39 patients

. with PD and 26 controls were enrolled. Traditional brain magnetic resonance imaging (MRI) and F-

. (+)DTBZ PET were acquired. Both indirect normalization of native PET images to the standard space

. through individual brain MRI and directly coregistration of native images to the transporter-specific PET

. template in standard space were performed. Specific uptake ratios (SURs) in 10 predefined regions were

. used as indicators of VMAT2 activities to correlate with motor severity. Our results showed patients

© with PD had significant lower SURs in the bilateral putamina, caudates and globus pallidi than controls.
SURs in the caudate and putamen were significantly correlated with motor severity. The contralateral
putaminal region performed best in discriminating between PD patients and controls. Finally, the

. results from the application of the ®F-(+)DTBZ PET template were comparable to those derived from

: the traditional MRI based method. Thus, *F-(4-)DTBZ PET imaging holds the potential to effectively

. differentiate PD patients from controls. The '®F-(+)DTBZ PET template-based method for automated
quantification of presynaptic VMAT2 transporter density is easier to implement and may facilitate
efficient, robust and user-independent image analysis.

Parkinson’s disease (PD) is a common neurodegenerative disorder in aging populations. According to a recent
study, the annual incidence of PD was 36-49 per 100,000 person-years and prevalence in 2010 was 308-410 per
© 100,000 persons in the population as a whole!. The diagnosis of PD is mainly based on the cardinal motor fea-
. tures, including bradykinesia, resting tremor, cogwheel rigidity and postural instability>*. The pathophysiological
. mechanisms of PD remain largely unknown. Nevertheless, the primary neurotransmitter deficit appears to be
: the loss of dopaminergic neurons in the substantia nigra (SN), and subsequently decreased axons projected to
* the striatum®. A noninvasive neuroimaging method with radiotracers targeting the dopaminergic system from
. positron emission tomography (PET), such as '8F-Dopa or 'C-raclopride, is helpful to evaluate the deficiency
. in the dopaminergic system and correlate with disease severity or clinical symptoms*S. Recently, a novel tracer
of ["®F]9-fluoropropyl-(+)-dihydrotetrabenazine (**F-(4)DTBZ) for vesicular monoamine transporter type 2
(VMAT?2) imaging with a longer half life (,,, = 110 minutes compared with 20 minutes of C-11) has been devel-
oped’. A prior study has shown that '®F-(+)DTBZ PET imaging is highly sensitive in detecting the VMAT?2 level
at the nigrostriatal terminal, an indicator of the integrity of the dopaminergic system®'°.
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Dopaminergic deficit shown on '®F-(+)DTBZ PET imaging can be estimated using an uptake ratio between
the region of interest (RO, e.g., striatum) and the reference region (e.g., occipital lobe). The common approach is
to engage experienced radiologists to manually draw multiple ROIs and the reference region on the corresponding
structural magnetic resonance images (MRIs). However, such an approach is labor-intensive, time-consuming,
and prone to human bias'!. To overcome the limitations, atlas-based automated imaging analysis has been pro-
posed in the perfusion like PET image in neurodegenerative studies'>'*. This approach provides a more sophis-
ticated analysis method to estimate regional brain activity, thereby potentially improving the reliability of data
analysis. Yet, the intensity distribution in transporter-specific PET image may completely differ from that in the
perfusion like PET image and/or structural MR image, which may have an impact on the performance of coreg-
istration method'. This discrepancy results from the inter-modality coregistration algorithm uses a cost func-
tion based on minimizing the sum of squared differences of voxel values between the MR and the PET images.
A possible solution is to make use of the transporter-specific template instead of MR image for coregistration
method?®. Recently, a specific template has been developed for various neurodegenerative disease studies'*!%17.
Another method is to use a corresponding perfusion like PET image as an intermediate step for coregistration to
the MR images and subsequently applying this transform matrix to the native PET images. This approach may
offer more reasonable and accurate results given that both perfusion like PET and MR images share a similar
intensity profile'®'.

18F-(4+)DTBZ PET imaging could provide the perfusion like PET images and transporter-specific PET images
at the same scanning session. The scanning time window for '®F-(4+)DTBZ PET image has been well studied
and the results showed that the optimal time window for measuring dopaminergic system integrity via the
standardised uptake value ratio was at 90-100 minutes post-injection (i.e., the late phase image)'’. By contrast, a
perfusion-like image acquired within the first 10 minutes after injection of the tracer (i.e., the early phase image)
can be used as an intermediate image for MR image coregistration'®. Previous ''C raclopride studies have used
the transporter-specific template to quantify dopaminergic activities'*'?, whilst there has not been any study
employing atlas-based analysis on F-(+)DTBZ PET imaging. As such, the aim of this study was to compare
performance between using the early phase image as an intermediate step in coregistration with MR image and
the directly normalized late phase PET image to transporter-specific PET template.

