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The segmentation of metastatic volumes in PET is usually per-
formed by thresholding methods. In a clinical application, the
optimum threshold obtained from the adaptive thresholding
method requires a priori estimation of the lesion volume from
anatomic images such as CT. We describe an iterative threshold-
ing method (ITM) used to estimate the PET volumes without an-
atomic a priori knowledge and its application to clinical images.
Methods: The ITM is based on threshold-volume curves at
varying source-to-background (S/B) ratio acquired from a body
phantom. The spheres and background were filled either with
18F-FDG or Na124I (124I). These calibrated S/B-threshold-volume
curves were used in estimating the volume by applying an itera-
tive procedure. The ITM was validated with a PET phantom con-
taining spheres and with 39 PET tumors that were discernable on
CT by using whole-body 18F-FDG (15 patients) and 124I PET/CT
(9 patients): The measured S/B ratios of the lesions were esti-
mated from PET images, and their volumes were iteratively cal-
culated using the calibrated S/B-threshold-volume curves. The
resulting PET volumes were then compared with the known
sphere inner volume and CT volumes of tumors that served as
gold standards. Results: Phantom data analysis showed that
the S/B-threshold-volume curves of 18F-FDG and 124I were sim-
ilar. The average absolute deviation (expressed as a percentage
of the expected volume) obtained in the PET validation phantom
was 10% for volumes larger than 1.0 mL; sphere volumes of
0.5 mL showed a significantly larger deviation. For patients, the
average absolute deviation for volumes between 0.8 and
7.5 mL was about 9% (31 lesions), whereas volumes larger
than 7.5 mL showed an average volume mismatch of 15% (8 le-
sions). Conclusion: The ITM sufficiently estimated the clinical
volumes in the range of 0.8–7.5 mL; volumes larger than
7.5 mL showed greater deviations that were still acceptable.
These findings are associated with the limitation of the ITM.
The ITM is especially useful for lesions that are only visible on
PET. As a consequence, the lesion dosimetry is feasible with suf-
ficient accuracy using PET images only.
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PET is of paramount importance in the determination
of the disease extent of various malignancies (1). PET may
be used not only as a staging tool but also as a planning
tool for radioiodine (2–4) or external beam therapy (5).
Accurate radionuclide therapy, however, requires knowl-
edge of target volumes. The accurate absorbed dose to
the lesion on PET-based dosimetry also relies on accurate
volume estimation to correct for partial-volume effects
(6).

Accurate anatomic volume estimation is often based on
CT. Difficulties arise if the lesion is barely detectable on
CT or the CT-based volume is imprecise or, even worse, if
the lesions are only discernable in PET. The determina-
tion of the functional volume is usually performed by
thresholding methods that were especially developed for
SPECT and 18F-FDG PET images (7–9). For instance, the
adaptive thresholding method for PET images is based on
phantom measurements to derive a relationship between
the ‘‘true’’ volume and the threshold to be applied to the
PET images (8). This threshold-volume curve was ob-
tained at varying source-to-background (S/B) ratios. In
clinical application, the optimum threshold obtained from
the adaptive thresholding method requires a crude esti-
mation of the lesion volume. Specifically, if the lesions
are expected to be large (.4 mL), a fixed threshold of
36%–44% results in accurate volume estimation based
only on the S/B ratio. The adaptive thresholding method
cannot be applied to small lesions (,4 mL) that are not
discernable in anatomic imaging. This occurred occa-
sionally on 18F-FDG PET and often on 124I PET images
(2).

In this study, we describe an iterative thresholding
method (ITM) to estimate the PET volumes without a priori
knowledge from anatomic images. The ITM was verified
both with spherical phantoms and with patients having CT-
visible tumors using whole-body PET/CT, in which the
known sphere inner volume and CT volumes of tumors,
respectively, served as gold standards. The validation was
performed with 18F-FDG and 124I. 18F-FDG is the main
radiopharmaceutical for PET and 124I—a radionuclide with
a nontrivial decay scheme—is becoming increasingly estab-
lished for the individual radiation dose assessment for 131I
therapy of thyroid cancer (2–4).
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METHODS AND MATERIALS

ITM
S/B-Threshold-Volume Curve. The ITM is based on the rela-

tionship between true volume and optimum threshold to be applied
to PET images and is derived by phantom measurements using
spheres of known volumes. The threshold-volume curve depends on
S/B ratios; therefore, several curves that are observed at typical S/B
ratios on PET images are required (Fig. 1A). In this study, this S/B
ratio is referred to as the calibrated S/B ratio in contrast to the
measured S/B ratio obtained from the clinical images from which
the volume is to be determined (Fig. 1B).

