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Abstract: This study is a retrospective analysis of the diagnostic accuracy of FDOPA PET with MRI fusion to FDOPA 
PET without MRI fusion. Clinical FDOPA PET scans obtained between 2000 and 2008 at the University of Wisconsin 
Hospital and Clinics were assessed using measures derived from regions of interest (ROI) generated with fused MRI 
(fused group) and again with ROIs derived solely from PET data (non-fused groups). The ROIs were used to calculate 
ratios (Striatum/Occipital cortex, Striatum/Cerebellum) pertinent to Parkinson’s disease (PD) pathology. The clini-
cal records were assessed for demographic data, follow-up length, and diagnosis. Receiver Operator Characteristics 
with area under the curve (AUC) measures were calculated and compared using confidence intervals and hypoth-
esis testing. 27 patients had FDOPA PET with median clinical follow-up of 4 years. Of these, 17 patients had FDOPA 
PET with a fusible MR image. Seven of the 27 had a non-PD movement disorder. AUCs for the ratio measures ranged 
from 0.97-1.0 (fused), 0.73-0.83 (non-fused), and 0.63-0.82 (matched non-fused). The fused images had improved 
accuracy compared to the matched non-fused and all non-fused groups for the striatum to occipital group (p=0.04, 
p=0.03), while the striatum to cerebellum ratio had improvement over the non-fused all group (p=0.041). MR fusion 
to FDOPA PET improves the accuracy of at least some measures (Striatum/Occiput, Striatum/Cerebellum) in the 
diagnosis of PD.

Keywords: 18F-Fluorodopa, positron emission tomography, image fusion, receiver operator characteristics, Parkin-
son’s disease

Introduction

18F-Fluorodopa (FDOPA) is a radio-fluorinated 
dopamine precursor used in positron emission 
tomography (PET) imaging of the distribution of 
levodopa uptake. FDOPA is shown to accurately 
reflect the dopaminergic disturbances in 
Parkinson’s disease (PD). [1-3] FDOPA PET 
uptake also correlates with PD symptom sever-
ity. [4, 5] Several quantitative methods are 
used in the interpretation of FDOPA PET data. 
The most commonly used tools are ratios of the 
time-averaged (static) signal in regions of inter-
est (ROI) after equilibration of the radiotracer 
and graphical approaches to derive influx rate 
constants. [6] The graphical approach has the 
drawback of requiring dynamic scans of multi-
ple time frames. The ratio methods use static 

scans similar in duration and procedure to clini-
cal FDG-PET. The ratios measured (signal in 
striatum divided by that in a cerebellar or occipi-
tal cortex reference region) have shown diag-
nostic accuracy similar to the graphical 
approaches. [7, 8] A difficulty of the ratio meth-
ods is to accurately define the relevant anatom-
ic structures particularly because the PET sig-
nal is often altered as part of the disease 
process. For example, FDOPA uptake in the 
striatum is altered in Parkinson’s disease. In 
this disease, loss of nigrostriatal dopaminergic 
projections results in loss of PET signal in the 
posterior putamen. The posterior putamen can 
then be neglected in the striatal ROIs defined 
by PET signal.

Several techniques have been employed for 
locating the relevant structures (caudate, puta-
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men) on the FDOPA PET. A common approach 
for research studies is to use institution-specif-
ic predefined ROIs, and then normalize the 
experimental images to these templates. [9-12]
This technique requires institutional expertise 
not readily available to all centers that clinically 
use FDOPA PET. Another technique for ROI defi-
nition is to manually draw ROIs directly on the 
PET image based on radiologic experience. [13] 
This method is highly user dependent and can 
underestimate the anatomic extent of an area, 
especially the posterior putamen, due to loss of 
striatonigral projections and thus FDOPA 
uptake. Manually placing ROIs of fixed size has 
been suggested as a means to overcome this 
inherent problem. [8] However, fixed ROIs fail to 
account for inter-patient anatomic variability 
and age-related volume loss. Manually drawn 
ROIs may better account for this variability but 
are subject to high inter-reader variability, par-
ticularly when anatomic boundaries are 
indistinct. 