Materials and Methods

Subjects. A total of sixty-five participants comprising 26 healthy controls and 39 patients with PD were
included in this study. The study protocol was approved by the institutional review board of the Chang Gung
Memorial Hospital (CGMHIRB No. 98-2160A/98-3626A), and written informed consent was obtained from all
participants prior to the study procedure. All methods were performed in accordance with the relevant guidelines
and regulations. Neurologic examinations were performed on all participants. In PD patients, disease severity
was assessed by the Modified Hoehn-Yahr stage and the Part IIT of the Unified Parkinson Disease Rating Scale
(UPDRS-III) in the off-medication state, such that patients refrained from taking any antiparkinsonian medica-
tions at least 12 hours before clinical testing?**!. Similarly, to avoid the transient effects of dopamine-mimic drugs
on vesicular dopamine levels and VMAT? availability, imaging acquisition was performed in the off-medication
state.

Imaging acquisition. !'8F-(+)DTBZ was prepared and synthesized at the cyclotron facility of Chang Gung
Memorial Hospital®>?*. All participants were studied in a Biograph mCT PET/computed tomography system
(Siemens Medical Solutions) and underwent MRI for screening of other diseases (e.g., hemorrhages and demen-
tia) and performing spatial normalization with PET images. Brain MRI was acquired on a 3 T Siemens Magnetom
TIM Trio scanner (Siemens Medical Solutions) for detailed anatomical image. A high resolution T1-weighted
image was acquired with the following parameters: TR/TE: 2000/2.63 milliseconds; NEX: 1; voxel size: 1.0x1.0x
1.0mm?®. After injection of a mean of 386 MBq (SD =11) of ¥F-(+)DTBZ, an early phase (the first 10 minutes
after injection) perfusion like PET image was acquired in a 3-D mode, followed by a late phase image (i.e., a single
10-minute PET scan) acquired in a 3-D mode 90 minutes after injection'®. PET images were then reconstructed
using 3-D ordered-subset expectation maximization algorithm (4 iterations, 24 subsets; Gaussian filter: 2 mm;
zoom: 3) with computed tomography-based attenuation correction and with scatter and random correction pro-
vided by the manufacturer. The reconstructed images had a matrix size of 400 x 400 x 148 and a voxel size of
0.68 X 0.68 x 1.5 mm°.

Image analysis.  Allimage data were transformed into NIFTI (NeuroimagingInformatics TechnologyInitiative)
format by MRIcron tool (http://www.mccauslandcenter.sc.edu/mricro/mricron/) for further processing. In each
subject, there were three images in native space for analysis, namely the early phase '8F-(+)DTBZ PET image,
the late phase '8F-(+)DTBZPET image and the traditional MR image. In this work, we evaluated the correlation
between clinical symptoms and the specific uptake ratios (SURs) of the selected ROIs in spatially normalized late
phase ¥F-(+)DTBZ PET images. Two normalization methods for the late phase *F-(+)DTBZ PET image were
compared (Fig. 1). The traditional method (i.e., MR method) used the native late phase '®F-(+)DTBZ PET image
and performed the rigid-body coregistration to the early phase '8F-(+)DTBZ PET image in SPM8 (http://www.fil.
ion.ucl.ac.uk/spm/software/spm8/)**. This process generated spatially aligned early and late phase *F-(+)DTBZ
PET images. The early phase "*F-(+)DTBZ PET image, a perfusion-like image, was then used to perform the
inter-model affine coregistration with the MR image. The transform matrix was applied to the spatially aligned
late phase '*F-(+)DTBZ PET image. This procedure produced the early and late phase '*F-(+)DTBZ PET images
in alignment with the MR image. Finally, the high resolution MR images in native space were normalized to
the Montreal Neurological Institute (MNI) standard space by SPM8 DARTEL toolbox*. The transform matrix
was also applied to the early and late phase '®F-(+)DTBZ PET images. We selected control subjects and applied
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Figure 1. Schematic representation of the analysis process for the late phase '*F-DTBZ PET image.

the aforementioned method to create the spatially normalized and transporter-related late phase ¥F-(+)DTBZ
PET template. The mean activity in the basal ganglia was normalized to a value of 1 to ensure that each subject
contributed equally to the final template. The alternative method (transporter specific method) just directly used
the native space late phase ®F-(4+)DTBZ PET image and performed spatial normalization to the late phase *F-
(+)DTBZ PET image template. The advantages of this method were no need to include individual MRI images
for spatial normalization, and the use of the transporter-specific template rather than other PET template (such
as FDG-PET template) for group study. Finally, the regional SURs were calculated with the following equation:
(target uptake — reference uptake)/ reference uptake. The averaged intensity in the pons and the whole occipital
lobes were used as the reference regions for early phase and late phase *F-(+)DTBZ PET images, respectively.
Ten ROIs, including the bilateral caudate nuclei, anterior/posterior putamina, nucleus accumbens and substantia
nigra, were selected for the current study.