Iterative Procedure. The measured source and background
activity concentration have to be determined first to calculate
the measured S/B ratio (Fig. 1B). The calibrated S/B-threshold-
volume curve that suits most to the measured S/B ratio is used
further (Fig. 1C). As shown later, the calibrated S/B-threshold-
volume curve used was calculated using an analytic expression
derived later. According to the selected S/B-threshold-volume
curve, there is a fixed-threshold value T1 (fixed-threshold region)
for large volumes and it is applied to the gray scale of the PET
image (Fig. 1D). The edge of the lesion in transaxial, coronal, and
sagittal planes is visible and a first estimation of the volume V1

can be calculated using the ellipsoid model. The volume V1 is used
again to determine the second threshold value T2 (Fig. 1E). If the
value T2 is significantly larger than T1, then the threshold value T2

is applied again to the gray scale of the PET image and a second
volume V2 can be calculated (Fig. 1F). The corresponding
threshold value T3 is taken from Figure 1G. In Figure 1, the

threshold values T2 and T3 are not significantly different, and the
iteration stops at step 3 with an estimated volume V3 (Fig. 1H).
Generally, the iteration ends at step n with the estimated volume Vn

if the threshold value Tn does not deviate significantly from Tn21.

Phantoms
PET Phantom for Generating S/B-Threshold-Volume Curve.

The NEMA IEC/2001 body phantom designed in accordance with
the recommendations by the International Electrotechnical Com-
mission (IEC) and modified by the National Electrical Manufac-
turers Association (NEMA) contains 6 glass spheres of different
volumes and the lung insert was not used in this study. The
characteristics of the spheres are listed in Table 1. Calculations of
the sphere inner volumes and the effective inner diameters were
performed according to fluid displacement; the outer diameter was
determined using a caliper. The spheres were filled with radioac-
tivity ranging from 5 to 100 kBq/mL. The torso cavity was first
filled with water without radioactivity (S/B ratio of infinity) and
then filled with increasing activity (S/B ratios of about 2.0, 3.0,
5.0, and 9.0; absolute accuracy, 60.2). The procedure was per-
formed for both 18F-FDG and 124I. 18F was obtained from the
Cyclone 18/9 cyclotron (IBA), and the CV 28 cyclotron (Cyclo-
tron Corp.) was used for the production of 124I (10).

The partial-volume and spillover effects influence the measured
source activity concentration in the sphere. The measured S/B
ratio obtained from the PET images differed from the prepared S/B
ratio as determined by the dose calibrator. The activity concen-
tration of the sphere had to be selected appropriately to compen-
sate for the partial-volume and spillover effects.

CT Phantom to Estimate the Accuracy of CT Volume. The test
of the accuracy of CT volume estimation was also performed with
the IEC/2001 body phantom. The torso cavity was filled with
water, and the spheres filled with an aqueous solution of contrast
agent instead of pure water only showed a systematic underesti-
mation of the inner diameter by about 2 mm independent of CT

FIGURE 1. Illustration of ITM. Procedure (A2H) is described in
the text.

TABLE 1
Characteristics of Spheres Used and CT Volume Mismatch

of Well-Contrasted Spheres Using Whole-Body Protocol
(WBP) and High-Resolution Protocol (HRP)*

Sphere

diameter

(mm)y

True

volume

(mL)z

Volume

mismatch

(WBP) (%)§

Volume

mismatch

(HRP) (%)§

9.7 (10.9) 0.48 (0.68) 19.2 (2.1)k 1.8 (0.9)
12.6 (14.6) 1.05 (1.63) 4.9 (1.4)k 1.3 (1.4)

17.1 (18.3) 2.62 (3.21) 1.9 (1.2) 3.5 (1.2)

22.2 (23.9) 5.73 (7.15) 0.9 (0.6) 0.9 (0.6)
28.0 (29.7) 11.49 (13.72) 4.0 (0.5)k 1.9 (0.6)k

37.0 (38.9) 26.52 (30.82) 1.6 (0.7) 0.6 (0.7)

*Spheres filled with contrast agent simulating a lesion with

uniform density.
yValues in parentheses are outer diameter.
zVolume calculated using inner diameter (or outer diameter in

parentheses).
§Absolute percentage deviations from the true value�

51
5 +5

i51 jVi2V truej
�
. SD obtained from the 5 observers in parenthe-

ses.
kConsistent volume underestimation.

