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Abstract

Purpose This study evaluated the absolute quantification of
iodine-124 (***I) activity concentration with respect to the
use of this isotope for dosimetry before therapies with '*'I
or "*'Ilabeled radiotherapeuticals. The recovery coeffi-
cients of positron emission tomography(/computed tomog-
raphy) PET(/CT) systems using '**I were determined using
phantoms and then validated under typical conditions
observed in differentiated thyroid cancer (DTC) patients.
Methods Transversal spatial resolution and recovery mea-
surements with '**I and with fluorine-18 (‘F) as the
reference were performed using isotope-containing line
sources embedded in water and six isotope-containing
spheres 9.7 to 37.0 mm in diameter placed in water-
containing body and cylinder phantoms. The cylinder
phantom spheres were filled with '®F only. Measurements
in two-dimensional (2D) and three-dimensional (3D) modes
were performed using both stand-alone PET (EXACT HR")
and combined PET/CT (BIOGRAPH EMOTION DUO)
systems. Recovery comparison measurements were addi-
tionally performed on a GE ADVANCE PET system using
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the cylinder phantom. The recovery coefficients were
directly determined using the activity concentration of
circular regions of interest divided by the prepared activity
concentration determined by the dose calibrator. The
recovery correction method was validated using three
consecutive scans of the body phantom under our '**I
PET(/CT) protocol for DTC patients.

Results Compared with that of '®F, transversal spatial
resolution of '**I was slightly, but statistically significantly
degraded (7.4 mm vs. 8.3 mm, P<0.002). Using the body
phantom, recovery was lower for '2*I than for '®F in both
2D and 3D modes. The '** recovery coefficient of the
largest sphere was significantly higher in 2D than in 3D
mode (81% vs. 75%, P=0.03). Remarkably, the '°F
recovery coefficient for the largest sphere significantly
deviated from unity (range of 87%—-93%, P<0.004) for all
scanners but the GE ADVANCE. The maximum range of
inaccuracy of the measured '**I activity concentration
under in vivo conditions after applying partial volume
correction was +10% for spheres >12.6 mm in diameter.
Conclusions Recovery correction is mandatory for '2*I
PET quantification, even for large structures. To ensure
accurate dosimetry, thorough absolute recovery measure-
ments must be individually established for the particular
PET scanner and radionuclide to be used.

Keywords Partial volume effect - PET - Dosimetry -
lodine-124 - Thyroid cancer

Introduction

Todine-124 positron emission tomography ('**I PET) lately

has emerged as an attractive modality for lesion dosimetry
prior to (**'I) radioiodine therapy of differentiated thyroid
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cancer (DTC) [1-6]. For accurate dosimetry, the absolute
activity concentration in the lesion must be measured
reliably. Correction must be made for the partial recovery
effect, namely, every PET scanner’s systematic underesti-
mation of activity in lesions smaller than two to three times
the scanner resolution [7-9]. To accomplish such correc-
tion, one must determine both in two-dimensional (2D) and
three-dimensional (3D) modes the absolute recovery coef-
ficient of '**I. This value is calculated by dividing the
activity concentration of (test) objects of various sizes as
determined by the scanner by the activity concentration of
the same objects measured by, for instance, a well counter.

To optimize the accuracy of PET with '**I, the complex
decay scheme of this radionuclide also must be taken into
account. This decay scheme includes a cascade gamma
radiation coincidence, which, for instance, increases spu-
rious activity and decreases image contrast of '**I PET
relative to PET using the pure positron emitter, fluorine-18
(*®F) [10, 11]. Only a limited number of phantom studies
[11-14] on different PET scanners were performed to
establish '**I quantitative imaging. To our knowledge, none
of these studies has reported absolute rather than relative
recovery coefficients and none has used '°F as a gold
standard for accuracy.

We therefore performed the present prospective study to
determine the absolute recovery coefficients of the Univer-
sity of Duisburg-Essen Nuclear Medicine Clinic’s stand-
alone PET and combined PET/computed tomography (CT)
systems using '**I. To delineate the effect of cascade
gamma rays, we also scanned our phantoms using '°F as a
reference. Moreover, we validated the resultant recovery

correction coefficient under typical conditions observed in
DTC patients by performing three consecutive scans under
our clinical whole-body protocol. The prospective study
unexpectedly observed a significant underestimation of
absolute '®F activity in objects far larger than the threshold
size for the partial recovery effect. To assess whether this
error was institution- or system-specific, we performed an
additional exploratory study with the same model of
scanner in another institution as well as a scanner from
another manufacturer. In the present publication, we report
the results of both the prospective and exploratory studies.

Materials and methods

Figure 1 illustrates the design of our prospective and
exploratory studies. Methodological details are given below.

Radionuclides

'"8F was obtained from a Cyclone 18/9 (IBA, Louvain-la-
Neuve, Belgium) according to standard methodology. '**I
was produced in the CV 28 cyclotron (Cyclotron Corpora-
tion, Berkeley, CA, USA) and purified under methods
described in detail elsewhere [15, 16].