Statistical analysis. All statistical analyses were performed using SPSS (version 21.0). Continuous variables
were expressed as the means =+ standard deviations (SD). Independent t-tests and chi-square tests were performed
to compare the patients’ ages and gender between controls and PDs. The opposite hemisphere of the symptomatic
onset hand was defined as the contralateral side and all the patients’ images were flipped to the same sympto-
matic side to compare with the contra-lateral side in the same anatomical regions with independent t-tests. To
determine the discriminative abilities of the mean SURs in the caudate, anterior and posterior putaminal regions
between patients with PD and controls, we generated the ROC curve to investigate the accuracy and calculated
areas under the curve (AUCs) for each region. Correlation analyses using Spearman’s correlation coefficient were
conducted to study the relationship between the two methods in different regions. A non-linear sigmoid regres-
sion analysis was performed to find the association with the clinical UPDRS scores. Statistic significance was
defined as a p-value < 0.01.

Results

Demographic characteristics. Patients and controls were demographically well matched as no significant
group differences were found in age (mean £ SD in controls vs patients with PD: 56.0 7.5 vs 55.8 = 8.6; p=0.93)
and gender (Table 1). In the PD group, mean total UPDRS scores was 26.1 (SD =22.5) and the median of Hoehn
and Yahr stage was 1 (range 1-5).

Regional differences between controls and patients with PD in early and late phase 8F-(+)
DTBZ PET images. Figure 2 presents example images of the early and late phase of *F-(+)DTBZ PET
images of a control, a patient with mild stage of PD (Hoehn and Yahr stage = 1) and a patient with severe stage of
PD (Hoehn and Yahr stage =4), respectively. Among the 10 selected ROIs, significantly lower mean SURs were
found in the bilateral posterior putamen, ipsilateral anterior putamen and contralateral substantia nigra regions
(ps <0.001, Table 2) in the early phase images. Compared with controls, patients showed significantly lower mean
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Items Controls (N =26) PD (N=139) P-value
Age (years) 56.0+7.5 55.8+8.6 0.93
M:F 13:13 20:19 0.92
Mean total UPDRS scores | — 26.1422.5

UPDRS-I — 12414

UPDRS-II — 7.3+6.6

UPDRS-III — 16.2+14.1

Hoehn and Yahr stage — 1.8+ 1.1

Table 1. Demographical descriptions of controls and patients with Parkinson’s disease (PD).

Figure 2. Examples of the early phase (upper row) and late phase (lower row) of ¥F-DTBZ PET images of a
control (A), a patient with mild PD (B) and a patient with severe PD (C). Tracer uptake was retained in the
bilateral caudate and left anterior putamen regions in mild PD (Hoehn and Yahr stage = 1), but was limited to
a partial region of the caudate in severe PD (Hoehn and Yahr stage =4). Colorbar scale represents as the SUR
values. Riright side.

SURs in the bilateral caudate, anterior and posterior putamina, and substantia nigra in the late phase images
(ps < 0.001, Table 3).

ROC curve analysis of mean SURs from the early and late phase *¥F-(+)DTBZ PET images in
the caudate, anterior and posterior putamina between patients with PD and controls. Inearly
phase ¥F-(+)DTBZ PET images, ROC curves were generated using mean SURs from the contralateral caudate,
anterior putamen and posterior putaminal regions for all participants by traditional method. The highest AUC
value was found in the contralateral posterior putamen (AUC = 0.84), which indicated better discriminative abil-
ity than other regions (Fig. 3A). In the ipsilateral regions, the AUC of the posterior putamen (AUC =0.75) was
lower than the contralateral same region. Among the late phase *F-(+)DTBZ PET images, the highest AUC value
was found to be 1 in the contralateral anterior and posterior putaminal regions (Fig. 3B). These results showed
that the late phase *F-(+)DTBZ PET images in the anterior and posterior putaminal regions best differentiated
between patients with PD and controls. For the alternative method, the AUC values were 0.82, 0.99 and 1.0 for the
contralateral caudate, anterior putamen and posterior putamen regions, respectively.

Correlation analysis in different ROIs between both methods. We compared correlation values
between the traditional method (coregistrating the late phase *F-(+ )DTBZ PET images to individual MRI
which was subsequently transformed to MNI space) and the alternative method (directly coregistrating the late
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Contralateral Caudate 1.35+0.18 1.18+0.26 <0.01
Ipsilateral Caudate 1.36+0.18 1.19+40.24 <0.01
Contralateral anterior putamen 1.78+0.18 1.5740.15 <0.01
Ipsilateral anterior putamen 1.7440.18 1.62+0.16 <0.01
Contralateral posterior putamen | 1.71+0.20 1.17+0.14 <0.01
Ipsilateral posterior putamen 1.68+0.20 1.51+0.14 <0.01
Contralateral Nuclear Accumben | 1.54+0.15 1.62+0.19 0.09
Ipsilateral Nuclear Accumben 1.61+0.16 1.61+0.17 0.98
Contralateral Substantia nigra 1.25+0.14 1.1640.13 <0.01
Ipsilateral Substantia nigra 1.27+0.13 1.19+0.13 0.02

Table 2. Regional intensity differences between controls and patients with PD in the early phase '8F-(+)DTBZ
images.