One way to overcome the indistinct anatomic 
boundaries inherent to FDOPA PET is with 
fusion of the PET image to a magnetic reso-
nance (MR) image. The PET image is co-regis-
tered to the MR by aligning 3-D renderings of 
the images sets. The fusion image then shows 
the PET as an overlay on the underlying MR 
images. In Parkinson’s disease, T1 weighted 
MR image has greater contrast for defining sub-
cortical grey matter structures such as the 
basal ganglia than does FDOPA PET. The 
improved localization of anatomic boundaries 
should theoretically allow for more accurate 
ROIs. We hypothesize that the improved local-
ization of anatomic boundaries will allow for 
more accurate ROIs, and subsequently better 
diagnostic performance of FDOPA PET. Here we 
compare receiver operator characteristics 
(ROC) curves of FDOPA PET ratios: striatum-to-
cerebellum, striatum-to-occipital cortex, anteri-
or-to-posterior putamen, and caudate-to-post 
putamen generated with and without MR 
fusion. Receiver operator curves are a statisti-
cal method of comparing diagnostic tests with 
flexible cut-off points such as ratios.

Materials and methods

Subjects

Institutional Review Board approval was 
obtained for a retrospective analysis of PET 

images, the re-processing of images, and inter-
rogation of clinical records for patients who 
have had clinical FDOPA scans at our institution 
(University of Wisconsin Hospital and Clinics) 
between 2000 and 2008. Inclusion criteria for 
this study included brain FDOPA PET for the 
diagnosis of Parkinson’s disease (PD), at least 
1 year of follow-up after PET scan, and a defini-
tive diagnosis of PD or not PD by a movement 
disorder specialist. Exclusion criteria included 
having a movement disorder without diagnosis, 
less than one year of neurologic follow-up, and 
FDOPA PET for indication other than Parkinson-
like syndrome (e.g. malignancy recurrence). 
After inclusion into the study, clinical and demo-
graphic factors at the time of the FDOPA PET 
were recorded. Standardized data from the 
electronic medical record were recorded (age 
at scan, sex); while other data was taken from 
clinic notes (lateralized physical exam findings, 
bradykinesia, rigidity, gait abnormality, cogni-
tive/behavioral disturbance, and MRI available 
for fusion). Post-scan clinical records were 
examined for length of follow-up, age at diagno-
sis, and ultimate diagnosis.

Procedures and techniques

FDOPA Imaging: The FDOPA PET data used in 
this analysis were obtained using standard clin-
ical scan procedures: Levodopa and other anti-
Parkinson medications were held for 24 hours. 
Patients were premedicated with 200 mg of 
Carbidopa PO 1 hour prior to injection of 5-10 
mCi of 18F-DOPA. The patient rested with mini-
mal movement in a calm environment for the 
uptake period. Imaging started 110 minutes 
post injection. The patients were positioned 
supine in a scanner with help of cushioned a 
head holder. The PET images were obtained 
using a GE Advance PET scanner (General 
Electric Medical Systems, Waukesha, WI) start-
ing with a 20 min 2D static acquisition, then a 5 
min 3D static acquisition, followed by a 10 min 
transmission image. Images were reconstruct-
ed with iterative OSEM algorithms. T1 weight-
ed, pre-contrast MR images were used for 
fusion. The MR that was most proximate to the 
FDOPA scan was used for fusion. Median length 
between MR and FDOPA PET was 1 yr with 
range 1 month to 5 years.

MRI Fusion: T1-weight MR images were fused 
with 2D attenuation corrected FDOPA PET 
images using commercially available software, 
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Advanced Fusion 7D (Build FUMK 1.0.0.10) © 
Siemens Medical Solutions USA, inc. The auto-
matic affine deformable fusion algorithm was 
applied, and then the fusion was manually 
checked and adjusted. Figure 1 is an example 
of the rendered fusion images. It shows a 
T1-weighted MRI, FDOPA PET, and the fused 
images of a patient with PD who at the time of 
imaging had predominantly left-sided symp-
toms. While the left striatum shows close ana-
tomic and functional correlation between the 
PET and MRI, the right (pathologic side) of the 
striatum shows reduced FDOPA uptake in the 
posterior putamen that is not elevated above 
background. This area was part of the MRI ROI, 
but not the non-fused ROI. 

