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Abstract

Objective 6-[18F]Fluoro-L-DOPA (FDOPA) is a radio-

pharmaceutical valuable for assessing the presynaptic

dopaminergic function when used with positron emission

tomography (PET). More specifically, the striatal-to-

occipital ratio (SOR) of FDOPA uptake images has been

extensively used as a quantitative parameter in these PET

studies. Our aim was to develop an easy, automated

method capable of performing objective analysis of SOR in

FDOPA PET images of Parkinson’s disease (PD) patients.

Methods Brain images from FDOPA PET studies of 21

patients with PD and 6 healthy subjects were included in

our automated striatal analyses. Images of each individual

were spatially normalized into an FDOPA template. Sub-

sequently, the image slice with the highest level of basal

ganglia activity was chosen among the series of normalized

images. Also, the immediate preceding and following sli-

ces of the chosen image were then selected. Finally, the

summation of these three images was used to quantify

and calculate the SOR values. The results obtained by

automated analysis were compared with manual analysis by

a trained and experienced image processing technologist.

Results The SOR values obtained from the automated

analysis had a good agreement and high correlation with

manual analysis. The differences in caudate, putamen, and

striatum were -0.023, -0.029, and -0.025, respec-

tively; correlation coefficients 0.961, 0.957, and 0.972,

respectively.

Conclusions We have successfully developed a method

for automated striatal uptake analysis of FDOPA PET

images. There was no significant difference between the

SOR values obtained from this method and using man-

ual analysis. Yet it is an unbiased time-saving and cost-

effective program and easy to implement on a personal

computer.

Keywords FDOPA � Positron emission tomography

(PET) � Striatal-to-occipital ratio (SOR) �
Striatal uptake analysis � Parkinson’s disease

Introduction

Parkinson’s disease (PD) is a common neurodegenerative

disorder characterized by presynaptic nigrostriatal dopa-

mine dysfunction. Clinical symptoms include rigidity,

bradykinesia and resting tremors, and losses of dopamine

in the striatum in PD have been shown by postmortem and

imaging studies [1, 2]. For noninvasive imaging assessment

of the presynaptic dopaminergic function, 6-[18F]Fluoro-

L-DOPA (FDOPA) is a valuable radiopharmaceutical when

used with positron emission tomography (PET). The fall in

striatal uptake of FDOPA had been visualized in PD

patients undergoing PET scans [2–5]. For this purpose, a

variety of methods have been developed to analyze
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FDOPA PET images aiming at correlating the FDOPA

uptake with the severity of PD.

In most of the methods, the striatal-to-occipital ratio

(SOR) is extensively used as the quantitative parameter

[6–12]. SOR offers a practical advantage because it is

determined by the static data acquisition making it the

easiest to apply in clinical settings, quantifying nigrostri-

atal dopamine function in PD and related disorders without

the need of blood sampling [6, 9, 12]. SOR is mostly

computed using regions of interest (ROI) manually drawn

over these structures on individual images obtained from

PET study or on a coregistered image of magnetic reso-

nance imaging (MRI) for better positioning [8, 12, 13].

However, manual ROI delineation is a tedious, time-con-

suming, and highly operator-dependent procedure. In

addition, the inter- and intra-operator variability may

hamper the reproducibility and accuracy of results.

In this study, to avoid the shortcomings caused by the

manual ROI delineation, we presented an easy, objective

and automated method based on the concept of spatial

normalization [14–16]. This efficient method analyzed the

striatal uptake of FDOPA in PD patients and calculated the

SOR. In addition, the results were compared with those of

conventional manual analysis performed by a trained,

experienced image processing technologist.

Materials and methods

Subjects

Twenty-one patients (15 men, 6 women) diagnosed clini-

cally with PD and 6 healthy control subjects (3 men, 3

women) free of neurologic diseases were included in this

retrospective study analysis. All PD patients were scored

with the Hoehn and Yahr (H&Y) scale. One patient was at

H&Y stage 1, three at stage 2, eight at stage 2.5, seven at

stage 3, one at stage 4, and one at stage 5. The mean H&Y

scale was 2.7 ± 0.8. Each subject underwent an FDOPA

PET and an MRI brain scan. Informed consent was

obtained from both the healthy control subjects and

patients prior to the examination.