Contralateral Caudate 4.03+0.64 |267+094 |<0.01
Ipsilateral Caudate 4.08+0.66 |3.11+1.04 |<0.01
Contralateral anterior putamen 4.9940.73 2.29+0.46 <0.01
Ipsilateral anterior putamen 4.89+0.74 |277+0.76 | <0.01
Contralateral posterior putamen | 5214092 | 1.764+0.33 | <0.01
Ipsilateral posterior putamen 5.11+0.89 |2.06+0.70 | <0.01
Contralateral Accumben 3.80+0.54 |3.66+0.73 0.41
Ipsilateral Accumben 3.96+0.52 |3.87+0.74 0.59
Contralateral Substantia nigra 2.58+0.29 |2.03+40.30 |<0.01
Ipsilateral Substantia nigra 2.63+0.33 |217+0.35 |<0.01

Table 3. Regional intensity differences between controls and patients with PD in the late phase '*F-(4+)DTBZ
images.

phase '8F-(+)DTBZ PET image to the receptor-specific template) from different ROIs. The Spearman’s correla-
tion coefficient values in each ROI showed significant correlations between the two methods (ps < 0.01, Table 4)
with varied correlation coefficient values ranging from 0.75 to 0.97. The lowest and highest values were found
in the ipsilateral nuclear accumben and the ipsilateral anterior putamen, respectively. The averaged Spearman’s
correlation coefficient value was 0.91. All regions showed correlation coefficient values larger than 0.9, except the
bilateral nuclear accumben.

Correlations between regional SURs from the late phase *®F-(+)DTBZ PET image and UPDRS-III.
We selected SURs from the bilateral caudate, anterior and posterior putaminal regions to correlate with UPDRS-III
scores (Fig. 4). Findings from the traditional method revealed that the SURs in the contralateral caudate, anterior and
posterior putamina significantly correlated with log-transformed UPDRS-III scores (R square =0.27, 0.31 and 0.21,
respectively, ps < 0.01). In the ipsilateral side, the correlations remained significant (R square =0.33, 0.34 and 0.34,
respectively, ps < 0.01). Findings from the alternative method indicated that the SURs in the contralateral caudate
showed a significant correlation with log-transformed UPDRS-III scores (R square =0.17, p < 0.01), whilst in the
ipsilateral side, the SURs in the anterior and posterior putamina showed significant associations with log-transformed
UPDRS-III scores (R square =0.18 and 0.18, respectively, ps < 0.01). To investigate the SURs differences between the
alternative method and the traditional method, we plotted the paired differences of SURs, i.e. the alternative method
subtracting from the convention method verse corresponding SURs from the traditional method in the bilateral cau-
date, anterior and posterior putamina (Fig. 5). Our results showed most of the positive SURs differences came from
the lower SURs regions from the traditional method in the contralateral anterior and posterior putaminal regions,
which suggested over-estimated SURs from the alternative method.

Discussion

Several main findings yielded from this study. First, patients with PD exhibited significant lower mean SURs
in the bilateral posterior putaminal and ipsilateral caudate regions shown on the early phase images. In the late
phase '8F-(4+)DTBZ PET images, PD patients had more extensive regions showing decreased mean SURs than
controls, including the bilateral caudate, anterior putamen, posterior putamen, globus pallidum and substantia
nigra. Second, the late phase images in the anterior and posterior putamina demonstrated the best discriminative
ability between patients with PD and controls. Third, SUR results from the traditional and alternative meth-
ods showed significant correlations. The mean SURs in the bilateral caudate and putaminal regions also showed
significant correlations with motor dysfunction measured with the UPDRS-IIL These findings suggested that
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Caudate 0.95 <0.01 0.91 <0.01
Anterior putamen 0.97 <0.01 0.97 <0.01
Posterior putamen 0.95 <0.01 0.93 <0.01
Nuclear accumben 0.78 <0.01 0.76 <0.01
Substantin nigra 0.94 <0.01 0.92 <0.01

Table 4. Spearman’s correlation coefficient values in different ROIs between the traditional method and
alternative method.
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Figure 3. The ROC curve of the contralateal regional SURs in the early (A) and late (B) phase of *F-DTBZ PET
image using the traditional method.

(A) Traditional method Traditional method
6 —— contralateral caudate _ —— ipsilateral caudate
. —— contralateral ant. putamen . : . —— ipsilateral ant. putamen
. et —— contralateral post. putamen . T F — ipsilateal post. putamen
4 - 44
4 &
2 =]
”n »
2+ 24
0 1 2 3 4 5 o 1 2 3 4 5
In(UPDRS-Il scores) In(UPDRSH-Il scores)
(B) , .
Alternative method Alternative method
6 —— contralateral caudate 6 —— ipsilateal cauteate
. —— contralateral ant. putamen . —— ipsilateal ant. putamen
: N —— contralateral post. putamen . . ': . —— ipsilateal post. putamen
4- 4- .
0 [}
4 o
=] =]
] ]
2+ 2
0 1 2 3 4 5 0 1 2 3 4 5
In(UPDRS-IIl scores) In(UPDRS-Il scores)

Figure 4. Correlations between log-transformed UPDRS-III scores and SURs in the caudate, anterior and
posterior putaminal regions derived from the traditional (A) and alternative (B) methods.
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Figure 5. Scatter plots of the paired difference values (values derived from the alternative method subtracting
from those derived from the traditional method) corresponding with the regional SURs from traditional
method in various regions.