Calibrated activity measurement—dose calibrator
and well counter

Using the dose calibrator, high activities of '**I or 'F were
measured using a CRC®-15R dose calibrator (Capintec Inc.,

Fig. 1 Tllustration of the study EXACT HR+ (E) BIOGRAPH (E) EXACT HR+ (BO) GE ADVANCE (T)
design. The PET systems 2D / 3D mode 3D mode 2D / 3D mode 2D / 3D mode
examined were located at the T T T T
universities in Essen (E), Bad * ® * -
Oeynhausen (BO), and —® Prospective study Explanatory study *—
Tiibingen (T), Germany. The
study comprised prospective and
explanatory parts using phan- Purpose Objects Torso Background Nuclide
toms with different objects filled
with '2*I or '®F as reference
*> Cross calibration ~ |— Cylinder filled homogeneously — F-18 <o
p—> Spatial resolution —— Line sources Cylinder — Cold —— F-18/1-124
e—> Recovery coefficients |— Spheres Cylinder |—] Cold | F-18 <—o
> Recovery coefficients |— Spheres Body —1 Cold | —{F-18/1-124
®—> Validation measurement — Spheres Body — Warm [— [-124
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Ramsey, NJ, USA). The samples were placed in a P6 vial
(Amersham International, Buckinghamshire, UK) containing
1 ml of radioactive solution. For '**I, the dose calibrator was
calibrated by cross-validation of a sample activity with the
measurements of the Physikalisch-Technische Bundesanstalt
(PTB), the institution in Germany responsible for national
radiation measurement standards. Additionally, both the '**I
and '8F activities were checked via gamma spectroscopy
(Genie 2000 software, Canberra, Australia).

The well counter (1480 Wallac Wizard; Perkin-Elmer,
Wellesley, MA, USA) was calibrated based on the activity
measurements displayed by the CRC®-15R dose calibrator.
The well counter’s linearity (count rate vs. activity) was
checked for the activity ranges to be used in the phantom
measurements. Under conditions identical with those of the
calibration measurements, the well counter was used to
measure small activities, such as aliquots obtained from the
spheres placed inside the phantoms or from phantom
cavities. These samples were placed in a 2-ml vial containing
1 ml of radioactive solution.

PET tomographs

For the prospective study (Fig. 1), PET imaging was
performed using two (ECAT) EXACT HR" PET scanners
at the University of Duisburg-Essen Nuclear Medicine
Clinic: one a stand-alone system (CTI/Siemens, Erlangen,
Germany), which images in both 2D and 3D modes [17],
and the other the PET component of a combined PET/CT
scanner, the BIOGRAPH EMOTION DUO (Siemens
Medical Solutions, Hoffman Estates, IL, USA), which
lacks septa and therefore images in 3D only [18].

The exploratory study (Fig. 1) used a second stand-alone
EXACT HR"' with both 2D and 3D imaging capabilities
from the Institute of Radiology, Nuclear Medicine and
Molecular Imaging of the Heart and Diabetes Center of
Nordrhein-Westphalia, Bad Oeynhausen, Germany. Addi-
tionally, the exploratory study employed a stand-alone
PET scanner of another model and manufacturer (GE
ADVANCE; General Electric Medical Systems, Milwaukee,
WI, USA) from the University of Tiibingen Nuclear
Medicine Clinic, which images in both 2D and 3D modes
[19, 20].

The EXACT HR" PET system consisted of 32 rings (63
image planes with a plane separation of 2.43 mm). The
energy window ranged from 350 to 650 keV (2D and 3D
mode). The GE ADVANE PET system consisted of 18
rings (35 image planes with a plane separation of 4.25 mm).
The energy window ranged from 300 to 650 keV in 2D and
375 to 650 keV in 3D mode. The axial field-of-view (FOV)
was 15.2 cm for both the EXACT HR" and GE ADVANCE
systems.

CT tomograph and scanning parameters

The CT component of the BIOGRAPH combined PET/CT
scanner was a dual-slice spiral CT scanner. All CT scans
were performed using a 130 kVp tube voltage, 130 mAs, a
3 mm per rotation table speed, and a 3-mm slice width, except
that an 8 mm per rotation table speed and a 5-mm slice width
were used in the scans performed to validate our recovery
correction methods under typical clinical conditions.

PET tomograph calibration

Because of the unexpected result in the prospective study,
the PET calibration will be described thoroughly. Before
any phantom measurements were performed, the PET
scanners underwent a complete normalization including
gantry setup to equalize the detector photomultiplier tube
gains and energy thresholds, adjustment for relative
efficiency variations, and calibration to enable quantitative
measurements. The branching ratios for the PET tracers
used were 0.97 (**F) and 0.23 ("**) [21]. Cross-calibrations
between each PET system and the dose calibrator or well
counter were performed using 'SF. PET systems were
calibrated in 2D or 3D mode using a standard cylindrical
reference phantom (20 cm axial length, 20-cm outside
diameter, 6.265 1 inside volume measured by fluid
displacement). This phantom was filled with '®F activities
according to the manufacturer’s recommendations. The
activity concentration was determined using the dose
calibrator and aliquots of the phantom contents in the well
counter. The phantom was placed on the dedicated holder
provided by the manufacturer and located centrally within
the FOV.