FDOPA PET and MRI brain scan

All subjects fasted for at least 6 h prior to FDOPA

administration. All antiparkinsonian medications were

stopped at least 12 h before the PET studies and subjects

were given 100 mg of carbidopa 1 h before FDOPA

administration. FDOPA was produced in our GMP facility

as described elsewhere [17]. Static three-dimensional

acquisition was performed 2 h after the intravenous injec-

tion of 185 MBq FDOPA with a GE Discovery ST PET/CT

scanner (GE Healthcare, Chalfont St Giles, Buckingham-

shire, UK) for 30 min. Computed tomography (CT) scan

was performed immediately prior to the PET scan with a

multi-detector (sixteen-slice) spiral CT scanner for atten-

uation correction. PET image data sets were reconstructed

using ordered-subset expectation maximization (OSEM)

with a matrix size of 128 9 128, a pixel size of

1.95 mm 9 1.95 mm and a slice thickness of 3.27 mm.

MRI brain scan was performed on a GE Signa Excite

1.5-Tesla MRI scanner, using a 3D-FSPGR T1 sequence

(repetition time = 12.14 ms, echo time = 5.31 ms) with

a matrix size of 512 9 512, pixel size of 0.39 mm

9 0.39 mm and slice thickness of 2 mm.

Creation of FDOPA template

FDOPA template was built by averaging 6 PET scans from

healthy control subjects [18, 19]. First, PET images of each

control subject were registered to their corresponding MRI

using the normalized mutual information algorithm [20,

21]. Thereafter, the MR images of the control subjects were

spatially normalized to the T1-weighted MRI template

provided within the statistical parametric mapping (SPM)

software package (Wellcome Department of Cognitive

Neurology, London, UK), and the resulting transformation

parameters were applied to the PET scans. Finally, the

FDOPA template was built by averaging these normalized

PET images and applying a smoothing Gaussian filter with

8 mm FWHM (Fig. 1). All processing methods were per-

formed using SPM2 under MATLAB (The Mathworks, Inc.,

Natick, Massachusetts, USA). The spatial normalization

algorithm provided by the SPM2 software package using its

default options: 7 9 9 9 7 discrete cosine transform basis

functions, 16 nonlinear iterations and medium nonlinear reg-

ularization. Trilinear interpolation was used in all normaliza-

tions. The generated FDOPA template matched the standard

MNI (Montreal Neurological Institute) space [22] and was

capable of being a recognized neuroanatomical model.

Automated striatal analysis

The proposed striatal uptake analysis program was

designed with MATLAB programming language and ran

on a computer with Windows operating system. The pro-

gram spatially normalized the subject’s FDOPA PET

images into a standard space defined by template images.

Subsequently, the images normalized in this way were

quantified based on a select-slice mask (SSmask) and ROI

mask (ROImask) automatically. The SSmask and ROImask

(Fig. 1) were pre-defined according to FDOPA template

images. Figure 2 shows an example of our fully automated

analysis. The complete execution steps are described as

follows:
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Step 1

FDOPA PET brain images of each individual subject were

spatially normalized into the FDOPA template made ear-

lier, allowing them to have a common coordinate. Fol-

lowing an algorithm developed by others [14–16], this

spatial normalization used 6 9 8 9 6 discrete cosine

transform basis functions, 16 nonlinear iterations and

medium nonlinear regularization. Transformed images

were written with a voxel size of 2 mm 9 2 mm 9 2 mm

using trilinear interpolation.

Step 2

Among the series of FDOPA PET brain images that had

been spatially normalized, we calculated counts within

SSmask of all image slices and identified the one with the

highest level of basal ganglia activity. Next, we selected

the preceding and following slices (e.g., selecting one that

is close to the skull base and one that is close to the vertex)

of the above-found image. The summation of these three

images was used to quantify and calculate the SOR values.