SEGMENTATION OF PET VOLUMES • Jentzen et al. 109



window settings. To apply the recommended approach (11) to
estimate the CT volume, the spheres were filled uniformly with
diluted iodinated contrast agent (Ultravist 300; Schering) to obtain
a CT density that was identical to the density of glass; hence, the
volume content and the glass wall were not distinguishable in CT
imaging. The true volume was calculated using the outer diameter
of the sphere.

PET Phantom for Validation of ITM. Besides clinical images,
the validation of the ITM was also performed with the IEC/2001
body phantom using a whole-body PET/CT protocol used for
patients and activity concentrations typically observed in tumors.
The validation was performed for both 18F-FDG and 124I. The
spheres and torso cavity were filled with an activity concentration of
about 50 kBq/mL and 5 kBq/mL, respectively. Three successive
scans were performed for each nuclide. The inaccuracy due to the
‘‘cold’’ glass wall of the spheres (glass thickness, ;10% of the spa-
tial resolution) can be neglected. In contrast to the CT phantom mea-
surement, the true volume was calculated using the inner diameter of
the sphere.

Patients
Both 18F-FDG and 124I PET/CT images were investigated with

lesions visible on both PET and CT images to validate the ITM.
First, we studied 15 oncologic patients (16 lesions) who were
referred for staging of lung (n 5 4), head and neck (n 5 5), and
gastrointestinal (n 5 6) carcinoma. These patients fasted for at
least 8 h before examination. The scan was acquired 60 min after
the injection of 300 MBq 18F-FDG; the patients received oral and
intravenous contrast agents. Second, 9 patients (23 lesions) with
differentiated thyroid carcinoma after thyroidectomy were inves-
tigated. All patients were hypothyroid with a thyroid-stimulating
hormone level of .25 mU/L. The patients received a capsule
containing 20240 MBq Na124I. Scans were acquired about 24 h
after capsule intake (no contrast agent was used).

PET/CT Acquisition and Image Reconstruction
Patient Acquisition. PET was performed using combined PET/

CT (Biograph Emotion Duo; Siemens Medical Solutions) based
on an ECAT EXACT HR1 PET system. PET/CT scans were
whole-body scans acquired with arms up. PET/CT measurements
started with a whole-body spiral CT (tube voltage of 130 kVp, 130
mAs, table speed of 8 mm per rotation, slice width of 5 mm). After
completion of the CT scan, the bed was advanced automatically to
the PET and emission scanning started. PET emission data were
acquired in 3-dimensional mode. The patient emission scan lasted
5 min per bed position.

Phantom Acquisition. PET and CT phantoms were placed
centrally within the field of view of the scanner. For the CT
phantom, a whole-body spiral CT typically used for patients and a
high-resolution spiral CT was scanned (tube voltage of 130 kVp,
145 mAs, table speed of 2 mm per rotation, slice width of 2 mm).
The PET measurements for generating the S/B-threshold-volume
curves started with high-resolution spiral CT and a 1-bed position
PET scan followed with a duration of about 60 min for each S/B
ratio. In contrast, the PET phantom acquisition for validation of
the ITM was identical with the typical whole-body PET/CT
patient measurement. The images were displayed and analyzed
with syngo (Siemens) or PMOD 2.5 software (PMOD Technolo-
gies).

CT Image Reconstruction. CT image of the whole-body proto-
col (WBP) was reconstructed using a matrix of 512 · 512 pixels

(reconstruction interval, 2.4 mm; reconstruction kernel B40s;
voxel size, 0.98 · 0.98 · 2.4 mm3). The estimated full width at
half maximum (FWHM) in the center was 1 · 1 · 5 mm3 in the x-,
y-, and z-direction, respectively. The CT image of the high-
resolution protocol (HRP) (matrix size of 512 · 512; reconstruc-
tion interval, 1 mm; reconstruction kernel U90s; voxel size, 0.98 ·
0.98 · 1.0 mm3) had an estimated FWHM of 1 · 1 · 2 mm3.