A “cold” transmission scan (acquisition time 120 min)
was acquired on the stand-alone PET systems for attenua-
tion correction using cold water (no radioactivity) in the
phantom during transmission measurements. The attenua-
tion correction of the BIOGRAPH PET system was based
on the CT images; therefore, the measurements started with
a spiral CT scan of the cylinder when this phantom already
was filled with the '®F activity. The emission scans were
acquired for 120 min in 2D mode and 60 min in 3D mode.
The emission and transmission images were reconstructed
with standard filtered backprojection (FBP) with a 5-mm
Gaussian filter. The measured attenuation map after
segmentation was used for attenuation correction. The
analysis was based on circular regions of interest (ROIs)
drawn centrally over the transversal plane with a 17-cm
diameter. Only a distance of about +6.5 cm in the axial
direction from the middle of the phantom was considered in
the determination of the average activity concentration. The
PET calibration factors were adjusted appropriately.
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There were two items worth mentioning. First, se-
lecting a circular ROI that equalled the actual diameter
of the cylinder phantom (20 cm) resulted in 5% increase
of the calibration factor, which was caused by edge
effects (intensity drop at the edges). Second, it would
seem suitable to perform cross-calibration using the non-
pure positron emitter '**I instead of the pure positron
emitter '°F. The resulting calibration factors would be
specific for the radionuclide used. Use of '**I for cross-
calibration probably gives rise to a significant amount of
spurious activity introduced by cascade gamma rays that
is not removed in the standard software packages of
PET systems suppliers, leading to a seemingly increased
PET activity in the cylinder phantom, particularly in 3D
mode. In the present study, measurements on the PET
systems calibrated with '®F corroborated this suggestion.
Filling the cylinder phantom with known prepared activity
concentration of '?*I resulted in an overestimation of the
measured "% activity concentration of 8% in 3D mode;
however, the measured activity was accurate in 2D
mode (1%).

Phantoms and their preparation

Resolution phantom For the phantom for measuring the
transversal spatial resolution, transversal (in-plane) spatial
resolution (x, y) in water was measured in two directions
(radially and tangentially) using a line source orthogonal to
the transverse plane that was embedded in the cylinder
phantom (20-cm axial length, 20-cm outside diameter)
filled with cold water. The line source, consisting of
polyethylene tubing (0.8-mm inner diameter, 1.6-mm outer
diameter), was looped back through the phantom to provide
distances of 1 cm and 7 cm from the central axis of the
FOV. The transversal spatial resolution was measured at
four positions each at the center (z=0) and one-fourth of the
axial FOV (z=x1/4 FOV), i.e., (x=1 cm, y=0), (x=7 cm,
y=0), (x=0, y=1 cm) and (x=0, y=7 cm). The line source
was filled with either '**I or '*F. These measurements were
performed on the Essen EXACT HR' and BIOGRAPH
PET systems only.

Recovery phantoms The National Electrical Manufacturers
Association (NEMA )/International Electrotechnical Com-
mission (IEC) 2001 body phantom (elliptically shaped torso
phantom) without a lung insert [22, 23] and a cylinder
phantom (20 cm in axial length, 20-cm outside diameter)
were used as recovery phantoms. For the recovery measure-
ments, both these phantoms contained six refillable spheres
of different sizes. The inner diameters (volumes) of the
spheres were: 9.7 mm (0.47 ml), 12.6 mm (1.05 ml),
17.1 mm (2.60 ml), 22.2 mm (5.75 ml), 28.0 mm
(11.44 ml), and 37.0 mm (26.53 ml).
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The spheres in the body phantom were filled from a stock
solution of '**I or '®F to measure the “hot” spot recovery
coefficients (radioactivity-containing spheres in a cold
background) for the Essen EXACT HR" and BIOGRAPH
PET systems. In the present paper, the activity concentration
measured using the dose calibrator is referred to as the
“prepared” activity concentration, whereas the activity
concentration obtained from the PET image is termed the
“measured” activity concentration. The prepared '°F sphere
activity concentration was about 80 kBg/ml in 2D and
40 kBg/ml in 3D mode; the prepared '**I sphere activity
concentration was about 60 kBg/ml in both modes. The
phantom cavities were filled with water only.

The spheres in the cylinder phantom were filled with '*F
only to measure the hot spot recovery coefficients for not
only the Essen EXACT HR" and BIOGRAPH scanners
(prospective study), but for another EXACT HR" located at
a different institution in Bad Oeynhausen (BO) and for a
PET system from another manufacturer, namely the GE
ADVANCE (exploratory study) located in Tiibingen (T).
The prepared 'F sphere activity concentration was about
80 kBg/ml in 2D mode and 40 kBg/ml in 3D mode.

Validation phantom To validate the recovery correction
method that was derived in the prospective study, the body
phantom was used with '**I-containing spheres only to
mimic in vivo conditions seen in DTC patients. Validation
was performed with the Essen EXACT HR" and BIOG-
RAPH PET systems only. Based on our standard adminis-
tered "I activity of about 30 MBq [6] to patients and the
70 kg weight of a standard adult human, the torso activity
concentration ought to be about 0.43 kBg/ml, assuming
homogeneous activity distribution and a tissue density of
1 g/ml. For the spheres a concentration of about 50 kBg/ml
[6] was used that falls within the concentration range of
2*_accumulating lesions at 24 h. This concentration
coincided with the NEMA protocol for 'F. In the phantom
measurement, the prepared activity concentrations were
43.12 kBg/ml for the sphere and 0.44 kBq/ml for the torso.
The resulting prepared source-to-background ratio was
therefore 98 as directly checked with the well counter
using aliquots obtained from spheres and the phantom
cavity, i.e., nearly pure hot spot imaging.