Step 3

After summing these three images, the SOR values were

calculated via ROImask. The ROImask included the cau-

date (79 pixels), putamen (152 pixels) and occipital cortex

(128 pixels) on both sides of the brain, among which the

occipital cortices served as the background. The SOR

values in the caudate and putamen were calculated by

dividing the mean counts per pixel in the caudate or

putamen with the mean counts per pixel in the occipital

cortex. The average values of the caudate and putamen

were then used to calculate the mean value of the whole

striatal binding. The SOR values in the caudate, putamen,

and striatum mentioned here referred to the average of both

sides of the brain.

Manual striatal analysis

To validate this automated technique, each subject was also

evaluated using a conventional manual method as estab-

lished elsewhere [12] on a GE Xeleris 2 Workstation by a

trained, experienced image processing technologist. The

technologist was blinded to the results of the automated

analysis while performing this manual operation. The MRI

scans were registered to the FDOPA PET images and

resliced according to the PET images. The ROI were drawn

on the MR images and then copied to the ones from PET.

The fusion of PET and MR images was further used to

verify the correctness of ROI placement (Fig. 3). The ROI

was located bilaterally at the caudate and putamen in two

slices showing the highest basal ganglia activity. The

occipital cortices were also drawn in the same way and

served as background. In each slice, the SOR values were

calculated using the same way as the automated striatal

analytic method. Finally, the average values in two planes

were calculated.

Statistical analysis

All data were expressed as mean ± standard deviation

(SD) in this study. The Shapiro–Wilk test was used to

verify the normality of the data sets in the studied group.

Fig. 1 FDOPA template (a) created from PET images of 6 healthy

subjects and to which a smoothing filter was applied (b). SSmask used

for finding the image with the highest level of basal ganglia activity

among a series of PET images (c). ROImask on the caudate, putamen,

and occipital regions (d). Displaying the un-smooth FDOPA template

with SSmask (e) and ROImask (f) superimposed
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The paired t test was used to compare the difference in

the SOR values between the manual and the currently

being developed automated analysis. If data sets were not

normally distributed, the Wilcoxon signed ranks test was

used. The Pearson correlation coefficient (r) was calcu-

lated to identify the relationship between the SOR values

from the manual and the automated analysis. Similarly, if

data sets were not normally distributed, the Spearman’s

rho correlation (q) test would be used. Finally, the sta-

tistical method proposed by Bland and Altman [23] was

employed to compare these two techniques of measure-

ment. In this graphical method the differences between

measurements were plotted against their average derived

from the two techniques. Horizontal lines were drawn at 0

(solid line), mean difference (dashed middle line), and

the 95% limits of agreement (dashed lines), which are

defined as within 1.96 times the standard deviation of the

differences (Fig. 6). p values less than 0.05 were con-

sidered statistically significant. All statistical analyses

were performed using SPSS software (SPSS Inc., Chicago,

Illinois, USA).

Results

Table 1 summarizes the SOR values obtained using auto-

mated and manual striatal analyses in different subject

groups. Figure 4 shows results comparing SOR values in

all subjects between the two methods. No significant dif-

ferences were found in the group of PD subjects

(p = 0.147 for caudate, 0.131 for putamen, and 0.067 for

striatum) or in all subjects (p = 0.257 for caudate, 0.084

for putamen, and 0.161 for striatum).

From these same SOR values the correlations between

automated and manual analyses were calculated and

showed good results (Fig. 5). In PD patients, the correla-

tion coefficients were r = 0.943 for caudate, 0.940 for

putamen, and 0.960 for striatum; and in all subjects,

r = 0.961 for caudate, q = 0.957 for putamen and

q = 0.972 for striatum. All these were statistically signif-

icant with p values all less than 0.001.

Figure 6 shows the Bland–Altman plot between the

SOR values determined by the manual and the automated

striatal analyses for caudate, putamen and striatum in all

Fig. 2 The original PET images (a) were spatially normalized into

the FDOPA template. The summation of 3 normalized images (b) that

we selected among a series of PET images according to SSmask. The

SOR values of the summed image were calculated based on the pre-

defined ROImask (c)

Fig. 3 Manual striatal analysis: the ROI were drawn on the coregistered MR image (a) and later copied to the FDOPA PET image (b). The

fusion of PET and MR image was further used to verify the correctness of the ROI placement (c)
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subjects. The differences (automated minus manual) of the

three variables are -0.023, -0.029 and -0.025, respectively.

