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   Abstract — Parkinson’s disease (PD) symptom usually appears 
when over half of all dopamine neurons have died. Early 
detection and treatment approach are; therefore, very 
important. The 18F-FDOPA PET scan is extensively examined to 
differentiate the normal and pathological dopamine metabolism 
in the human brain. This study aimed to investigate the transfer 
rate constants of 18F-FDOPA in PET brain imaging based on 
compartmental model in early Parkinson’s disease. The 
retrospective data from early PD patients who underwent 18F-
FDOPA PET brain scan at King Chulalongkorn Memorial 
Hospital (KCMH) were collected. After 18F-FDOPA was 
administered intravenously, PET images were acquired for 90 
min using 3D list-mode and reconstructed into 5-min interval for 
obtaining each time-point image dataset. PET image data were 
co-registered and normalized with PET brain template on 
Statistical Parametric Mapping (SPM) software for contouring 
the boundary and measuring the activity concentration at the 
striatum, caudate and putamen. Compartmental model was 
generated using SAAM II simulation software to estimate 
transfer rate constants in each side of the regions. A 3-
compartment with 3-transfer rate constant model is sufficient to 
describe the biokinetic of 18F-FDOPA and its metabolites. The 
FDOPA transport constant across the blood brain barrier (K1) 
and decarboxylation (k3) rate constants at the abnormal side of 
striatum and putamen were significantly lower than the normal 
side, whereas there was no significantly different in any transfer 
rate constants of caudate. The biokinetic data obtained in this 
study will be used as an initial reference report in Thai PD 
patients. Both K1 and k3 could be the potential parameter to 
differentiate between PD and normal patients. 
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F 
I. INTRODUCTION 

 
   Parkinson's disease (PD) is a type of dementia caused by the 
deterioration of neurons in substantia nigra. When over half of 
dopaminergic neurons are lost, it induces PD symptom like 
resting tremor, bradykinesia, and rigidity. In the early phase 
of disease, clinical criteria alone may not sufficient to 
distinguish between Parkinson's disease and others such as 
parkinsonism-related disorders or be influenced and 
complicated by symptomatic medication. By considering 

these factors, in vivo markers of dopaminergic degeneration 
are important for the early diagnosis and monitoring of 
disease progression. The 18F-FDOPA (L-3,4-dihydroxy-6-
[18F] fluorophenylalanine) has been widely used with PET 
brain study to assess presynaptic nigrostriatal dopaminergic 
function [1]. PD PET diagnosis has been mostly interpreting 
the images by qualitative examination of the relative 
radioactivity distribution in the brain tissue. In normal subject, 
the uptake will clearly present symmetry between the left and 
right striatum which consist of caudate and putamen. For 
early PD patients, the uptake will be first presented by the 
asymmetry in one side of putamen tail, then loss the uptake in 
another and continue to caudate at the late of stage. However, 
FDOPA PET brain should yield quantitative parameters such 
as the transfer rate constant represented the biokinetic that 
correlate with independent disease severity measurement and 
discriminate reliably between patient and normal subjects for 
highest clinical useful. 
   The kinetic model of FDOPA was first proposed by Haung 
et al to study FDOPA decarboxylase activity and its 
metabolites, the [18F]6-fiuoro-3-O-methyl-L-Dopa (OMFD) in 
humans [2]. Their study was based on the normal subjects 
only. Later on, Wahl & Nahmias independently measured the 
kinetics of OMFD in the blood and striatum, and used this 
knowledge to simplify the kinetic model of FDOPA by 
eliminating the fourth transfer rate constant and the number of 
compartments [3]. However, only two PD patients were 
investigated. This study aimed to investigate the transfer rate 
constants of 18F-FDOPA in PET brain imaging based on 
compartmental model in early Parkinson’s disease. 
 