8F-(+)DTBZ PET imaging could effectively differentiate patients with PD and controls; in addition, deficits in
the dopaminergic system were found in the caudate and putaminal regions, which was in good agreement with
26-29

the pathophysiological process of PD observed previously

Early and late phase '®F-(+)DTBZ PET image characteristics in patients with PD.  Prior studies
have reported decreased™, increased®*%, or unchanged?? striatum perfusion changes in patients with PD, com-
pared with controls. However, there is a lack of research endeavor to simultaneously measure perfusion images
and dopaminergic activity images in PD. In the current study, the bilateral posterior putamina of PD patients
exhibited significantly lower SURs in the early phase of **F-(+)DTBZ PET image, as opposed to those of controls.
Meanwhile, the spatial extension of decreased perfusion regions was more limited than that of regions showing
decreased dopaminergic activity. In the late phase of '8F-(+)DTBZ PET images, our study showed significantly
lower SURs in the caudate, putamen, globus pallidum and substantia nigra in PD patients than in controls, sug-
gesting presynaptic nigrostriatal dysfunction in PD*. Using ROC curve analysis to study the discriminative abil-
ity of the striatum on the early and late phase images revealed that SURs in both anterior and posterior putamina
shown on the late phase '®F-(+)DTBZ PET image had the highest discriminative ability between patients with
PD and controls (AUC=1).

Generation of late phase ¥F-(+)DTBZ PET template and comparison with the traditional
method. In the current study, a late phase '*F-(+)DTBZ PET template generated using the corresponding
high resolution MR data from healthy volunteers facilitated direct quantification of SUR *F-(+)DTBZ PET
binding in the putamen and caudate nucleus (striatum). Quantitative measures of presynaptic VMAT?2 density
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in comparison to the reference values are recommended for the detection of early-stage movement disorders
and the establishment of a reliable diagnosis. *F-(+)DTBZ binding is typically assessed between 90 t0100 min
after tracer injection. At this time point, tracer binding is limited to VMAT?2 regions, including the caudate
nucleus and putamen, making automatic coregistration of the PET data to the corresponding MR highly inac-
curate. Conversely, perfusion-like images from early timeframes of PET imaging are more suitable for image
co-registration with morphological MRI'®* despite that acquiring MR imaging in addition to receptor binding
images from the late time frames of PET imaging is not cost-effective in most clinical settings.

In our study, we developed the late phase '8F-(+)DTBZ PET template allowing for direct computation of SURs
in different ROISs after a single normalization step. This procedure facilitates automated imaging processing and
data analysis. One-step coregistration of the late phase '8F-(+-)DTBZ PET image to the binding template may also
reduce the risks of errors introduced by the multi-step MR-based processes. Furthermore, user-independent data
quantification reduces intra- and inter-operator variations that could hinder the reproducibility of the measure-
ments. Findings from our study demonstrated that PET template-based normalization method was significantly
correlated with MR-based method in each ROI (the averaged Spearman’s rho value =0.91), indicating strong
correlations between two methods® and thus supporting the utilization of PET template-based normalization
method as an alternative means for automated analysis, especially in the event of no available corresponding MR
images.

Regional SURs changes associated with motor dysfunction. Following the traditional method, the
SURs in the caudate, anterior and posterior putaminal regions showed significant correlations with UPDRS-III
scores in both contralateral and ipsilateral sides. These results demonstrated the association between the quan-
tified striatal VMAT? activity and motor dysfunction. Of note, with the alternative method, the SURs of the
contralateral caudate, ipsilateral anterior and posterior putaminal regions showed significant correlations with
UPDRS-III scores. The discrepancy may result from the relatively increased values of SURs in the regions orig-
inally showing lower SURSs as the alternative method may force the lower uptake regions to fit for the inten-
sity distribution of normal transporter-specific PET template during the normalization process, leading to
over-estimated SURs in patients with more severe motor dysfunction. The application of this alternative method
in severe stages of PD would require caution. Future study including adjustment of coregistration parameters or
developing disease specific templates may help to resolve this issue.

Limitation. Several limitations in this study should be mentioned. First, our patients with PD were in rela-
tively mild stages as the median of Hoehn and Yahr stage was 1. Even in this condition, the mean SUR from the
contralateral side in the posterior putamen region is only 34% compared with the ipsilateral side. Considering
that our alternative method may introduce over-estimation of SURs in the lower intensity regions, we did not
fine-tune our setting parameters during the normalization process. Further study should explore the different
settings of the parameters during normalization process. Second, the majority of our patients were in the mild
stage, except 7 cases with Hoehn and Yahr stage >3, which might limit the application of our alternative method
to patients in moderate to severe stages. As pointed out previously that over-estimated SURs from the alternative
method were found in the lower SURs regions, therefore implying that patients in moderate to severe stages might
have overestimated SUR findings. Further studies focusing on testing the performances of our alternative method
in moderate to severe PD cases or even creating the templates for different severities of PD are needed. Third, as
we did not include detailed neuropsychological measurement in the study, our results could be confounded by
other pathologies, such as Lewy body dementia. Longitudinal follow-up clinical features or neuropathological
results of this cohort would be needed to verify our findings.