ROIs: A rater blinded to the subject diagnosis 
drew four ROIs on each non-fused (NF) PET 
image series with only the PET data available. 
The order of studies was random. The rater 
then drew the ROIs on each MRI/PET fused 
series. The ROIs were right striatum, left stria-
tum, cerebellum, and occipital cortex. The axial 
slice that bisects both caudate heads and has 
the largest anterior-posterior dimension of the 
striatum was used to draw all striatal ROIs on 
PET and MR. In most cases, this slice fell supe-
rior to the anterior commissure at the level of 
the columns of the fornix. To generate the 
occipital reference standard a square ROI of 
100 mm2 (10 mm x 10 mm) at the level that the 
striatal ROIs overlying the occipital cortex was 
used on both the PET and MRI. On MR scans 
the striatum was manually outlined at the gray/

white matter junction using Damasio’s Human 
Brain Anatomy in Computerized Images as a 
visual reference. [14] The PET-based striatal 
ROIs were defined using a technique clinically 
developed at our institution. The striatum’s 
approximate anatomic location was indentified 
based on gross anatomic landmarks, and then 
the specific ROIs borders were defined by being 
>10% (10% of maximum voxel) above the near-
by insular cortex (estimated location). This bor-
der was clearly identifiable because the Mirada 
software allows a color change at 10% inter-
vals of the maximum voxel.

For both PET and MR cerebellar ROI was 
defined at the level of the superior cerebellar 
peduncle. The PET anatomic boundary was 
defined by being > 10% above the cerebrospi-
nal fluid (CSF) in peri-cerebellar subarachnoid 
space, and the boundary was the gray matter-
CSF junction for the MR ROI. Both lateral hemi-
spheres and the vermis of cerebellum were 
included for both PET and MR ROIs. The stan-
dard uptake value mean (SUVmean) was 
defined as the mean of the concentration of 
tracer for each voxel within an ROI divided by 
the injected dose over the body weight.

Statistical tests

The demographic and clinical data were com-
pared between patients that had PD and did 
not have PD. Differences in characteristics 
between the PD and non-PD patients were 
assessed using Fisher’s exact test for categori-
cal data, and Mann-Whitney-Wilcoxon U test for 

Figure 1. This is the T1 weighted MRI (A), FDOPA PET (B), and fused MRI/PET (C) of a patient with PD with left sided 
predominant symptoms. The right striatal ROIs are demarcated by a green line on the MRI and PET images. The 
blue lines demarcate the occipital lobe ROIs. The white arrow marks the area of the right posterior putamen that is 
incorporated into the MRI based ROI, but not the PET-based ROI. ROIs based solely on the FDOPA PET image can 
fail to accurately incorporate the entire anatomical reference. The right side of each image is marked with an R.
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continuous data. These statistical tests were 
carried out using JMP 9.0 Copyright © 2010, 
SAS Institute Inc., Cary, NC, USA. 

The ROI derived SUVmean data were divided 
into three groups. That from the fused images 
(n=17), that from matched NF images (n=17), 
and that from all NF images (n=27). The total 
number of subjects was 27. 17 subjects had an 
available MRI for fusion. 10 subjects did not 
have an MRI available. The fused and matched 
NF data was derived from subjects who did 
have an MR for fusion, allowing for a direct 
comparison between fused and non-fused 
images. The “all non-fused” group consisted of 
data from both the matched NF images and 
subjects that did and did not have an MR for 
fusion. The striatum to cerebellum ratio (SCR) 
and striatum to occipital ratio (SOR) were calcu-
lated for each image set using the following 
formula: 

Striatum (SUVmean)/Reference (SUVmean)

The reference SUVmean was defined as the 
mean SUV of either the cerebellum or occipital 
cortex for the respective ratio. This ratio was 
calculated for both the left striatum and right 
striatum. The lower of the ratios between the 
right and left was used for further analysis to 
account for asymmetric presentation of PD and 
corresponding asymmetry within the striatum. 
[15, 16] Within each of the three groups and for 
each ratio measure, the ideal cut-off point for 
the Striatum/Reference ratios was determined 
maximizing sensitivity and specificity [the high-
est geometric mean of sensitivity and specifici-

ty]. The sensitivity, specificity, positive predic-
tive value (PPV), and negative predictive value 
were then calculated and reported with 95% 
confidence intervals by the method described 
by Agresti et al. [17] Given that sensitivity and 
specificity are subject to cut point biases, 
Receiver Operator Characteristics (ROC) curves 
with area under the curves (AUCs) were calcu-
lated. The ROC is a graph with the true positive 
rate on the Y-axis and the false positive rate on 
the X-axis. Because the sensitivity and specific-
ity of a diagnostic test using a continuous vari-
able (SCR, SOR) are a function of the point 
where the positive negative line is demarcating 
the ROC with the AUC provides a variable for 
uniform comparison between tests [18].