II. MATERIALS AND METHODS  
 

A. Patient data collection 
  
   To arrive at a pharmacokinetic FDOPA model applicable to 
PD patients, we started with a published FDOPA kinetic 
model applicable to normal subjects [3]. Using the patient 
data set, the model was adjusted and used to fit with the 
measured data set. This study was approved by the 
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Institutional Review Board (IRB) of Faculty of Medicine, 
Chulalongkorn University. 
   Five retrospective patient data who underwent PET 18F-
FDOPA brain scan at Division of Nuclear Medicine, King 
Chulalongkorn Memorial Hospital (KCMH) and diagnosed as 
early Parkinson’s disease with Hoehn and Yahr stage I or II 
[4] were collected. According to the clinical protocol at 
KCMH, patients were intravenously injected 18F-FDOPA 5.55 
MBq/kg. List-mode PET data was acquired immediately after 
injection for 90 min, then followed by 30 min static images 
using the Biograph16 PET/CT system (Siemens Medical 
Solutions). A series of PET images were reconstructed with 5-
min interval from 0 to 85-min time point. Decay correction, 
attenuation correction, and scatter correction was then applied 
for all reconstructed PET images.  
 
B. Image segmentation using SPM 
      
   To generate the activity maps, the 5-minute interval list-
mode PET images from 5 to 85-minute time point were used. 
In order to keep the consistency and reliability of ROI 
contouring, all subsequent image manipulation and data 
analysis were performed on the Statistical Parametric 
Mapping (SPM) software version 12 which is operated based 
on the MATLAB software version R2018a. The image 
volumes of transverse slices were made compatible with SPM 
by separation of image headers. The images were then co-
registered and spatially normalized in SPM with the PET 
template (Figure 1A) using International Consortium for 
Brain Mapping (ICBM) space template affine regularization 
and a further 16 nonlinear iteration algorithms. The 
normalization also included images smoothed using 8 mm 
full-width at half maximum (FWHM) Gaussian filter. The 
initial image parameters were 168 x 168 x 109, resulting the 
16-bit final image format with a size of 181 x 217 x 181, and 
a voxel size of 1 x 1 x 1 mm as shown in Figure 1B.  
 

 
 

Figure 1. (A) The PET template used in the SPM software, and (B) The 
normalized patient image. 
 

   The normalized images were then segmented into striatum, 
caudate and putamen which are generic ROIs derived from 
the Automated Anatomical Labeling (AAL) map as shown in 
Figure 2. 
 

 
Figure 2. Segmentation of the striatum, caudate, and putamen regions in 
coronal, sagittal, and transverse planes. (Right lower) The final result image 
of these region segmentations using the SPM.  
 
C. FDOPA pharmacokinetic modeling for PD patients 
 
   The whole-region activity (Bq) of striatum, caudate and 
putamen of each side in every time points were determined 
using ImageJ program. As the analysis of normal and PD was 
performed within the same patient, we considered that one 
side of patient’s striatum, caudate or putamen that had lower 
uptake was PD side and the other was normal side. The 
activity of each side was calculated into percent injected 
activity as a function of time after injection. As a result, the 
FDOPA pharmacokinetic model was created using the SAAM 
II simulation program based on three-compartmental model to 
estimate transfer rate constants according to Wahl & 
Nahmias’s model as shown in Figure 3 [3]. The differential 
equations in each compartment can be described as 
followings: 

dCplasma (t)
d(t) 

 = -K1Cplasma (t) + k2CTissue(t) d(t)  (1) 

dCTissue (t)
d(t) 

	= K1Cplasma (t) – k2CTissue(t) – k3CTissue(t) (2) 

dC FDA(t)
d(t) 

		= k3CTissue(t)    (3) 
 

   where Cplasma, CTissue, and CFDA represent plasma FDOPA, 
tissue FDOPA, and FDA and its metabolites compartment 
respectively. K1 and k2 represent the forward and reverse 
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transport rate constants of plasma FDOPA across the blood 
brain barrier to the tissue FDOPA compartment, k3 represents 
the FDOPA decarboxylation rate constant from the tissue 
FDOPA compartment to the combined compartment of FDA 
and its metabolites.  
 