Conclusion

Our findings suggested that '8F-(+)DTBZ PET image could early detect presynaptic VMAT2 dysfunction in
patients with PD and the putaminal region could effectively discriminate between patients with PD and controls.
The intensity changes in PD-associated regions were correlated with motor dysfunction. The automated imaging
analysis process involving the transporter specific PET template in the current study showed highly similar results
to those derived from the traditional method in estimating regional SURs, discriminating PD cases from con-
trols and correlating with the clinical symptoms. Further studies are needed to test the validity of our alternative
method in a larger cohort comprising patients with moderate to severe stages of PD.

Data Sharing Statement
Additional clinical data are available from laboratory studies. Please contact Dr. Kun-Ju Lin (E-mail: kunjulin@
gmail.com) if this information is of interest.

References

1. Blin, P. et al. Parkinson’s disease incidence and prevalence assessment in France using the national healthcare insurance database.
European journal of neurology: the official journal of the European Federation of Neurological Societies, https://doi.org/10.1111/
ene.12592 (2014).

2. Gelb, D.]., Oliver, E. & Gilman, S. Diagnostic criteria for Parkinson disease. Archives of neurology 56, 33-39 (1999).

3. Calne, D. B,, Snow, B.]. & Lee, C. Criteria for diagnosing Parkinson’s disease. Annals of neurology 32(Suppl), $125-127 (1992).

4. Braak, H., Rub, U,, Gai, W. P. & Del Tredici, K. Idiopathic Parkinson’s disease: possible routes by which vulnerable neuronal types
may be subject to neuroinvasion by an unknown pathogen. Journal of neural transmission 110, 517-536, https://doi.org/10.1007/
500702-002-0808-2 (2003).

5. Morrish, P. K., Sawle, G. V. & Brooks, D. J. An [18F]dopa-PET and clinical study of the rate of progression in Parkinson’s disease.
Brain: a journal of neurology 119(Pt 2), 585-591 (1996).

SCIENTIFICREPORTS|  (2018) 8:16027 | DOI:10.1038/541598-018-34388-6 8


http://dx.doi.org/10.1111/ene.12592
http://dx.doi.org/10.1111/ene.12592
http://dx.doi.org/10.1007/s00702-002-0808-2
http://dx.doi.org/10.1007/s00702-002-0808-2

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

. Antonini, A. et al. Complementary positron emission tomographic studies of the striatal dopaminergic system in Parkinson’s

disease. Archives of neurology 52, 1183-1190 (1995).

. Goswami, R. et al. Fluoroalkyl derivatives of dihydrotetrabenazine as positron emission tomography imaging agents targeting

vesicular monoamine transporters. Nuclear medicine and biology 33, 685-694, https://doi.org/10.1016/j.nucmedbio.2006.05.006
(2006).

. Gilman, S. et al. Decreased striatal monoaminergic terminals in severe chronic alcoholism demonstrated with (4+)[11C]

dihydrotetrabenazine and positron emission tomography. Annals of neurology 44, 326-333, https://doi.org/10.1002/ana.410440307
(1998).

. Okamura, N. et al. In vivo measurement of vesicular monoamine transporter type 2 density in Parkinson disease with (18)F-AV-133.

Journal of nuclear medicine: official publication, Society of Nuclear Medicine 51, 223-228, https://doi.org/10.2967/jnumed.109.070094
(2010).

Lin, K. J. et al. Optimal scanning time window for 18F-FP-(+)-DTBZ (18F-AV-133) summed uptake measurements. Nuclear
medicine and biology 38, 1149-1155, https://doi.org/10.1016/j.nucmedbio.2011.05.010 (2011).

Rosario, B. L. et al. Inter-rater reliability of manual and automated region-of-interest delineation for PiB PET. Neurolmage 55,
933-941, https://doi.org/10.1016/j.neuroimage.2010.12.070 (2011).

Andersson, J. L., Sundin, A. & Valind, S. A method for coregistration of PET and MR brain images. Journal of nuclear medicine:
official publication, Society of Nuclear Medicine 36, 1307-1315 (1995).

Dukart, J. et al. Combined evaluation of FDG-PET and MRI improves detection and differentiation of dementia. PloS one 6, e18111,
https://doi.org/10.1371/journal.pone.0018111 (2011).

Meyer, J. H., Gunn, R. N., Myers, R. & Grasby, P. M. Assessment of spatial normalization of PET ligand images using ligand-specific
templates. Neurolmage 9, 545-553, https://doi.org/10.1006/nimg.1999.0431 (1999).