PET(/CT) acquisition protocol

For the acquisition for transversal spatial resolution
determination, the phantoms were placed centrally within
the FOV. For the Essen EXACT HR" stand-alone PET, a
cold 60-min transmission scan was acquired before the
line source were filled with radioactivity. BIOGRAPH
measurements started with a spiral CT scan with the
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activity already filled in the line source. The emission scans
lasted 2 h each in 2D and 3D mode.

For the acquisition for recovery coefficient determina-
tion, the acquisitions were performed with high statistical
precision. The acquisition parameters for the body and
cylinder phantoms were identical. For the three stand-alone
PETs (Essen and Bad Oeynhausen EXACT HR" scanners,
GE ADVANCE scanner), a cold 180-min transmission
scan was acquired before the spheres were filled with
radioactivity. The total **Ge/°®*Ga rod source activity was
240 MBq (EXACT HR") or 550 MBq (GE ADVANCE) at
the time of measurement. Two emission scans each were
acquired successively in 2D and 3D modes. The '°F
emission scans lasted 2 h in 2D and 1 h in 3D mode. The
124 emission scans lasted 3 h in both modes. BIOGRAPH
measurements started with a spiral CT scan with the activity
already filled into the spheres. For the EXACT HR"
component of the BIOGRAPH, '®F emission scans lasted
2 h and "**I emission scans lasted 3 h. In addition, the PET
calibration factors on the scanners were checked with
subsequent measurements using a standard reference
cylinder provided by the manufacturer that was homoge-
neously filled with '*F.

The phantom acquisition for validation of the recovery
correction method was identical with our typical whole-
body PET(/CT) patient measurement. On the Essen
EXACT HR" PET system, the durations of the emission
(transmission) scans were 480 s (240 s) in 2D mode and
281 s (138 s) in 3D mode. BIOGRAPH measurements
started with a whole-body spiral CT scan. After completion
of this scan, the bed was advanced automatically to the
PET and one-bed emission began. The emission scan lasted
300 s. Three consecutive scans were performed.

Image reconstruction

The phantom images were reconstructed using the typical
patient’s iterative image reconstruction algorithm. The
image reconstruction was performed after Fourier rebinning
with attenuation-weighted ordered-subset expectation max-
imization (AW-OSEM) using two iterations, eight subsets,
and a 5-mm Gaussian filter. The data were corrected for
attenuation by measured ®*Ge/°®*Ga transmission including
image segmentation in PET, while PET/CT used the CT-
based attenuation correction approach. Standard scatter
correction in 2D and 3D modes was implemented in the
PET(/CT) system. The resulting PET images of the body
and cylinder phantoms had 128128 voxels, and those of
the transversal spatial resolution phantom had 512x512
voxels. The voxel size of the images of the body and
cylinder phantom was 1.72x1.72x2.43 mm’ (EXACT HR"
and BIOGRAPH) or 2.34x2.34x4.25 mm’ (GE ADVANCE).
The voxel size of the images of the transversal spatial

resolution phantom was 0.43x0.43x2.43 mm® for the Essen
EXACT HR" and BIOGRAPH PET systems.

The above OSEM 2x8 reconstruction with image
segmentation was used as the default. To evaluate the
specific degree to which differences in the recovery
coefficients and transversal spatial resolution were related
to image reconstruction, additional analysis was performed.
Images were reconstructed using OSEM reconstructions
with various numbers of iterations and subsets (OSEM
1x32 and OSEM 4x16) and standard FBP. The images
were smoothed with a 5-mm Gaussian filter. For recovery
curves, this additional analysis was performed for the
BIOGRAPH PET system only. For the transversal spatial
resolution, the analysis was performed on both the Essen
EXACT HR" and BIOGRAPH PET systems.

Images were reconstructed with the software packages
ECAT 7.2.1 (Essen and Bad Oeynhausen EXACT HR"),
Syngo Somaris/5, VA40C (BIOGRAPH), and ADVANCE
release 6.0 (GE ADVANCE).

Data analysis

Transversal spatial resolution The image spatial resolution
was expressed as full width at half maximum (FWHM). The
width of the reconstructed line spread function in the
tangential and radial directions was measured for each line
source position. These line profiles were fitted with a
Gaussian function. The average value (n=12) in the
tangential and radial directions obtained at transversal
(1 cm and 7 cm) and axial positions (center and +1/4
FOV) are given. Images and data were analyzed with
PMOD 2.5 software (PMOD Technologies Ltd., Zurich,
Switzerland) and PeakFit 4.0 (Jandel Scientific, San Rafael,
CA, USA).

Activity concentration The activity concentration was mea-
sured using circular ROIs with an 8-mm diameter (FWHM-
sized ROIs) as suggested by others [9, 23]. These ROIs
were positioned at the apparent center of the sphere, and
the mean of the voxels in the FWHM-sized ROI was
calculated. The transversal planes were used for analysis.
For spheres with an inner diameter >17.1 mm, the average
ROI value was calculated from adjacent planes (+1). The
concentrations of spheres with an inner diameter
<17.1 mm were obtained using a line profile (the mean
of the FWHM-sized ROIs vs. axial distance) around the
maximum. The line profile was fitted with a Gaussian
function and the Gaussian amplitude was taken as the
activity concentration. Images were analyzed with PMOD
2.5 software.

Recovery coefficient and error analysis The absolute mea-
sured recovery coefficients were directly calculated using
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the measured activity concentration of the FWHM-sized
ROI of 8 mm (see above) divided by the prepared activity
concentration as determined by the well counter. The
resulting recovery curves were parameterized using a thre?-
parameter sigmoid function: RC(d) = a{l + (’y/d)a} .
The symbol RC indicates the size-dependent recovery
coefficient, d is the diameter of the sphere, and «, 3, v
are fitting parameters.