PET Image Reconstruction. PET image reconstruction for the
patient as well as the phantoms was performed after Fourier
rebinning (FORE) with attenuation-weighted ordered-subset expec-
tation maximization (AW-OSEM) at 2 iterations and 8 subsets with a
5-mm postreconstruction gaussian 3-dimensional filter. CT-based
attenuation as well as random and scatter corrections were applied.
The resulting PET image had a matrix size of 128 · 128 pixels
(voxel size, 5.2 · 5.2 · 2.4 mm3) or 256 · 256 pixels (voxel size,
2.6 · 2.6 · 2.4 mm3). The clinical image resolution expressed as
FWHM was about 8 · 8 · 8 mm3. For comparison only, few 18F-
FDG data were also reconstructed after FORE using standard filtered
backprojection (FBP) with a gaussian filter of 5 mm to yield a spatial
resolution corresponding to the patient’s iterative image reconstruc-
tion algorithm.

Phantom Analysis
Determination of S/B-Threshold-Volume Curve Using PET

Phantom. The maximum activity concentration positioned in the
proximity of the sphere’s center was taken as the source activity
concentration. To effectively remove statistical outliners, the
values from adjacent slices (63) were considered using a para-
bolic fit around the maximum. For small lesions, in particular, the
source activity concentration of the small spheres was obtained
using a gaussian fit around the profile’s maximum. In this case, the
gaussian amplitude was used as the source activity concentration.

The background activity concentration was measured only in
planes containing the spheres (10 of 63 planes) using 15 circular
regions of interest (ROIs) for each plane with a diameter of 4 cm:
6 ROIs positioned left and right, 1 at the bottom and 1 at the top,
as well as 1 in the center of the phantom. The average value of all
ROIs (n 5 150) was the background activity concentration. The
calibrated S/B ratio was calculated using the above source and
average background activity concentration.

The optimum (upper) threshold for a given S/B ratio was
calculated. The threshold is defined by the minimum deviation
between measured and true volume and is given as the percentage
of the source activity concentration. For instance, if the source
concentration is 100 kBq/mL and the optimum threshold is 55%,
the optimum upper and lower PET window settings are 100 kBq/
mL and 55 kBq/mL, respectively. The image fusion of CT and
PET enabled an accurate visual match between CT (inner bound-
ary of the sphere) and PET contours. The central PET slice
(observed in transverse, coronal, and sagittal view) was selected in
which the sphere’s activity appeared largest in the surface area. On
a CT image, the window setting (center and width) was selected in
such a way that the known inner diameters of each sphere were
obtained. In the gray scale, the upper PET window for each sphere
was set to be the source concentration and fixed; the lower PET
window was adjusted until the boundary of the sphere’s activities
reached the visual CT boundaries. In this visual match, an inverse
logarithmic gray scale was used. The following issues were also
checked on a few 18F-FDG images: The optimum thresholds were
determined using images reconstructed with FORE 1 FBP and a
linear gray scale. Five independent observers ascertained the
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thresholds for each sphere, and the mean values and the SD were
calculated.

Accuracy of CT Volume Measurement Using CT Phantom. The
CT images obtained from the WBP and HRP were analyzed using
a recommended window setting for CT (11). A central window
value halfway between the sphere and background density was
selected for image display obtained using appropriate ROIs placed
over the spheres and background ROIs. The volumes were calcu-
lated using the ellipsoid formula. A linear gray scale was used to
display the images. Five independent observers calculated the
volume. The mean volume and the SD were calculated and com-
pared with the true outer volume.

Validation of ITM Using PET Phantom. The source concentra-
tion of the spheres was determined as already described. The
background concentration was obtained using the average value of
3 ROIs located closely to the spheres. The size of the background
ROIs was defined by the sphere contours using an upper threshold
of 35%. The measured S/B ratio of the sphere was calculated and
the corresponding calibrated S/B-threshold-volume curve was
applied. The optimum threshold value was calculated using an
expression derived in the Results section. Thus, the parametric
S/B-threshold-volume curve was used exclusively in the phantom
and in the patient analysis. The sphere dimension (length, width,
and depth) was determined by measuring the linear dimension in 2
perpendicular slices in which the spheres appeared largest in the
surface area. The ratio of the PET to the known sphere inner
volume was calculated for each scan.

