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In SPECT, the binding of radiotracers in brain areas is usually
assessed by manual positioning of regions of interest (ROIs). The
disadvantages of this method are that it is an observer-dependent
procedure and that it may not be sensitive for assessing defects
significantly smaller than the ROI. To circumvent these limitations,
we developed a fully automatic three-dimensional technique that
quantifies neuronal radiotracer binding on a voxel-by-voxel basis.
Methods: Tobuilda modelof normal123l-labeled/V-oj-fluoropropyl-
2ÃŸ-carbomethoxy-3ÃŸ-(4-iodophenyl)nortropane (FPCIT) bind
ing, 17 studies of healthy volunteers were registered to the same
orientation. After registration, the specific-to-nonspecific binding
ratio was calculated for each voxel of the striatal volumes of interest
(VOIs). The mean and SD of that binding ratio were then calculated
on a voxel-by-voxel basis. For the analysis of 10 healthy volunteer
studies (control group) and 21 studies of drug-naive patients with
Parkinson's disease, the registration and calculation of the
specific-to-nonspecific [123I]FPCITbinding ratio were performed

by the same method. Subsequently, a voxel of the striata was
classified as a diminished [123I]FPCITbinding ratio if its value was
lower than the mean -2 x SD. For each subject, the defect size,

the relative number of voxels with a diminished binding ratio and
the binding ratio of the whole striatal VOIs were calculated and
compared with the binding ratio as assessed by the traditional ROI
method. Results: The results of the automatic method correlated
significantly with the results of the traditional ROI method. Further
more, for the ipsilateral side, the automaticallycalculated defect size
had less overlap between the patient and the control group than the
traditionally calculated binding ratio. Conclusion: The method
presented quantifies [123I]FPCITbinding ratio automatically on a
voxel-by-voxel basis, by comparison with a model of healthy
volunteers. We have shown that it is appropriate to use the
automatic method as a replacement for the traditional manual
method, which enables us to study the localized dopaminergic
degeneration process in Parkinson's disease more precisely and

without any inter-or intraobservervariability.
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tie main neuropathologic feature in Parkinson's disease

is a severe degeneration of dopaminergic neurons in the
substantia nigra, resulting in a loss of dopamine transporters
in the striatum (7,2). PET and SPECT techniques now
provide unique opportunities for examining these transport
ers in the human brain in vivo. Various radiotracers for
imaging of the dopamine transporter, by means of PET and
SPECT, have been introduced. In particular, several cocaine
analogs, as PET and SPECT radiotracers, have shown to be
successful agents for imaging the dopamine transporter
(3,4). Several imaging studies have shown pronounced
decline of striatal dopamine transporter binding in patients
with Parkinson's disease (3-6). The loss of dopamine
transporter binding in patients with Parkinson's disease is

typically more pronounced in subregions of the striatum.
In general, on SPECT, the binding of radiotracers in brain

areas, known to be representative of specific and nonspecific
binding, is assessed by manual positioning of regions of
interest (ROIs). Quantification of dopamine transporters is
routinely based on a ratio-equilibrium analysis, in which the

ratio of radioactivity measured in the striatum to that in a
brain area, representative of nonspecific binding, is deter
mined (7). Positioning of ROIs can be performed manually,
on one or more slices of the SPECT study. A coregistered
MRI study can be used for more optimal positioning (5).
Even if one uses ROIs of a standard size and shape (8,9), the
positioning remains manual and is therefore an observer-

dependent procedure. Another disadvantage of quantifica
tion using ROIs is that it may not be sensitive for assessing
disturbances in subregions of the striatum that are signifi
cantly smaller than the ROI. To circumvent these limita
tions, we developed a fully three-dimensional automatic,
observer-independent technique that quantifies neuronal
radiotracer binding on a voxel-by-voxel basis (voxel-based

automatic neuronal quantification fVANQ]). From studies
performed in healthy volunteers, a three-dimensional model

was made to assess the physiological variation in dopamine
transporter binding on a voxel-by-voxel basis. VANQ calcu
lated, completely automatically, the specific-to-nonspecific

binding ratio and the defect size of the dopaminergic system
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for the left and right striatum. We tested this new technique
for the analysis of dopamine transporter binding in groups of
healthy volunteers and patients with Parkinson's disease,

using 123I-labeled /V-w-fluoropropyl-2ÃŸ-carbomethoxy-3ÃŸ-

(4-iodophenyl)nortropane (FPCIT) as the radioligand.