ROC analysis was carried out with the ROC-KIT 
GUI 1.0.3 © 2011 Chicago, IL. [19] The curve 
fits were estimated with non-parametric 
Wilcoxon and uncertainty was estimated with a 
bootstrapping technique. [20] AUCs are report-
ed with two-sided 95% confidence intervals. 
The AUCs were compared with paired or par-
tially paired significance tests described by 
Metz et al. [19] For all statistical tests the alpha 
level was set at 0.05. 

Results

Demographic and clinical data

27 subjects met the inclusion /exclusion crite-
ria. Of these subjects 7 had a diagnosis other 
than PD. These included somatization disorder 
(1 subject), anxiety/depression (1 subject), 
essential tremor disorder (1), corticobasal 

Table 1. Demographics of subjects

 Non-Parkinson’s Disease Parkinson’s Disease p-value
 Median (range) Median (range) Wilcoxon

Age at Diagnosis (years) 45 (41-61) 47.5 (29-76) 0.934
Age at PET Scan (years) 47 (43-67) 50 (33-78) 0.821

Clinical Follow-up (years) 4 (2-8) 5 (3-9) 0.197
Proportion with (%) Proportion with (%) Fisher’s Test

Sex (%male) 3/7 (42.9%) 15/20 (75.0%) 0.175
  Lateralized  findings 6/7 (85.7%) 15/19 (78.9%) 1.000

Bradykinesia 5/7 (71.4%) 11/18 (61.1%) 1.000
Tremor 4/7 (57.1%) 20/20 (100%) 0.012

Gait Disorder 4/6 (66.7%) 4/20 (20.0%) 0.051
Rigidity 3/7 (42.9%) 13/19 (68.4%) 0.369

Behavioral and/or Cognitive defect 3/5 (60.0%) 8/20 (40.0%) 0.623
MRI for fusion 5/7 (71.4%) 12/20 (60.0%) 0.678

*P-values <0.05 are in Bold; Dx; diagnosis.
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degeneration (1 subject), hemi-dystonia (1 sub-
ject), psychiatric disorder not otherwise speci-
fied (1 subject), and non-PD degenerative neu-
rologic disorder (1). Each subject had at least 2 
years of clinical follow-up after PET. Table 1 is a 
summary and comparison of the patients 
whose scans were included in the study. The 
only significant difference in clinical findings 
described in the “physical examination” section 
of clinic documents between the PD and Non-
PD patients was tremor. All of the PD (20/20) 
had a tremor while only 4/7 of non-PD patients 
did. Ten patients did not have a fusible MR; 
seven of these subjects did not have an MR at 
the institutional picture archiving and commu-
nication system (PACS) while 3 subjects MR 
were in a format not usable to the fusion soft-
ware. These MR images were digital copies of 
filmed MR images from outside institutions.

ROC analysis

For both fused and NF FDOPA ROI data, the 
ratios (SOR, SCR) were calculated. ROC curves 
were then generated for each ratio for three 
sets of data, FDOPA fusion (n=17), matched NF 
FDOPA (n=17), and NF FDOPA for all subjects 
(n=27). For each ratio the AUC, the ideal cut-off 
point ratio, and sensitivity/specificity at that 
ideal cut-off point are summarized in Table 2. 
The fused image group had the highest AUC 
(95% CI) for each of the measures: SOR [0.97 
(0.88-1.00)] and SCR [1.00 (1.00-1.00)]. It 
should be noted that for an AUC of one the 
standard error equals zero, and the confidence 
interval has no range. This does not imply that 
AUC is 1 with complete certainty, but is a func-
tion of the statistical formula. [19] The matched 
NF had the lowest AUCs: SOR [0.63 (0.31-0.96)] 
and SCR [0.82 (0.57-1.00)]. The AUCs were 
improved with the addition of more subjects in 
the All NF groups: SOR [0.73 (0.48-0.97)] and 