Patient Analysis
Volume Delineation in PET Using ITM. The source concentra-

tion of the lesion and background concentration were determined
as described in the phantom analysis. The lesion dimension was
estimated on the resulting PET image by 5 independent observers.
From their numbers, the PET volume as well as the mean volume
and the SD were calculated. CT volumes of ,0.7 mL were ex-
cluded from the study because these volumes cannot be reliably
determined.

Volume Delineation in CT. The recommended central window
value halfway between lesion density and the density of surround-
ing tissue (background) was selected for image display (11). A
background ROI close to the lesion and a ROI within the lesion
were used to apply this optimum CT windows setting. The 2
circular ROIs had a diameter that was equal to the apparent lesion
diameter, if possible; otherwise, it was adjusted appropriately to
avoid contributions from interfering density values. The lesion
dimension was determined by measuring the linear dimension in 2
perpendicular slices. A gray scale was used for image display. The
volumes calculated using the ellipsoid model served as reference.
Five independent observers calculated the CT volume and the
mean volume and the SD were determined.

RESULTS

S/B-Threshold-Volume Curve Using PET Phantom

Figure 2 depicts the optimum threshold applied to the
PET images to measure the true volume of the spheres at
varying S/B ratios. Both 18F-FDG and 124I exhibited similar
S/B-threshold-volume curves. The threshold values of the 2
largest spheres almost coincide with the 5.8-mL value (data
not shown). The sizes of the error bars indicate measure-

ment reproducibility obtained from 5 observers and were
lower for the larger spheres and at higher S/B ratio.

In Figure 2, a simple parameterization of the calibration
curves was performed using the function T(V) 5 m/V 1 T1

(T 5 the upper threshold, and V 5 the volume). The plot of
T versus 1/V yielded a straight line with the slope m and the
intercept T1 (fixed-threshold value for large volumes). The
slope and intercept were determined using a linear regres-
sion technique. Remarkably, there is a linear correlation
between T1 and the corresponding B/S ratio (not S/B as
usually considered; B/S ratio 5 background-to-source
ratio)—namely, T1(B/S) 5 61.7% � B/S 1 31.6% (r2 5

0.996)—for both 18F-FDG and 124I. The different slopes m
obtained at different S/B ratios showed a slight variation
(mean 6 SD 5 7.8 6 2 % mL). Thus, the threshold T(V, B/S)
for varying S/B ratios and volumes V can be estimated
using the following expression derived for the specific
scanner used:

TðV;B=SÞ5 7:8%=ðV=mLÞ1 61:7% � B=S 1 31:6%:

Eq. 1

The dashed line in Figure 2 shows the calculated lines on
the basis of Equation 1 and was in sufficient agreement
with the solid lines.

The volume estimate obtained from the ITM depended
on the stopping criterion. The limit was associated with the
accuracy of the S/B-threshold-volume curve, the quality of
the PET images, and the lesion of interest. Taking into
account only the error range involved in the determination
of the calibrated S/B-threshold-volume curves, the limit for

FIGURE 2. S/B-threshold-volume curve determined with a
phantom at varying S/B ratios. S/B-threshold-volume curves for
18F-FDG (A) and 124I (B) are shown. Threshold values for 26.5-
and 11.4-mL volumes are not shown. Sizes of error bars
indicate measurement reproducibility. Solid line was calculated
using a simple parameterization of calibration curves.
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the stopping criterion of 3%25% (mean value of the SD of
18F-FDG and 124I) appeared to be reasonable (Fig. 2).

The influence of the image reconstruction algorithm and
gray scale on the optimum threshold was investigated on a
few images. For example, using the 18F-FDG images with a
S/B ratio of infinity, the optimum threshold value obtained
from the individual spheres was on average 6% (SD of
64%) higher for the FBP-reconstructed images; the largest
difference of 10% was found for the smallest sphere. This
result was associated with the general observation made in
this study that OSEM-reconstructed images overestimated
the source activity concentration for spheres smaller than
11.5 mL compared with FBP-reconstructed images. Using
the linear instead of the logarithmic gray scale, the appli-
cation of the ITM yielded optimum threshold values that
were on average 5% (SD of 63%) lower; the largest
deviation of 10% was observed for the smallest sphere.
The calibration curve obtained was not only specific for the
S/B ratios and PET device but also, to a minor degree, for
the reconstruction algorithm and gray scale used.