These plots show good agreement among SOR values com-

puted from the manual and the automated analyses. The 95%

limits of agreement of the three plots for the manual analysis

and the automated analysis measurements were not signifi-

cantly different.

Discussion

In this study, we successfully developed a software program

based on MATLAB programming language for automated

striatal uptake analysis of SOR in FDOPA PET brain images.

Based on spatial normalization and mask technology, this

simple, time-saving technique positioned striatum of the brain

automatically and avoided operator-dependent region-

of-interest (ROI) drawings. The SOR values of 27 subjects

obtained by this fully automated analysis highly correlated

with the conventional manual analysis results performed by a

trained, experienced image processing technologist.

Conventionally, the SOR is computed in the first step by

manual positioning of ROI over certain regions where PET

brain image reveals radiopharmaceutical accumulation.

Tedious and time-consuming as it is, the manual ROI

delineation often results in intra- and inter-operator varia-

tions. The automated method developed by us determined

ROI automatically and, thus, is operator-independent and

has no people-related drawbacks and limitations. This

program can easily be run on a personal computer. In our

case, it ran on Microsoft Windows XP operation system

with Pentium M Centrino 1.86 GHz CPU and 1 GB RAM

and it took only about 30 s for the analysis of each patient.

In addition, though manual ROI outlining based on a co-

registered MRI image could be used to better define the

striatum regions, it is not practical to conduct MRI for all

patients. On the contrary, our fully automated method

requires only MRI images of normal control subjects to

create a one-time FDOPA template beforehand and use it

for all patients. Consequently, this method for striatal

uptake analysis of the FDOPA PET brain images is very

efficient and widely applicable.

In some SPECT studies such as the ones using 123I-

IBZM to visualize D2 receptor, investigations were based

on only SPECT images for template creation and the

images of each individual subject were registered to that

template [24–27]. Here, we used MRI-aided method to

create FDOPA template in a PET study. The MRI belongs

to structural images that have much higher spatial resolu-

tion, less noise and better anatomical information allowing

a more accurate registration than the one performed using

only functional images [16, 19]. Even with similar spatial

normalization technique as ours, their study did not further

differentiate the head of caudate from putamen [26]. Per-

haps their SPECT-based template offered insufficient res-

olution to achieve that task. In our study, we had divided

ROI of the striatum into caudate and putamen to derive

information of the SOR in greater detail. Another differ-

ence from other automated approaches is that our new

method located the maximum activity of basal ganglia

Table 1 The SOR values of

healthy controls and PD patients

for different striatal analysis

Subject group Region Automated analysis Manual analysis

Mean ± SD Mean ± SD

Controls (n = 6) Caudate 2.72 ± 0.13 2.70 ± 0.15

Putamen 3.13 ± 0.18 3.15 ± 0.15

Striatum 2.93 ± 0.15 2.93 ± 0.13

PD patients (n = 21) Caudate 2.18 ± 0.32 2.22 ± 0.32

Putamen 1.89 ± 0.25 1.92 ± 0.27

Striatum 2.03 ± 0.28 2.07 ± 0.29

Total (n = 27) Caudate 2.30 ± 0.36 2.33 ± 0.36

Putamen 2.16 ± 0.58 2.19 ± 0.58

Striatum 2.23 ± 0.46 2.26 ± 0.45

Fig. 4 The SOR values of all subjects (open triangles manual

analysis in healthy controls, closed triangles manual analysis in PD

patients, open diamonds automated analysis in healthy controls,

closed diamonds automated analysis in PD patients)
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Fig. 5 Correlation graphs of the SOR values for caudate (a), putamen

(b) and striatum (c) obtained from the manual and automated striatal

analyses in all subjects

Fig. 6 The Bland–Altman plot between the SOR values of caudate

(a), putamen (b), and striatum (c) for manual and automated striatal

analysis in all subjects
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within the brain volume based on SSmask. In contrast to

other techniques [27, 28], this was rather simple to

implement.