MATERIALS AND METHODS

Subjects
Twenty-seven healthy volunteers (12 men, 15 women) and 21

patients (15 men, 6 women) with clinically established Parkinson's
disease, according to the U.K. Parkinson's Disease Society Brain

Bank criteria, were selected. The healthy volunteers and patients
with Parkinson's disease were drug-naive at the time of the study.

The medical ethics committee gave permission for the study. All
participants gave their written informed consent. The stage of
illness of the patients varied from I to III on the Hoehn and Yahr
staging scale (early Parkinson's disease) (70). Data of the ROI

analysis in patients have been published (Â¡1).The healthy volun
teers had no evidence of neurologic or psychiatric disease. There
were no significant age differences between the healthy volunteers
(mean age 57.4 Â±14.7 y) and patients with Parkinson's disease

(mean age 55.5 Â±9.7 y). SPECT data obtained in 17 healthy vol
unteers were used to build a model of normal striatal [123I]FPCIT

binding (model group). SPECT data obtained in 10 other healthy
volunteers were used to create a control group.

SPECT System and Reconstruction
Three hours after the injection of approximately 111 MBq

[I23I]FPCIT, studies were acquired in all subjects with a brain

dedicated SPECT system (the Strichman Medical Equipment
810X; Strichman Medical Equipment, Inc., Medfield, MA) linked
to a Macintosh II Apple computer (Apple Computer, Inc., Cuper
tino, CA). This system scans the volume slice after slice with 12
focal-point detectors. For every slice, each detector performs a
three-dimensional rectilinear translation along its orthogonal direc

tion in nine lines (128 pixels in line), scanning half of the volume
nearest to it (12). The transaxial resolution of the system is 7.6 mm
full width at half maximum (FWHM) of a line source in air, and the
axial resolution is 13.5 mm FWHM (13). Phantom studies,
performed with this SPECT system, have shown that the measured
counts per pixel have a linear relationship with the real concentra
tion of radioactivity (14,15).

Reconstruction of raw data was performed slice after slice with
an iterative algorithm (12). Linear attenuation was performed with
an attenuation coefficient of 0.11 cm"1 within an ellipse drawn

around the head. No scatter correction was applied. Images were
reconstructed into 64 X 64 pixel slices, 3.175 mm per pixel, 5 mm
slice distance.

Traditional Manual Data Analysis Method,
Regions of Interest Method

In the traditional manual analysis method, two axial slices with
the highest striatal activity were selected and a standard template,
with ROIs constructed manually according to a stereotactic atlas
(16), was applied. The template was positioned manually, without
changing the size and shape of the ROIs, and the specific-to-
nonspecific [123I]FPCIT binding ratio was then calculated as:

where STR represents the mean value of activity (counts per
second per pixel) in the striatal ROI and OCC depicts the mean
value of activity in the occipital cortex ROI (nonspecific binding).

Voxel-Based Automatic Neuronal Quantification

Method
The automatic data analysis method VANQ is based on a map of

volumes of interest (VOI-map) and a reference model. The

generation of the reference model from studies of healthy volun
teers (A) is described below in steps Al to A3, and the three-

dimensional quantification (B) is explained in steps Bl to B3.

Creating the Reference Model of Normal
Striatal Binding

Step AI: Registration Process. The VOIs of the left and the right
striatum (VOI0 and VOI^ respectively) and the left and right
occipital cortex (VOI2 and VOIs, respectively) were stored in a
VOI-map. The VOI-map was created according to a standard

stereotactic atlas (16), as described previously (IT). A transforma
tion, TÂ¡,with three rotation parameters and three translation
parameters was allocated for each VOI,, as symbolically indicated
by the arrows in Figure 1. Scaling parameters were not included in
the transformation, on the basis of the assumption that the size of
the VOIs was comparable for each subject (18). Each VOI was
positioned automatically on the image by adjusting the rotation and
translation parameters by simplex method to minimize a mathemati
cal cost function, Q (19). However, the definition of the cost
function for VOI0 and VOI, (striatal volumes) differed from that for
VOI2 and VOI3 (occipital volumes). To position VOI0 and VOI,
optimally in an area of striatal radioactivity, the cost function for
VOI0 and VOI| was defined in a way that minimization of the
function results in a maximization of the total counts in these VOIs.
Therefore, the cost function, for these VOIs was defined to be the
negative value of the summed counts in the VOIÂ¡after the
transformation TÂ¡:

Q-0.1 = - totalcountSj = - Eq.2

where TVOI,is a coordinate of a voxel within VOIÂ¡as specified by the
VOI-map, Tjryoi, is the coordinate after the transformation TÂ¡and

SiT^voi,) represents the value of the study S at coordinate TÂ¡ryoiin
counts per second. The adjustment of TÂ¡for positioning of VOI0
and VOI, was restricted by the requirement that VOI0 must be
positioned on the image left of VOI,.

To position VOI2 and VOI3 optimally in a brain area known to be
representative of nonspecific [I23I]FPCIT activity (occipital cor

tex), the cost function for VOI2 and VOI3 was defined in a way that
the homogeneity of counts within the VOI was maximized. The
cost function for these VOIs therefore equals the variance (SD2) of

the counts within the VOI divided by the total counts in the VOI:

totalcountS: totalcounts.
Eq.3

RM =
STR - OCC

OCC ' Eq. 1

where nÂ¡represents the number of voxels within VOIÂ¡.The
adjustment of TÂ¡for positioning of VOI2 and VOI3 was restricted by
the requirement that they must be positioned on the image inferior
to VOI0 and VOI,, and that VOI2 must be positioned left of VOI3.

Step A2: Calculation of Specific-to-Nonspecific Binding Ratio.

After optimization of the transformation parameters, the average
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FIGURE 1. Registrationprocessof VOI-map and study,three-
dimensional process is symbolically presented in two dimen
sions, each arrow is coupled with VOI and represents transforma
tion with rotation parameters and translation parameters.

nonspecific [I23I]FPCIT binding was calculated using the informa

tion within the occipital VOIs:

FIGURE 3. Patient study 14 withvolumes representinglossof
striatal [123I]FPCITbinding shown in green.

registration was not possible because not all slices with striatal
activity had been acquired. Because all 16 studies were aligned
in the orientation of the VOI-map, we could calculate the mean
and SD of the [I21I]FPCIT binding ratio for each striatal voxel:

totalcountSi + totalcounts,
Eq.4

where n2 and n3 are the total number of voxels of the left and right
occipital cortex and totalcounts is the total number of counts in
these VOIs. For each voxel in the striatal volumes (VOIj = (u), the
ratio of the specific-to-nonspecific binding was calculated and
remapped onto the VOI-map:

SfTifvo. ) -

AVEâ€ž,lonspecific

Eq.5

The resulting study Sralil>represents the striatal binding ratio
within the coordinates of the VOI-map.

Step A3: Calculation of the Mean and the SD Model. The
registration and calculation steps were successfully performed on 16
of the 17 healthy volunteer studies. In one study, three-dimensional

NvItllllO

mean(rvoli_o|) =
c

SD(rvo, â€ž,)=

1- -MudiCN j /Nstudics

V Ã‡2 /- s _ _ V e
Jâ€”i ^ralio vrvoi/ M Â¿J ^ratio. ^'VOU
s=l ^sluuies \ s=l

Eq. 6

Eq.7

N.,

where TVOI,, 0, is a coordinate of a striatal VOI and Nsludiesis the
number of included normal studies (16). Our completed model
consists of a three-dimensional mean and SD representation of the
['"IIFPCIT binding ratio (Fig. 2).