Different sources of error occurred in the determination
of the recovery coefficients. First, the estimated relative
standard deviation (RSD), RSDgro;, of the mean value in
the FWHM-sized ROI (each containing n=15 voxels)
including ROI placement was larger for the smallest
spheres than for the largest sphere (=7% vs. =~1%). Second,
the uncertainty of cross calibration was another source of
error. PET calibration factors were checked after each
recovery measurement. The error of the cross-calibration
was estimated by nine calibration measurements. The mean
relative deviation between the measured and prepared
activity concentrations in the cylinder was 0.8% and the
corresponding RSDcyoss Was £2.2%. Third, the last error was
associated with the activity concentration measurement of
the aliquots of the phantom spheres in the well counter. The
mean relative deviation between the dose calibrator and well
counter estimated by repeated measurements (n=9) was 0.9%
and the corresponding RSDcqunier Was +1.0%. The total error
estimate, ARC, according to Gaussian error propagation
law was ARC = RC - \/RSD%,; + RSDZ, . + RSD% -
In the figures, the uncertainties are displayed as vertical error
bars around each data point.

Recovery correction method For a large source-to-background
ratio, i.e.,, nearly pure hot spot imaging, the corrected
activity concentration, C.,, can be estimated with C., =
Cinsd /RC [24]. The measured activity concentration, Cpeq ,
was obtained using circular ROIs with a diameter of
8 mm (FWHM-sized ROI). The procedure was identical
with the determination of the recovery coefficient as
described above. The torso activity concentration (back-
ground) was determined using circular ROIs with a 16-cm
diameter drawn on planes on which the spheres were not
visible, but excluding the first and last five planes and
using additional circular ROIs with a 4-cm diameter
located in the center of the torso phantom cavity
containing the spheres. The mean of the 53 ROIs was
taken as the torso activity concentration. For each whole-
body scan, the corrected activity concentration of each
sphere was determined using the recovery coefficients
obtained from the parameterized recovery curve. The
individual percentage deviations between the recovery-
corrected and prepared activity concentrations (physical
decay corrected to the first scan) were calculated for each
sphere.

@ Springer

Statistical analysis The errors of the measured quantities
were assumed to be normally distributed. The two-sided Z
value for a difference was used to compare recovery
coefficients, FWHM values, and source-to-background
ratios. For all statistical analyses, a P value <0.05 was
considered statistically significant (i.e., a Z value equal to
1.96 or 95% confidence interval).

Results
Transversal spatial resolution

Table 1 lists the results of the transversal spatial resolution
measurements, which represent the transversal image
resolution in clinical applications. No significant differ-
ences were noted between results obtained with the two
acquisition modes or image reconstruction methods. The
mean + standard deviation (SD) FWHM was 8.3+0.2 mm
for '®*1 and 7.4+0.2 mm for '®F; these values differed
significantly (P<0.002). A small degree of resolution
degradation of 1 mm was noted for '**I vs. 'SF.

Recovery coefficients

The absolute hot spot recovery coefficients of the body
phantom are shown in Figs. 2, 3, and 4 (Essen EXACT
HR" and BIOGRAPH). Table 2 summarizes the recovery
coefficients of the 37-mm spheres as an example of a large
object.

Recovery was lower with '>*I than with '®F. Based on the
individual values of the spheres, the mean + SD decreases
relative to '*F were —12.744.6% in 2D, —12.4+4.8% in 3D
(Essen EXACT HR™), and —13.8+5.6% in 3D (BIOGRAPH).
The measured '**I recovery coefficients for the 37-mm
sphere were 81% in 2D and 75% in 3D mode (Essen
EXACT HR") and 77% in 3D mode (BIOGRAPH). Hence,
the '**I recovery for large objects was higher in 2D than in
3D mode; this difference was statistically significant
(P=0.03).

Table 1 Average transversal spatial resolution (FWHM* in mm,
SD'+0.2 mm) in water under different image reconstruction methods
and acquisition modes for 12497 (18F)

EXACT HR®,  EXACT HR®,  BIOGRAPH,
2D 3D 3D
FBP 8.6 (7.6) 8.4 (7.6) 8.6 (7.5)
OSEM 2x8 8.1(7.3) 8.0 (7.2) 8.2 (7.4)
OSEM 1x32 8.3 (7.4) 8.2 (7.4) 8.4 (7.5)
OSEM 4x16 8.3 (7.3) 8.2 (7.4) 8.4 (7.5)

*FWHM, full width at half maximum. T SD, standard deviation.
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Fig. 2 Absolute recovery coefficients of ' and '8F for EXACT
HR" PET system located in Essen (E) measured with a body phantom
containing radionuclide-filled spheres, acquired in 2D (a) or 3D (b)
modes. Analysis was based on 8-mm FWHM-sized ROIs. Image
reconstruction was performed after Fourier rebinning (AW-OSEM at
two iterations and eight subsets with a 5-mm Gaussian filter). The
sizes of the error bars indicate the uncertainty (see text). The data
points were fitted using a three-parameter sigmoid function (solid line)

The recovery curves obtained from images reconstructed
with various OSEM parameters and FBP are depicted in
Fig. 3 for '**I and Fig. 4 for '®F. Recovery coefficients were
larger for the OSEM- than for the FBP-reconstructed
images, except in the case of the largest (37-mm) sphere,
for which the recovery coefficients were identical using
both algorithms (maximum deviation from FBP: £1.5%).
Based on the individual values for the spheres with
diameters <37 mm, the mean = SD observed recovery
increase for OSEM relative to FBP was 11.4%5.6% for '°F
and 7.5+4.2% for '**I. For most spheres, recovery values

obtained within OSEM were similar regardless of the
iteration and subset parameters. However, for the 22.2-mm
and 28.0-mm spheres, recovery values appeared be about
5% larger for OSEM 2x8 than for OSEM 1x32 or OSEM
4x16.