SCR [0.83 (0.65-1.00)]. The confidence inter-
vals overlapped between the various ratio mea-
sures and between the imaging groups, but fur-
ther testing was used to determine if a 
difference is present. [21]

Comparison of AUCs

The AUC’s were compared between ROI data 
sets (fused, all NF, and matched NF) Table 3 
lists these results. The AUC was significantly 
higher for fused data compared to matched NF 
group for the SOR (p=0.040), and the to the all 
NF group for the SOR (p=0.030) and SCR 
(p=0.041). There was also a trend (P<0.10) 
toward statistical significance in the SCR for 
fused versus matched NF (p=0.067), and in 
both fused versus matched NF (p=0.084), and 
versus all NF (p=0.060). No other comparisons 
were statistical different. Between the SOR, 
SCR neither ratio was shown to have a signifi-
cantly higher AUC. This was true in the fused 
group, the NF matched, and the NF all. 

Discussion

The primary result of this study is that MR 
fusion increases the AUC and the predictive 
accuracy for the SOR and SCR of FDOPA PET. 
The comparisons between fused and NF imag-
es for SOR were statistically significant. For the 
SCR the all NF group was statistically signifi-
cant and the NF matched showed a trend 
toward statistical significance. Comparison 
between the SOR and the SCR did not show any 
significant differences. The SCR did have uni-
formly higher AUCs than the SOR for the fused 
and NF groups. The cerebellum may have per-
formed as a more stable reference standard 
because the ROI used for the cerebellum was 
much larger (both hemispheres and vermis) 
than the occipital reference standard (100 mm2 
at the level of the basal ganglia). 

Table 2. Imaging parameters characteristics

  AUC Ideal Cut-Point Sensitivity Specificity 

SOR
Fused 0.97 (0.88-1.00) 2.40 0.83 (0.54-0.96) 1.00 (0.51-1.00)
Matched NF 0.63 (0.31-0.96) 3.00 1.00 (0.71-1.00) 0.40 (0.12-0.77)
All NF 0.73 (0.48-0.97) 3.00 0.88 (0.74-1.00) 0.57 (0.25-0.84)

SCR
Fused 1.00 (1.00-1.00) 2.50 1.00 (0.71-1.00) 1.00 (0.51-1.00)
Matched NF 0.82 (0.57-1.00) 2.50 1.00 (0.71-1.00)  0.60 (0.23-0.88)
All NF 0.83 (0.65-1.00) 2.70 0.95 (0.74-1.00)  0.71 (0.35-0.92)

*For AUC equal to 1 the SE equal 0 hence the confidence interval has no range; AUC, area under curve; NF, not fused; SOR, stria-
tum to occipital cortex ratio; SCR, striatum to cerebellum ratio.
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It follows that MRI fusion may better predict 
pathology by improving the accuracy of ROI 
placement, and thus of ratios derived from 
these ROIs. The ROIs on the FDOPA PET (the 
non-fused images) used a set level above back-
ground cortex (10%), while the MR uses gray/
white matter differentiation of the basal ganglia 
as ROI boundaries. The pathologic process of 
PD decreases this striatal FDOPA uptake in a 
posterior to anterior manner. [22] Thus, ROIs 
drawn directly on PET over-estimate residual 
activity (SUVmean) in the posterior putamen. 
The MRI has the advantage of allowing ROIs to 
be defined structurally rather than functionally. 

Pan et al. recognized that posterior putamen 
signal loss was a potential confounder with 
FDOPA PET images and proposed that a fixed 
size of ROI should be maintained for the stria-
tum. This method is superior to ROI defined by 
a percentage above background or within a 
maximum, but it fails to account for individual 
variations in brain structure. Even small 
amounts of cortex and white matter in an ROI 
intended to be part of the putamen could 
depress the SUVmean resulting in increased 
false positives, making the test less accurate 
for patients with cerebral volume loss. A study 
with similar methods (using MRI for ROI genera-
tion), but aimed at comparing the graphical and 
ratio methods, found AUCs similar to this study. 
With 89 subjects, AUCs of 0.99, 0.99, and 0.79 
were found for the caudate, anterior putamen, 
and posterior putamen contralateral to pre-
dominant symptoms. [12] It is clear that FDOPA 
PET interpretation can be aided with simple 
adjunct quantitative measures such as mean 
SUV ratios from ROIs drawn with MR fusion. In 
this study the entire striatum was used for a 
region of interest, but dividing the striatum into 
several parts (as in the previously cited study) 
or even voxel-based analysis can allow for 