Chang, I. C,, Lue, K. H., Hsieh, H. J,, Liu, S. H. & Kao, C. H. Automated striatal uptake analysis of (1)(8)F-FDOPA PET images
applied to Parkinson’s disease patients. Ann Nucl Med 25, 796-803, https://doi.org/10.1007/s12149-011-0533-8 (2011).

Collantes, M. et al. New MRI, 18F-DOPA and 11C-(+)-alpha-dihydrotetrabenazine templates for Macaca fascicularis neuroimaging:
advantages to improve PET quantification. Neurolmage 47, 533-539, https://doi.org/10.1016/j.neuroimage.2009.04.078 (2009).
Edison, P. et al. Comparison of MRI based and PET template based approaches in the quantitative analysis of amyloid imaging with
PIB-PET. Neurolmage 70, 423-433, https://doi.org/10.1016/j.neuroimage.2012.12.014 (2013).

Hsiao, I T. et al. Perfusion-like template and standardized normalization-based brain image analysis using 18F-florbetapir (AV-45/
Amyvid) PET. European journal of nuclear medicine and molecular imaging 40, 908-920, https://doi.org/10.1007/500259-013-2350-x
(2013).

. Kuhn, E P. et al. Comparison of PET template-based and MRI-based image processing in the quantitative analysis of C11-raclopride

PET. EENMMI Res 4, 7, https://doi.org/10.1186/2191-219X-4-7 (2014).

. Hoehn, M. M. & Yahr, M. D. Parkinsonism: onset, progression and mortality. Neurology 17, 427-442 (1967).

. Fahn, S., Elton, R. L. & Committee, a. M. 0. t. U. D. Unified Parkinson’s disease rating scale. Vol. 2, 153-163 (Macmillan, 1987).

. Carson, R. E. PET physiological measurements using constant infusion. Nuclear medicine and biology 27, 657-660 (2000).

. Tsao, H. H. et al. Binding characteristics of 9-fluoropropyl-(+)-dihydrotetrabenzazine (AV-133) to the vesicular monoamine

transporter type 2 in rats. Nuclear medicine and biology 37, 413-419, https://doi.org/10.1016/j.nucmedbio.2010.01.002 (2010).

. Ashburner, J. & Friston, K. J. Unified segmentation. NeuroImage 26, 839-851, https://doi.org/10.1016/j.neuroimage.2005.02.018
(2005).
Ashburner, J. A fast diffeomorphic image registration algorithm. NeuroImage 38, 95-113, https://doi.org/10.1016/j.

neuroimage.2007.07.007 (2007).

Crossman, A. R, Clarke, C. E., Boyce, S., Robertson, R. G. & Sambrook, M. A. MPTP-induced parkinsonism in the monkey:
neurochemical pathology, complications of treatment and pathophysiological mechanisms. Can J Neurol Sci 14, 428-435 (1987).
Kaasinen, V. & Vahlberg, T. Striatal dopamine in Parkinson disease: A meta-analysis of imaging studies. Annals of neurology 82,
873-882, https://doi.org/10.1002/ana.25103 (2017).

Fearnley, ]. M. & Lees, A. J. Ageing and Parkinson’s disease: substantia nigra regional selectivity. Brain: a journal of neurology 114(Pt
5),2283-2301 (1991).

Bruck, A. et al. A follow-up study on 6-[18F]fluoro-L-dopa uptake in early Parkinson’s disease shows nonlinear progression in the
putamen. Mov Disord 24, 1009-1015, https://doi.org/10.1002/mds.22484 (2009).

Perlmutter, J. S. & Raichle, M. E. Regional blood flow in hemiparkinsonism. Neurology 35, 1127-1134 (1985).

Henriksen, L. & Boas, J. Regional cerebral blood flow in hemiparkinsonian patients. Emission computerized tomography of inhaled
133Xenon before and after levodopa. Acta Neurol Scand 71, 257-266 (1985).

Wolfson, L. I., Leenders, K. L., Brown, L. L. & Jones, T. Alterations of regional cerebral blood flow and oxygen metabolism in
Parkinson’s disease. Neurology 35, 1399-1405 (1985).

Pizzolato, G. et al. [99mTc]-HM-PAO SPECT in Parkinson’s disease. ] Cereb Blood Flow Metab 8, S101-108, https://doi.org/10.1038/
jcbfm.1988.39 (1988).

Hsiao, I. T. et al. Comparison of 99mTc-TRODAT-1 SPECT and 18 F-AV-133 PET imaging in healthy controls and Parkinson’s
disease patients. Nuclear medicine and biology 41, 322-329, https://doi.org/10.1016/j.nucmedbio.2013.12.017 (2014).

Hsiao, I. T. et al. Correlation of early-phase 18F-florbetapir (AV-45/Amyvid) PET images to FDG images: preliminary studies.
European journal of nuclear medicine and molecular imaging 39, 613-620, https://doi.org/10.1007/s00259-011-2051-2 (2012).
Mukaka, M. M. Statistics corner: A guide to appropriate use of correlation coefficient in medical research. Malawi Med ] 24, 69-71
(2012).