The observed 'F recovery coefficients of the body
phantom for large objects were 90% in 2D and 87% in 3D
mode (Essen EXACT HR") and 89% in 3D mode
(BIOGRAPH). The differences in 2D and 3D mode were
not significant, but the measured '*F recovery coefficient
for the 37-mm sphere significantly deviated from full
recovery (P<0.001) regardless of the image reconstruction
method used. Because of this unexpected finding, the
scatter geometry of the phantom was changed through the
substitution of a cylinder phantom for the body phantom
[9]. Identical spheres were used with either phantom.
Figure 5 shows the resulting 'F recovery coefficients.
These recovery coefficients did not significantly differ from
those obtained using the body phantom (Table 2). With the
cylinder phantom, full recovery again was not reached
(P<0.001).

We therefore performed an exploratory study measur-
ing '®F recovery coefficients using the cylinder phantom
and another EXACT HR" PET system located in Bad
Oeynhausen, Germany, or a PET system from a different
manufacturer (GE ADVANCE) operated in Tiibingen,
Germany. The default OSEM reconstruction was used for
the EXACT HR" PET system. However, the data from the
GE ADVANCE were reconstructed using OSEM 4x16
because the regions reconstructed with OSEM 2x8 using
GE ADVANCE software had not reached the convergence
compared with its FBP-reconstructed images. This effect
was attributed to the manufacturer-specific implementation
of the OSEM algorithm. The recovery curves from the
exploratory study are shown in Figs. 6 and 7, and the
measured recovery coefficients for the 37-mm sphere are
listed in Table 2. Almost full recovery was reached for the
GE ADVANCE, but again not for the EXACT HR" PET
system (P<0.004).

Validation of recovery correction method

The individual percentage deviations between the recovery-
corrected and the prepared activity concentrations are given
in Table 3. Using all spheres, the mean relative deviation +
SD between recovery-corrected and prepared sphere con-
centrations were —0.5%+6.0% in 2D and —3.5%+5.3% in
3D mode for Essen EXACT HR" and —3.2%+11.0% in 3D
mode for the BIOGRAPH PET system. The results of
repeatability measurements including recovery correction
indicated that, except for the smallest spheres, the range of
uncertainty of the mean recovery-corrected activity con-
centrations was +10%. The reproducibility of the smallest
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Fig. 3 Absolute recovery coefficients of '**I for the BIOGRAPH PET system measured with a body phantom containing radionuclide-filled
spheres, acquired in 3D mode: (a) OSEM 2x8, (b) OSEM 1x32, (¢) OSEM 4x16, (d) FBP. Methodology is described in the caption of Fig. 2

sphere was inferior. In particular with BIOGRAPH PET
imaging, the mean relative deviation was —21%.

The measured activity concentrations at start time
derived from the images using the 37-mm sphere were
35.5 kBg/ml in 2D and 32.9 kBg/ml (Essen EXACT HR")
and 32.1 kBg/ml (BIOGRAPH) in 3D mode. The measured
mean torso activity concentrations at start time + SD was
0.62+0.37 kBq/ml in 2D and 0.74+0.33 kBq/ml in 3D mode
for the Essen EXACT HR" and 0.69+0.20 kBg/ml in 3D
mode for the BIOGRAPH PET system. The corresponding
measured source-to-background ratios were therefore 57
(EXACT HR', 2D), 45 (EXACT HR', 3D), and 47
(BIOGRAPH, 3D). The measured source-to-background
ratios significantly deviated from the prepared source-to-
background ratio in 3D (P<0.01), but did not in 2D mode.
The background increase can be mainly attributed to the
presence of spurious activities due to gamma-decay cascades
of "I resulting in decrease of image contrast [11].

@ Springer

Discussion

For an accurate representation of the tracer concentration,
the voxel counts in images must be related to the actual
concentration via a constant PET calibration factor. Partial
volume effects cause this calibration factor to depend on the
size and shape of the imaged object: the measured activity
concentration is underestimated for an object (i.e., lesion)
with a diameter smaller than two to three times the scanner
resolution [7-9]. Thus, along with image contrast (and
therefore tracer specificity), spatial resolution is a major
limiting factor for accurate quantification. Nonetheless,
partial volume effects can be corrected for using empiri-
cally obtained recovery coefficients.