improved discriminatory power for disease 
states with more subtle pathophysiologic differ-
ences like multiple systems atrophy and PD, 
but proper function-anatomic correlation with 
techniques like MR/PET fusion is necessary for 
these techniques to reach their full potential. 
Long and complex post-image processing is not 
necessary for highly reliable and accurate 
results, but one has to be cautious in defining 
ROIs strictly based on percentages above back-
ground or on the voxel with the highest uptake. 

This study only had 27 subjects, and of these 
only 17 had an MR that was fusible, but the 
study size was adequate to detect a difference 
between several measures, however this study 
has low power due to low sample size, and that 
the significant findings could be due to multiple 
testing, and are subject to further verification. 
More complex means of ROI creation including 
deformation into Montreal Neurologic Institute 
space with preformed ROIs might offer even 
greater inter-reader reliability and discriminato-
ry power, but would retain problems with imper-
fect co-registration of subcortical structures 
between subjects. A study comparing these 
methods to manual per subject ROI drawing is 
yet to be completed, but these more advanced 
techniques do not seem necessary for accu-
rate reliable clinical interpretation of FDOPA 
PET. The reference standard used for diagnosis 
in this study is the clinical follow-up by a move-
ment disorder specialist. This is the current 
gold standard for diagnosis of premorbid 
Parkinson’s disease. However, the specialist 
was not blinded to the results of the FDOPA PET 
and this is a potential area of bias. The patient’s 
long follow-up (median 4 years) probably less-
ened this bias, as the influence of decreases 
over time and as the disease progresses, diag-
nosis become more evident. 

Table 3. AUC comparison

Delta AUC Z-score p value

SOR Fused v NF (Matched) 0.334 1.755 0.040
Fused v NF (all) 0.238 1.876 0.030

SCR Fused v NF (Matched) 0.183 1.500 0.067
Fused v NF (all) 0.171 1.737 0.041

Fused FDOPA-PET SOR v SCR 0.033 0.849 0.198
NF (Matched) SOR v SCR 0.104 0.358 0.640

NF (All) SOR v SCR 0.100 0.523 0.300
*Delta AUC, difference in AUCs; #p-values in bold are statistically significant (p<0.05), p-values in italics show a trend toward 
statistical significance (p<0.10); SOR, striatum to occipital cortex ratio; SCR, striatum to cerebellum ratio; NF, not fused.
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A potential drawback of this technique is that 
not all patients have an MR available for fusion. 
Ten of the 27 patients in this study did not have 
a fusible MR. The main reasons for not having a 
fusible MR were that an MR was not available in 
PACS or that is was a scanned image of film 
MR. All of these patients had a head MR at 
some point in their clinical work-up, but gener-
ally this was done prior to referral to a specialist 
in movement disorders. These images were 
often sent with the patient in a film format or 
scanned film format, and not as a DICOM file. 
Within the last several years PACS systems 
have become a standard at even small health-
care facilities. This should allow for greater 
accessibility and ease in fusing FDOPA PET and 
MR for referral centers, mitigating this problem 
in the future. It should be noted that for PET 
studies in general that do not have appropriate 
anatomic scan for fusion, SUVmax remains a 
valid measure that is less likely to be influenced 
by ROI placement.

This study demonstrates that MRI fusion with 
FDOPA PET via readily available commercial 
software improves at least some of the quanti-
tative measures used to clinically interpret 
FDOPA PET. Nuclear medicine physicians and 
radiologists may want to explore MR fusion for 
FDOPA PET interpretation within their own soft-
ware/hardware paradigm. FDOPA PET is anoth-
er clinical scenario where PET/MRI may show 
an advantage in the future. Potentially MR 
fusion will also find a role in the recently FDA 
approved dopamine transport single photon 
emission tomography (SPECT).
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