 
 
Figure 3. Compartmental model for describing the kinetics of FDOPA for PD 
patients.  
 
   For the model fitting, these initial fits were performed using 
brain FDOPA exchange values obtained from Wahl and 
Nahmias. We adjusted the transfer rate constant parameters 
between the compartment gradually to fit the model to patient 
data. The fraction of blood volume, representing the blood 
physically contained in an organ or tissue relative to the total-
body blood volume, was also gradually adjusted in order to 
obtain the best fit of the brain compartment model. The 
SAAMII software will then generate time-integrated activity 
curve of the model fitted to the patient data based on a 
nonlinear least squares regression algorithm. 
   The transfer rate constants (K1, k2 and k3) in each patient 
were determined accordingly and compared between normal 
and PD side of striatum, caudate and putamen using the 
student t-test.  

 
III. RESULTS 

 
   Figure 4A depicts the striatal time-activity curves obtained 
in both PD and normal side after FDOPA injection. Both 
curves increased at the initial of the model until reached the 
maximum uptake activity at 15-minute time point then 
slightly decreased accordingly with good model fitting 
between patient data and simulated data. The PD striatum had 
lower uptake than the normal side. Likewise, the tendency of 
the biokinetic of putamen time-activity curves (Figure 4C) has 
clearer difference of the curve fitting model between PD and 
normal side of putamen. However, the caudate time-activity 
curves nearly superimposed to each other due to both side of 
caudate haven’t been damaged by the disease yet as in Figure 
4B. 
    Table 1 depicts the transfer rate constants for normal and 
PD side of striatum. We found that there were significant 
differences between PD and normal side in K1 and k3 with p-
value 0.016 and 0.007 respectively.  Table 2 depicts the 
results in caudate region. For the PD side, K1 was 0.0094 ml 

min-1 g-1; k2 was 0.0237 min-1; and k3 was 0.0203 min-1 while 
the normal side of the caudate, K1 was 0.0091 ml min-1 g-1; k2 
was 0.0228 min-1; and k3 was 0.0215 min-1. There were no 
significant differences between PD and normal side in 
caudate. The results of transfer rate constants in putamen are 
shown as in Table 3. In the PD side, K1 was 0.0116 ml min-1 
g-1; k2 was 0.0268 min-1; and k3 was 0.0112 min-1 while the 
normal side of the putamen, K1 was 0.0131 ml min-1 g-1; k2 
was 0.0254 min-1; and k3 was 0.0176 min-1. We have found 
that there were significant differences between PD and normal 
side in K1 and k3 of the putamen with p-value 0.022 and 0.001 
respectively.  
 

 

 

 
 
Figure 4. The time-activity curves in the striatum (A), caudate (B) and 
putamen (C). Blue and red round markers represent the patient data obtained 
from normal and PD side respectively. Green and yellow lines represent the 
model fitted from normal and PD side respectively.  
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IV. DICUSSION 
 
   This study has tried to investigate the transfer rate constant 
of 18F-FDOPA PET brain scan for PD patients in order to 
classify the difference between the normal and PD patients 
based on quantitative analysis. Our compartmental model has 
modified in accordance with Wahl and Nahmias’s study. 
They measured the transfer rates of OMFD across the BBB in 
a number of individuals, and used these experimentally 
measured values to determine the kinetics of FDOPA in the 
same individuals. Therefore, they simplified the model into 
two-compartment with three-transfer rate constants that could 
be adequate to simulate the time-activity curve of FDOPA in 
the striatum. They also found the difference of k3 between 
normal subject and PD patients. Their study did not mention 
about the disease’s severity, but the transfer rate constants 
between normal subjects and PD patients were compared 
instead of the comparison between side of striatum as ours 
study.	 In the present study, we specifically investigated in 
early PD patients to relatively compare both side of striatum 
including caudate and putamen. Our findings showed that 
both of K1 and k3 in PD side of striatum and putamen had 
significantly decreased than the normal side without any 
significant differences in caudate. These results were 
comparable to Wahl and Nahmias study and the progression 
of the disease.  