These recovery coefficients are generally derived from
experiments with physical objects. These empirical meth-
ods mimic the object imaged in clinical practice by using
simple geometrical shapes such as cylinder or spheres. In
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PET tumor imaging such as '*F-fluorodeoxyglucose or '**I

PET, it is generally accepted that, in a first approximation,
the shape of the lesions can be described by a sphere model
and the activity distribution is assumed to be homogenous.
Under these assumptions, recovery correction requires one
measurement using a phantom with spheres of known
diameters and activity concentrations (lesion and back-
ground) that closely mimic in vivo conditions [24].
The absolute recovery curves that we obtained for
and '®F are shown in Figs. 2, 3, 4, 5, 6, 7. The spatial
resolution in PET depends on the positron energy of the
isotope of interest [25]. The recovery of the non-pure positron
emitter '**I (maximum positron energy: 2.14 MeV) is
expected to be inferior to the recovery of the pure positron
emitter '*F (maximum positron energy: 0.63 MeV) [14]. In
fact, the recovery for EXACT HR" and BIOGRAPH PET
systems was indeed lower for '**I than for '®F. The measured
line-spread functions (a common measure of the spatial
resolution) were, however, similar for both isotopes. The

124
I

observed degradation in transversal resolution was only 1 mm
(Table 1), which agrees with published data [14]. This finding
suggests that the observed degradation of the '**I recovery
coefficient is not only associated with the longer range of the
more energetic '**I positron relative to that of the 'SF
positron, but mainly with the complex decay scheme of
240 29T emits gamma rays that are in cascade with the
emitted positron, a phenomenon that often results in spurious
coincident photon pairs. The impact of these spurious
coincidences is expected to create greater inaccuracy in 3D
than in 2D mode if no correction method is applied [10].
Using the standard PET reconstruction software, measure-
ments on the EXACT HR" and BIOGRAPH PET systems
confirmed this expectation: the '**I recovery coefficients
were slightly inferior in 3D vs. 2D mode (Fig. 2).

The recovery coefficient of the pure positron emitter '°F
should converge to 100% for objects larger than two to
three times the scanner resolution and decrease significantly
for objects smaller than this [7-9]. As shown in Figs. 2, 3,
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Table 2 Absolute hot spot recovery coefficients (in %) for '*F ('2*I)
for an object (37-mm sphere) far larger than the threshold size for
partial recovery effect*

Scanner Cylinder phantom Body phantom

2D 3D 2D 3D
EXACT HR™ (E) 917 89" 90" (81%) 877 (75%)
BIOGRAPH (E) - 87" - 89" (77)
EXACT HR" (BO)  89F 93 - -
GE ADVANCE (T) 97 99 - -

*Recovery coefficients for scanners located in Essen (E), Bad
Oeynhausen (BO), and Tibingen (T). OSEM 2x8 image reconstruc-
tion was used, except for GE ADVANCE that used OSEM 4x16 (sce
text). T Significant difference from full recovery for '*F, P<0.004.
¥ Significant difference between 2D and 3D mode, P=0.03.

4,5, 6, 7, the asymptotic behavior of the recovery curves is
clearly visible and the recovery coefficients significantly
decrease for spheres with diameters <22.2 mm (about two
to three times the scanner resolution) for both '®F and '**L.
The curvature of the recovery curves is therefore in good
agreement with theoretical considerations and experiments
[7-9]. However, the absolute value of the '*F recovery
coefficients for the 37-mm sphere as an example of a large
object (four to five times the scanner resolution) signifi-
cantly deviated from 100% for both the body and cylinder
phantoms on EXACT HR" operated at two different
institutions and BIOGRAPH PET/CT system (Table 2).
This unexpected result for '®F was still observed after re-
calculating the recovery coefficient using the rescaled '*F
activity concentration of the reference cylinder (a reference
for a large object) as recommended by other authors [9, 24].
Our results cannot be compared with those of other
working groups [17, 28], as these investigators defined
the relative recovery coefficients of the 37-mm sphere to
have 100% recovery.

A possible explanation of the observed bias in '*F for
large objects in the present study might relate to the number
of (effective) iterations in the image reconstruction. How-
ever, calculated '®F recovery coefficients of the 37-mm
sphere were independent of the image reconstruction
method. The various image reconstruction methods resulted
in identical absolute recovery values for the largest sphere.
In agreement with the literature [26, 27], the recovery
coefficient decreased faster with decreasing sphere diameter
for FBP-reconstructed images (Figs. 3 and 4) because the

Fig. 5 Absolute recovery coefficients of '*F for the EXACT HR" in»
2D (a) and 3D modes (b) and BIOGRAPH PET systems (c¢) both
located in Essen (E) measured with a cylinder phantom. Methodology
is described in the caption of Fig. 2
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reconstruction was used. Further methodological description is given
in the caption of Fig. 2

measured activity concentration is generally underestimated
compared to the concentration obtained with OSEM-
reconstructed images.

This finding is indicative of a system-inherent bias. '*F
recovery measurement was performed on a different PET
scanner. The GE ADVANCE PET system also contained
bismuth germanate detectors. As shown in Fig. 7, the
absolute recovery value for the largest sphere did not
significantly deviate from 100%, that is, full recovery was
reached, suggesting that the discrepancy indeed was
system-specific. Since the GE ADVANCE PET system
did not show the bias in 18F, one has to conclude that the
described procedure has to be done on every PET system
with which one intends to do quantitative imaging.