Acknowledgements

This study was supported by the Chang Gung Memorial Hospital, Linkou, Taiwan (Grant number:
CMRPG3F1071) and the Ministry of Health and Welfare of Taiwan (MOHW104-TDU-B-212-113003,
MOHW105-TDU-B-212-133020, MOHW106-TDU-B-212-113005, MOHW107-TDU-B-212-123005). The
funder had no role in the study design, data collection and analysis, decision to publish or preparation of the
manuscript

Author Contributions

Jung-Lung Hsu: study concept and design, manuscript preparation and drafting. Yi-Hsin Weng: study
conceptualization and data collection. Ming-Ching Wen: manuscript review. Ing-Tsung Hsiao: study
conceptualization and design, and data collection. Kun-Ju Lin: study conceptualization and design, and result
interpretation. Approval of the final version of the manuscript: all authors.

Additional Information
Competing Interests: The authors declare no competing interests.

SCIENTIFICREPORTS|  (2018)8:16027 | DOI:10.1038/s41598-018-34388-6 9


http://dx.doi.org/10.1016/j.nucmedbio.2006.05.006
http://dx.doi.org/10.1002/ana.410440307
http://dx.doi.org/10.2967/jnumed.109.070094
http://dx.doi.org/10.1016/j.nucmedbio.2011.05.010
http://dx.doi.org/10.1016/j.neuroimage.2010.12.070
http://dx.doi.org/10.1371/journal.pone.0018111
http://dx.doi.org/10.1006/nimg.1999.0431
http://dx.doi.org/10.1007/s12149-011-0533-8
http://dx.doi.org/10.1016/j.neuroimage.2009.04.078
http://dx.doi.org/10.1016/j.neuroimage.2012.12.014
http://dx.doi.org/10.1007/s00259-013-2350-x
http://dx.doi.org/10.1186/2191-219X-4-7
http://dx.doi.org/10.1016/j.nucmedbio.2010.01.002
http://dx.doi.org/10.1016/j.neuroimage.2005.02.018
http://dx.doi.org/10.1016/j.neuroimage.2007.07.007
http://dx.doi.org/10.1016/j.neuroimage.2007.07.007
http://dx.doi.org/10.1002/ana.25103
http://dx.doi.org/10.1002/mds.22484
http://dx.doi.org/10.1038/jcbfm.1988.39
http://dx.doi.org/10.1038/jcbfm.1988.39
http://dx.doi.org/10.1016/j.nucmedbio.2013.12.017
http://dx.doi.org/10.1007/s00259-011-2051-2

www.nature.com/scientificreports/

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
Cam | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFIC REPORTS |

(2018) 8:16027 | DOI:10.1038/s41598-018-34388-6 10


http://creativecommons.org/licenses/by/4.0/

	Quantitative study of 18F-(+)DTBZ image: comparison of PET template-based and MRI based image analysis

	Materials and Methods

	Subjects. 
	Imaging acquisition. 
	Image analysis. 
	Statistical analysis. 

	Results

	Demographic characteristics. 
	Regional differences between controls and patients with PD in early and late phase 18F-(+)DTBZ PET images. 
	ROC curve analysis of mean SURs from the early and late phase 18F-(+)DTBZ PET images in the caudate, anterior and posterior ...
	Correlation analysis in different ROIs between both methods. 
	Correlations between regional SURs from the late phase 18F-(+)DTBZ PET image and UPDRS-III. 

	Discussion

	Early and late phase 18F-(+)DTBZ PET image characteristics in patients with PD. 
	Generation of late phase 18F-(+)DTBZ PET template and comparison with the traditional method. 
	Regional SURs changes associated with motor dysfunction. 
	Limitation. 

	Conclusion

	Acknowledgements

	Figure 1 Schematic representation of the analysis process for the late phase 18F-DTBZ PET image.
	Figure 2 Examples of the early phase (upper row) and late phase (lower row) of 18F-DTBZ PET images of a control (A), a patient with mild PD (B) and a patient with severe PD (C).
	Figure 3 The ROC curve of the contralateal regional SURs in the early (A) and late (B) phase of 18F-DTBZ PET image using the traditional method.
	Figure 4 Correlations between log-transformed UPDRS-III scores and SURs in the caudate, anterior and posterior putaminal regions derived from the traditional (A) and alternative (B) methods.
	Figure 5 Scatter plots of the paired difference values (values derived from the alternative method subtracting from those derived from the traditional method) corresponding with the regional SURs from traditional method in various regions.
	Table 1 Demographical descriptions of controls and patients with Parkinson’s disease (PD).
	Table 2 Regional intensity differences between controls and patients with PD in the early phase 18F-(+)DTBZ images.
	Table 3 Regional intensity differences between controls and patients with PD in the late phase 18F-(+)DTBZ images.
	Table 4 Spearman’s correlation coefficient values in different ROIs between the traditional method and alternative method.