Accuracy of CT Volume Measurement Using CT
Phantom

Table 1 shows the CT volume mismatch (in percentage
of the true volume) using the WBP and the HRP. The
volume mismatch was larger for the WBP than for the HRP.
The most striking result was the large underestimation in
the WBP for the smallest sphere. Using the WBP, the
average absolute mismatch was 2.7% and 19% for volumes
ranging from 1.0 to 27 and at 0.7 mL, respectively. The data
suggest that CT-based volumes # 0.7 mL are inaccurate
when using the patient’s whole-body PET/CT protocol,
even if they are spheric.

Volume Estimation of Spheres in PET Validation
Phantom

The ratio of the measured (on the basis of the ITM) to the
known sphere inner volumes is given in Figure 3. The error
bars are based on the uncertainty in the distance measure-
ment of 1 mm using gaussian error propagation. The
averaged measured S/B ratios (obtained from the 3 scans)
and the corresponding absolute SD for each sphere starting
with the smallest one are as follows: 2.1 6 0.1, 3.8 6 0.3,
5.5 6 0.1, 6.9 6 0.1, 7.7 6 0.3, and 7.8 6 0.2 for 18F-FDG
and 1.6 6 0.1, 2.6 6 0.1, 4.6 6 0.2, 6.4 6 0.5, 7.2 6 0.3,
and 7.6 6 0.2 for 124I. The number of iterations was often
2 and sometimes 3 for the smallest spheres. Large-volume
mismatch was observed for the smallest sphere at low S/B
ratio using either the parametric or the measured S/B-
threshold-volume curves. These large deviations were par-
ticularly pronounced for 124I. The accuracy of the approach
is limited for spheres converging to the spatial resolution of
the scanner or low contrast. The average absolute devia-
tions for volumes larger than 1.0 mL were 8% (SD of
64%) and 12% (SD of 614%) for 18F-FDG and 124I,
respectively.

Volume Estimation of Lesions in Patients

Figure 4 shows the ratios of the measured PET (on the
basis of the ITM) to the CT volume. The lesions analyzed
accumulated either 18F-FDG (Fig. 4A) or 124I (Fig. 4B).
The common number of necessary iteration steps was 2 and
the maximum number was 3. Using all data, the correlation
coefficient (r2) was 0.986 (VPET/mL 5 0.884 VCT/mL 2

0.111). The average absolute deviation obtained from 18F-
FDG and 124I PET images was about 9% (SD of 68%) for
volumes between 0.8 and 7.5 mL (r2 5 0.989, VPET/mL 5

0.986 VCT/mL 2 0.02, 31 lesions), whereas volumes larger
than 7.5 mL (r2 5 0.985, VPET/mL 5 0.970 VCT/mL 2

1.62, 8 lesions) exhibited an average deviation of 15% (SD
of 68%). There were 8 lesions (2 18F-FDG and 6 124I) with

FIGURE 3. Ratio of measured PET to true sphere volume
obtained from PET validation measurements using either 18F-
FDG (A) or 124I (B). Dashed line represents identity of PET
measured and true volumes. Error bars are based on uncer-
tainty in the distance measurement of 1 mm.

FIGURE 4. Ratio of measured PET to CT volume of lesions
obtained from patients. Lesions analyzed accumulated either
18F-FDG (A) or 124I (B). Dashed line represents identity of PET
measured and true volumes. Size of error bars indicates mea-
surement reproducibility obtained from the 5 observers.
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volumes of ,1.0 mL. Specifically, the average volume was
0.8 mL (SD of 60.10 mL; minimum/maximum, 0.71/0.98)
and was considered as representative of the smallest vol-
ume analyzed. A consistent underestimation of large vol-
umes (.7.5 mL) was observed, especially evident for 3
lesions with deviations larger than 20%. A profile analysis
of these lesions showed either spiky activities or distinctly
asymmetric activity distributions.