To further evaluate the reliability of the automated

technique, the results obtained from it were subjected to a

comparison with a trustworthy manual analysis. For this

purpose, we manually drew ROI based on the coregistered

MRI images of each patient. Subsequently, the two con-

secutive slices (total thickness of 6.54 mm) with the

highest basal ganglia activity were selected. As a note, the

original FDOPA PET brain images were spatially nor-

malized resulting in a slice thickness of 2 mm, and there-

fore the three slices selected for automated analysis had a

total thickness of 6 mm. Therefore, the summation of these

three slices best represented the striatal activity as in the

two slices selected in the manual analysis. Regardless,

labor-intensive as it might be, we believed this manual

operation provided objective yet very accurate results for

the purpose of evaluating the new automated technique.

Worth mentioning also includes the number of subjects

necessary for template creation. In our study, FDOPA

template was created by averaging PET scans of six heal-

thy subjects and the result was satisfactory. Undoubtedly, a

better template could be achieved using the average of a

greater number of healthy subjects. Nonetheless, when

considering many practical issues including not least the

cost, one would rather use fewer healthy subjects to create

an acceptable template. For that reason the most suitable

number of scans to create a template deserves further

investigation. At the moment, there is no consensus on the

minimum number of scans for the creation of a template

though there is no argument about its importance.

There is also a potential in other imaging studies generally

employing SOR for presynaptic or postsynaptic dopami-

nergic neuronal functions that a respective radio-

pharmaceutical-matched template for spatial normalization

could be created with our automated method. These might

include 123I-FP-CIT, 99mTc-TRODAT, 11C-raclopride, and
123I-IBZM, in PET or SPECT brain studies [29] for the

assessment of various striatal statuses. Actually, the image

contrast in these various dopaminergic PET or SPECT

studies of different radiotracers and our FDOPA template

were reasonably similar. One can imagine the possibility that

our FDOPA template might directly apply to those scans.

As a general consideration, there are cautions to be

taken when SOR is engaged in the measurement of dopa-

minergic functions. SOR is a semiquantitative measure of

radioactivity concentration and, thus, its value may not stay

constant in changed biologic conditions or under different

technical factors. Although there is so far no systematic

study on which factor and in what degree might influence

SOR values, one should keep this situation in mind when

comparing results between FDOPA PET studies from

different imaging centers. In fact, further exploration into

the influence of these factors on our presented automated

analysis is warranted. One familiar example regarding

semiquantitative measurement is the popularly utilized

‘‘standardized uptake value’’ (SUV) method in 18F-flude-

oxyglucose (FDG) PET studies where SUV is mainly for

the evaluation of the early response to cancer treatment.

Both SOR and SUV are based essentially on the radioac-

tivity concentration within selected ROI. Studies have

confirmed that many factors affect SUV measurements,

including biologic factors, such as patient size, uptake time

of the radiotracer, and technologic factors, such as scanner

variability, dose of radiopharmaceuticals, image acquisi-

tion, and reconstruction parameters [30].

Finally, the correlation of the analysis results and the

clinical severity of the disease also need to be established

in the future for the differential diagnosis in a larger patient

population. This is especially important for the method’s

applicability in very severe PD patients. Most PD patients

referred to nuclear medicine for FDOPA PET scans and

thus included in the present study were at H&Y stage 2–3.

Consequently, the method’s reliability might not be as

great in very severe PD subjects whose FDOPA uptakes in

the relevant regions were rather low.

Conclusion

In this study, a fully automated striatal uptake analysis was

developed for FDOPA PET images. The SOR values obtained

from the automated method showed a good agreement (the

differences between the two methods of caudate, putamen,

and striatum were -0.023, -0.029, and -0.025, respectively)

and high correlation with manual analysis (correlation coef-

ficients of caudate, putamen, and striatum were 0.961, 0.957,

and 0.972, respectively) by a trained and experienced image

processing technologist. It is a time-saving and cost-effective

program yet remains objective and is easy to implement on a

personal computer. We expect this automated striatal uptake

analytic program will help nuclear medicine physicians in the

interpretation of FDOPA PET brain images for the diagnosis

of movement disorder patients.
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