FIGURE 2. Transverseslicesof [123I]FPCIT

binding ratio model. Mean (A) and SD (B)
are presented.
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Three-Dimensional Quantification of [123I]FPCIT Binding

Using the Model
After the creation of the three-dimensional model of normal

striata! [I23I]FPCIT binding ratios, we were able to quantify
[I23I]FPCIT studies of healthy volunteers and patients on a detailed

voxel-by-voxel basis. The registration of each study with the
VOI-map and the calculation of specific-to-nonspecific binding
ratio on a voxel-by-voxel basis were performed in steps B 1 and B2.

which were identical to steps Al and A2. This resulted in a binding
ratio study Srali<,,aligned to the VOI-map. that could be compared

directly with the mean and SD model.
Step B3: Calculation of Defects. Because the study Sra!ioand the

model were matched, we were able to perform quantification on a
voxel-by-voxel basis. A voxel of the striata was specified to have a
diminished ['"IJFPCIT binding ratio if:

) < mean (rVOi,)- 2 X SD (rvoli). Eq. 8

For the purpose of visualization of defects, volumes that
represented diminished striatal [I2'I]FPCIT binding were now
reoriented over the inverse transformation TÂ¡' to the original study

(S) orientation (Fig. 3). The relative defect size (DS) was calculated
separately for left and right striatum:

n_defectvol(%) = ' X 100%,

nvoi,
Eq. 9

where n_defectvoi is the number of voxels, which complies with
equation 8, and nVoi is the total number of voxels of the specified
VOI.

In addition to the defect size, the average binding ratio for the
left and the right striatum was calculated:

I^ni AVEnonspccifk

AVE,nonspecific

Eq. 10

where RAvoiÂ¡represents the average counts per voxel within the

striatal VOI,. All studies were analyzed with the automatic algo
rithm, using the same parameters. No user intervention was
required.

Statistical Analysis
Student t tests for independent samples were used to test

differences between the control group and the patient group on
statistical significance. Linear regression was used to examine the
relationship between measures from the traditional ROÃ•and the
currently developed three-dimensional automatic technique. All
tests were two-tailed with the accepted level of significance at P <

0.01.

RESULTS

Table 1 shows the values obtained by the traditional
manual method, the binding ratio RM, and by the automatic
method, the binding ratio RA, and the DS, for each patient,

TABLE 1
(Striatal-OccipitaiyOccipital Binding Ratio as Calculated by Manual Method and Binding Ratio and Defect Size

as Calculated by Automatic Algorithm, Per Subject, of Ipsilateral and Contralateral Striatum

Model group
Contralateral/ipsilateral

Control group
Contralateral/ipsilateral

Patient group
Contralateral/ipsilateral

123456789101112131415161718192021RM1.55/1.452.29/2.292.37/2.322.39/2.391.53/1.401

.85/1.945.00/4.202.19/2.142.43/2.713.55/3.162.21/2.112.09/2.092.86/2.792.47/2.282.81/2.862.18/2.14RA1

.54/1.522.18/2.142.06/2.112.56/2.411.69/1.712.12/2.074.54/4.482.11/2.092.40/2.633.75/3.452.30/2.202.38/2.373.14/3.162.82/2.642.68/2.762.20/2.11DS

(%)3.9/3.60.0/0.00.0/0.00.0/0.01.6/2.30.0/0.00.0/0.00.0/0.00.0/0.00.0/0.00.7/0.30.0/0.01

.6/0.00.0/0.30.0/0.00.7/0.3RM2.46/2.393.15/3.032.07/1

.932.36/2.272.56/2.612.21/2.212.13/2.251.91/1.912.37/2.37RA2.67/2.632.47/2.592.32/2.262.47/2.412.76/2.862.65/2.612.39/2.422.15/2.032.38/2.51DS

(%)0.3/0.00.0/0.31

.0/0.00.0/0.00.0/0.00.3/0.70.3/0.31

.0/2.90.0/0.0RM1

.88/2.510.68/0.870.85/0.851

.33/1.941.78/2.151.11/1.330.75/1.100.96/1.111.42/1.561.41/1.941.13/1.550.77/0.950.84/1

.281.71/2.070.89/1

.000.92/1

.291
.48/1.960.90/1

.330.86/1

.240.96/1
.001

.22/1 .53RA1.99/2.540.79/1

.020.82/1.001

.39/1.882.05/2.451.18/1.420.94/1.280.92/1.211.62/1.741.60/2.011.11/1.540.69/0.941