 
Table 1. Transfer rates of striatum. 

 

 PD striatum Normal striatum 
K1 

(mL/min/g) 
k2 

(/min) 
k3 

(/min) 
K1 

(mL/min/g) 
k2 

(/min) 
k3 

(/min) 
Patient 1 0.0221 0.0155 0.0064 0.0242 0.0159 0.0111 
Patient 2 0.0254 0.0203 0.0165 0.0268 0.0125 0.0210 
Patient 3 0.0357 0.0163 0.0079 0.0363 0.0168 0.0088 
Patient 4 0.0170 0.0287 0.0105 0.0192 0.0283 0.0159 
Patient 5 0.0154 0.0171 0.0146 0.0160 0.0154 0.0195 

Mean 0.0231 
(0.0081) 

0.0196 
(0.0054) 

0.0112 
(0.0043) 

0.0245 
(0.0078) 

0.0178 
(0.0061) 

0.0152 
(0.0053) 

 
Table 2. Transfer rates of caudate. 

 

 PD striatum Normal striatum 
K1 

(mL/min/g) 
k2 

(/min) 
k3 

(/min) 
K1 

(mL/min/g) 
k2 

(/min) 
k3 

(/min) 
Patient 1 0.00952 0.02143 0.01287 0.00959 0.02277 0.01627 
Patient 2 0.01043 0.02576 0.03151 0.01085 0.02512 0.03518 
Patient 3 0.01368 0.03172 0.0246 0.01131 0.02013 0.01206 
Patient 4 0.00711 0.02648 0.01441 0.00768 0.02643 0.01709 
Patient 5 0.0061 0.0130 0.0183 0.0061 0.0193 0.0270 

Mean 0.0094  
(0.0030) 

0.0237 
(0.007) 

0.0203 
(0.0077) 

0.0091 
(0.0022) 

0.0228 
(0.0031) 

0.0215 
(0.0094) 

 
Table 3. Transfer rates of putamen. 

 

 PD striatum Normal striatum 
K1 

(mL/min/g) 
k2 

(/min) 
k3 

(/min) 
K1 

(mL/min/g) 
k2 

(/min) 
k3 

(/min) 
Patient 1 0.0109 0.0209 0.0098 0.0124 0.0211 0.0146 

Patient 2 0.0128 0.0301 0.0148 0.0136 0.0203 0.0208 
Patient 3 0.0173 0.0214 0.0081 0.0202 0.0286 0.0161 
Patient 4 0.0087 0.0344 0.0094 0.0102 0.0366 0.0174 
Patient 5 0.0084 0.0272 0.0142 0.0090 0.0204 0.0191 

Mean 0.0116  
(0.0037) 

0.0268 
(0.0057) 

0.0112 
(0.003) 

0.0131 
(0.0044) 

0.0254 
(0.0072) 

0.0176 
(0.0025) 

 
   Automated segmentation using SPM in striatum, caudate 
and putamen was supposed from patient’s MRI individual. In 
this study, we used MRI image from SPM template instead. 
This could be slightly affected the uncertainty for co-
registration and quantification of FDOPA in brain tissue for 
generating the time-activity curve to simulate the kinetic 
model. 
   The limitations of this study were; firstly, early PD patients 
in our study were assumed that one side of their striatum that 
had lower radioactivity uptake was considered as PD and the 
another as normal. Therefore, the patient data of normal side 
might not be truly normal as expectation. Secondly, the 
simulations of our patient data were based on the image 
analysis acquired from radioactivity uptake in brain region, 
the results, therefore, might difference from biochemical 
assay, but this method is lesser invasive. 
 

V. CONCLUSIONS 
 
   The two-tissue compartmental and three-transfer rate 
constants model was able to describe 18F-FDOPA kinetics in 
striatum, caudate and putamen. Both K1 and k3 can be the 
potential parameter to differentiate between PD and normal 
patients. The biokinetic data of 18F-FDOPA in this study will 
be used as an initial reference report for Parkinson’s disease 
in Thai patients. 
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