The observed system-inherent bias in '*F (deviation of
~10%) may be associated with the observation of Lubberink
and colleagues [28] that the EXACT HR" PET scanner is
not linear. These investigators measured the hot spot
recovery coefficient (HSRC) and cold spot recovery
coefficient (CSRC) and used the theoretical relationship,
HSRC =1-CSRC, for a system that responds linearly [24].
Lubberink and colleagues [28] showed with '®F that the
measured HSRC and CSRC deviated from the theoretical
relationship. The authors of the present study also per-
formed this test of system linearity using images of the
body phantom that were reconstructed via FBP algorithm
(linear operation). We substantiated the non-linear behavior
of both EXACT HR" scanners and of the BIOGRAPH PET
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Fig. 7 Absolute recovery coefficients of '*F for a GE ADVANCE
PET system measured with a cylinder phantom, acquired in 2D (a)
and 3D modes (b). OSEM 4x16 image reconstruction was used (see
text). Further methodological description is given in the caption of
Fig. 2
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Table 3 Validating the recovery correction method using the body phantom prepared under typical conditions observed in lesion '**I PET

dosimetry in DTC*

Tomograph, mode Diameter in mm, (RC used)"

A in %, scan 1

A in %, scan 2 A in %, scan 3 A in %, mean (RSD)i

EXACT HR", 2D 9.7 (19.7) 0.2
12.6 (37.6) 4.1
17.1 (60.5) -3.7
222 (73.5) 6.1
28.0 (79.6) 53
37.0 (82.8) 0.5
EXACT HR", 3D 9.7 (21.9) -0.3
12.6 (39.1) -8.7
17.1 (59.1) -7.7
22.2 (70.0) -33
28.0 (75.2) 1.0
37.0 (77.9) 23
BIOGRAPH, 3D 9.7 (19.9) 244
12.6 (39.4) -85
17.1 (62.1) 4.8
22.2 (73.2) 6.6
28.0 (77.6) 8.8
37.0 (79.7) 3.6

59 -15 1.5 (3.9)
-0.8 16.2 6.5 (8.6)
0.1 -5.2 -3.0 2.7)

~133 2.6 ~7.3 (5.4)
-1.9 2.6 0.3 (4.4)
-0.7 2.4 —0.9 (1.5)
~7.4 ~19.6 -8.9 (10.1)

2.7 -5.1 -3.7 (5.8)
2.1 6.2 -53(2.9)
-12 -3.8 2.8 (1.4)

3.0 0.1 1.4 (1.5)
-3.0 0.1 ~1.7 (1.6)

-325 5.1 ~20.7 (13.9)
9.0 -8.5 -8.7 (0.3)
-1.9 6.4 ~4.4 (2.4)

6.0 0.5 4.1 (4.1)

9.0 3.0 6.9 (3.6)

3.8 32 3.1 (0.5)

*Individual deviations (in percentage of the prepared '**1 activity concentration) between the recovery-corrected and prepared activity
concentrations are given for the three consecutive scans numbered from 1 through 3. T Sphere inner diameter. The fitted '>*1 recovery coefficients
(in percentage) used are given in parentheses. * Percentage deviation of the mean value of the recovery-corrected activity concentration (three
scans) from the prepared activity concentration. The corresponding relative standard deviation (RSD) in percentage of the prepared activity

concentration is given in parentheses.

system used in the present study (data not shown). Thus,
this non-linear behavior is an indication that corrections
such as those for attenuation and, especially, scatter do not
perform accurately. Further investigations are necessary to
elucidate the main cause of the system non-linearity of
response and to clarify the source of errors for the observed
bias in '®F recovery.

Another issue in the present study was to validate the
accuracy of the recovery correction method including
reproducibility measurements under clinical imaging con-
ditions typically found in '**I PET of DTC patients. Using a
GE ADVANCE PET scanner, Eschmann and colleagues [2]
reported for '**I phantom measurements in 2D mode an
inaccuracy of about 10%. Similar inaccuracies were found
in the present study. Specifically, the maximum uncertainty
range of about £10% was found for spheres >12.6 mm in
diameter for the EXACT HR" and BIOGRAPH PET
systems (Table 3). Obviously, the limitation of the recovery
correction method applied under clinical conditions was
reached for the smallest sphere (9.7 mm) that is in
agreement with published data [9]. More specifically, even
if the volume of the lesion can be determined very
accurately, the applicability of the recovery correction
method is limited for lesions <12.6 mm (=1.5 times the
scanner resolution).

Partial volume correction based on measured recovery
coefficients is possible for simple geometric objects like

@ Springer

spheres and for diameters larger than 1.5 times the scanner
resolution. Such correction is, however, non-trivial to
perform for objects that, for example, significantly deviate
from spherical shape or possess inhomogeneous activity
distribution. However, recovery correction as currently
applied [24] is nonetheless a reasonable way to a more
accurate quantification compared to that obtained with
gamma-camera based dosimetry [29] and is in most cases
acceptable to estimate the absorbed dose of subsequent '
therapy using serial '**I PET(/CT) imaging such as in
thyroid cancer.

Conclusion

In '?*1 PET dosimetry, recovery correction must be applied
even to large lesions, but is a reasonable way to a more
accurate estimation of the absorbed dose of '*'I radioiodine
therapy to metastases of thyroid cancer than that obtained
using gamma cameras. Recovery correction is effective in
lesions as small as approximately 1.5 times the FWHM (in
our case, >12.6 mm). Using the EXACT HR" PET scanner,
an unidentified source of bias in '*F quantification was
demonstrated and appeared to be system-specific. There-
fore, to ensure accurate quantification, it is strongly recom-
mended to determine the absolute recovery coefficients of
each radionuclide and PET system used.
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