.05/1.481.73/2.181

.06/1.061.13/1.471

.80/2.300.92/1

.510.98/1
.541.17/1.271.27/1.76DS

(%)3.0/0.057.6/38.650.0/38.332.5/8.623.1/1.638.6/22.441.4/27.647.7/28.619.7/14.919.5/5.339.6/7.662.3/45.744.5/16.819.1/9.437.7/31.933.8/11.517.2/7.237.2/14.339.8/17.930.6/31

.537.2/11.7

For patients with Parkinson's disease, contralateral was defined as the side opposite that of initial presentation of motor signs; for healthy

volunteers, contralateral was arbitrarily assigned to the left striatum.
RM = manual method; RA = automatic algorithm; DS = defect size.
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for the contralateral and ipsilateral striatum. For patients
with Parkinson's disease, contralateral was defined as the

side opposite that of initial presentation of motor signs. For
healthy volunteers, contralateral was arbitrarily assigned to
the left striatum. The automatic algorithm failed on one
study of the control group, due to an insufficient number of
acquired slices (n = 9).

All three parameters (RM, RA and DS) showed a signifi

cant (P ^ 0.001) loss of striatal binding in the patient group
compared with the control group, on both the contralateral
and ipsilateral sides. A significant and positive correlation
was found between the ratios RM and RA, for patients (n =

21, ipsilateral r = 0.974, P < 0.001 ; contralateral r = 0.964,
P < 0.001), as well as healthy volunteers (model plus
control group, n = 25, ipsilateral r = 0.936, P < 0.001;
contralateral r = 0.928, P < 0.001). For the patient group, a
significant and negative correlation was found between RM
and DSs (n = 21, ipsilateral r = -0.887, P < 0.001;
contralateral r = -0.871, P < 0.001). As anticipated, the

DSs, measured in the healthy volunteers, were equal or close
to zero. Therefore, for the control and the model group, the
correlation between RM and DS was low; however, on the

side defined as ipsilateral, this correlation was proven to be
significant (model plus control group, n = 25, ipsilateral r =
-0.529, P = 0.007; contralateral r = -0.389, P = 0.055).

Figure 4 shows the values of DS plotted against RMfor the

contralateral striatal side for both control and patient groups.
For RM, the data of 3 patients nearly overlap the data of the

control group. For the automatically calculated DS, the
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FIGURE 4. DS plotted against RM for contralateral side, for
both control and patient groups.

FIGURE 5. DS plottedagainst RMfor ipsilateralside, for both

control and patient groups.

data of only 1 patient nearly overlaps the data of the control
group. However, for both RM and DS, there was quantita

tively no overlap between data obtained in the patient and
control group on the contralateral side; a 100% discrimina
tion between patient and control data could be made with
each parameter, RMand DS, considered separately. Figure 5
shows the values of DS plotted against RMfor the ipsilateral

striatal side, for both control and patient groups. The data in
this figure show an overlap between data obtained in the
patient and control groups, for both the parameters RM and
DS. However, the overlap of data is less for DS than for RM.
Data of 6 individual patients, obtained with the RM param

eter, and data of 2 individual patients, obtained with the DS
parameter, fell within the control range.

DISCUSSION

In general, quantitative measurement of dopamine trans
porters in SPECT is based on a ratio analysis of the
concentration of radioactivity in the striatum to that in a
nonspecific brain region (20,27). Serious drawbacks of this
method are that the method is observer dependent and that
the quantification is not on a pixel-by-pixel or a voxel-by-

voxel basis. In an effort to circumvent these limitations,
several methods have been evaluated. Fristen et al. (22) used
the statistical parametric mapping (SPM) method to com
pare PET studies that are imaged under different conditions
on a voxel-by-voxel basis. This implementation of SPM

examines whether local variations of a parameter under
different study conditions are significant, correcting for
global changes of the parameter. SPM has also been used for
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the detection of regional changes between groups (23,24).
Weeks et al. (24) showed that SPM analysis is a more
sensitive technique for group-to-group comparison of PET

studies than the ROI analysis technique. Several other
groups focused on studying differences between groups on a
pixel-by-pixel basis (25-28). These methods calculate the
mean and the SD of each group on a pixel-by-pixel basis

after registration and normalization of the studies. For
example, Kuwabara et al. (28) used the pixel-occipital ratio

to study differences in FDOPA binding between groups of
patients with Parkinson's disease and healthy volunteers.

These methods are of scientific interest because they show
regional changes between groups. However, for diagnostic
studies, data from 1 individual patient have to be compared
with data obtained in healthy controls. Consequently,
Minoshima et al. (29) demonstrated the use of z-score

parameter maps to compare data of an individual patient
study with a model of normal volunteers. In this study, each
pixel value was automatically normalized to the thalamic
activity, and registration of the patient study with the model
was performed using linear scaling and nonlinear warping
techniques (30). For the automatic quantitative analysis of
myocardial perfusion SPECT scans, a comparable technique
was developed by Slomka et al. (31,32). This system
quantifies an individual patient study on a voxel-by-voxel

basis after normalization and registration to a model of
normal studies. This approach has shown to be accurate for
the interpretation of myocardial SPECT studies and is
promising in the automatic quantification of brain blood
flow studies but does not provide comparison of a binding
parameter as needed for the quantification of brain receptor
studies.

Because [mI]FPCIT studies show a high specific binding

in striata! areas and, consequently, show a large functional
difference between pathologic and normal studies, the linear
scaling and nonlinear warping techniques are not optimal for
the registration of [123I]FPCIT studies. We therefore devel

oped VANQ and implemented a three-dimensional registra

tion technique that registers each VOI separately. The only
limitation of using VANQ compared with the traditional ROI
method is that the complete striatal volume has to be
acquired. Two of the included studies could not be analyzed
automatically for this reason. Because striatal VOIs were
positioned in volumes with maximum counts and occipital
VOIs in volumes with maximum homogeneity, the result of
the registration was in accordance with anatomic and
functional knowledge. In this study, we showed that the
VANQ technique was able to detect defects of the nigrostria-
tal system in drug-naive patients with Parkinson's disease.

Interestingly, in the patient group, the defect size correlated
significantly with the loss of striatal dopamine transporters
detected by the traditional ROI method. Because VANQ
does not require any user intervention, it does not introduce
any interobserver or intraobserver variability.

In this study, we showed bilateral loss of striatal dopamine
transporters in patients with early Parkinson's disease using

[I23I]FPCIT SPECT. Although it was observed that, on the

contralateral side, 3 patients nearly overlapped with control
data using the RM parameter, both parameters RM and DS

discriminated 100% between patient and control data on the
contralateral side. However, on the ipsilateral side, the
striatal side where Parkinson's disease manifests itself the

latest, an overlap between patient and control data was
measured for both parameters. Interestingly, the DS of the
ipsilateral striatum had less overlap between patients and
controls than the binding ratios calculated by the traditional
ROI technique. Although this difference cannot be proven to
be statistically significant, it supports the hypothesis that a
voxel-by-voxel-based technique is more sensitive for the
early diagnosis of Parkinson's disease than the ROI analysis

technique. A further benefit of using VANQ is that it
visualizes exactly which part of the striatum is classified as
having a diminished [123I]FPCIT binding, which enables us

to study the localized degeneration nigrostriatal dopaminer-

gic process in more detail.

CONCLUSION

Currently, the main output parameters of VANQ are the
DSs in left and right striata. However, we wish to investigate
the possibilities of subdividing the VOI of the striatum
accurately into anatomic subvolumes, such as anterior and
posterior putamen and caudate nucleus, to get a more
accurate anatomic localization of the quantified defects.
During registration, our method assumes that the size of the
VOIs is equal for all patients and healthy subjects. This
assumption is supported by B0tcher (18); however, the effect
of this assumption on this quantification method needs
further study. Our model of normal striatal [123I]FPCIT

binding ratio has not considered gender and age dependency.
For example, Tissingh et al. (77) recently showed that striatal
binding is age dependent. To address this important issue,
we must build separate models for male and female patients,
which are corrected for dopaminergic degeneration by
normal aging, to quantify pathologic degeneration of the
dopaminergic system more accurately. Furthermore, future
work will focus on using our method for the automatic
quantification of other types of brain receptor and trans
porter studies.
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