DISCUSSION

A method is proposed that requires no a priori informa-
tion of the volume of interest. It only requires (a) the S/B
ratio of the lesion easily taken from the PET image and (b)
the S/B-threshold-volume curve to be determined once for
the specific PET camera, image reconstruction algorithm,
gray scale, and nuclide used.

The S/B-threshold-volume curve appears to be slightly
dependent on the type of image reconstruction algorithm
and gray scale, especially for small structures. The opti-
mum threshold values were consistently higher for the
FBP-reconstructed images because the source activity con-
centration is in general underestimated compared with the
values for the OSEM-reconstructed images (12). A linear
gray scale is applied to view the PET images and is pref-
erably used for image interpretation. However, the loga-
rithmic gray scale emphasizes the variations in small values
and deemphasizes the variations of larger values. Display-
ing the images on a logarithmic scale is probably an easy
method to improve the contrast of outlining the lesion
boundary and to maximize the reproducibility as well as the
sensitivity of the visual boundary delineation. Thus, it is
advisable to keep the image reconstruction algorithm and
the gray scale constant on both the calibration measurement
and the patient investigation.

The S/B-threshold-volume curve strongly depends on the
spatial resolution of the imaging device. The spatial resolu-
tion in PET is affected by several factors, such as the
positron energy of the isotope of interest (13). For this
reason, the S/B-threshold-volume curves of both the pure
positron emitter 18F (maximum energy, 0.63 MeV) and
the nonpure positron emitter 124I (maximum energy, 2.14
MeV) were determined separately (14). Because 124I
emits prompt g-rays—in cascade with positron emission—
additional random, scatter, and g-coincidences (vs. the
annihilation coincidences) result in an increased background;
therefore, the image contrast is lowered (15). Nevertheless,
the phantom analysis showed no significant differences in
the S/B-threshold-volume curve between 18F-FDG and 124I
because the spatial resolutions of both isotopes are similar
(14,15). Thus, clinical 18F-FDG and 124I PET/CT images
were analyzed using the same S/B-threshold-volume curve.

The ITM was verified with 18F-FDG and 124I PET/CT
using both a PET validation phantom containing spheres
and CT-visible tumors. The PET validation measurements
mimic, in a simplified way, conditions that occur in patient

investigations and deviated from the high-statistics calibra-
tion measurements—that is, noise level, activity concen-
trations, and measured S/B ratio were different. The results
of the PET validation phantom demonstrated that the ITM
adequately estimated the volumes in the PET phantom im-
ages under clinical conditions except for the smallest sphere.

A further validation of the ITM was performed on the
basis of the clinical PET and CT images in which the CT
volume served as the gold standard. A cogent validation
requires that the accuracy of the CT-based approach in
volume delineation had to be checked. For this purpose, a
CT phantom containing well-contrasted lesions was used.
Using the whole-body PET/CT protocol, a significant un-
derestimation of the smallest sphere was calculated and is
most likely related to the partial-volume effect in CT. As a
consequence, CT volume estimates—especially #0.7 mL—
are inaccurate, and only clinical CT volumes that were
marginally larger than 0.7 mL were analyzed and compared
with PET volumes derived from the ITM. The average
deviation between clinical PET and CT volume ranging
from 0.8 to 7.5 mL was 9%—a margin of error that is
similar to the average deviations observed in the PET
validation measurement. The largest deviation observed in
124I-accumulating tumors (S/B . 9, high-contrast image)
with volumes of about 0.8 mL was only 20%, whereas a
maximum deviation of about 50% was observed in the
PET validation measurement for the corresponding 1.0-mL
sphere (S/B . 2.6, low-contrast image). This suggests that
the volume mismatch increases with decreasing image
contrast. Thus, the ITM sufficiently estimates the volumes
of tumors analyzed in the range of 0.827.5 mL. However,
clinical PET volumes larger than 7.5 mL showed a higher
absolute deviation (Fig. 4), and this finding is associated
with the limitations of the ITM.

The ITM is limited by the spatial resolution, implicit
activity distribution, edge detection, and volume model of
the lesion. For lesions with an effective diameter close to
the spatial resolution of the scanner, the ITM cannot be
applied due to partial-volume effects. PET scanners with
higher spatial resolution are evidently required to reliably
delineate volumes of #0.5 mL. As shown by the PET
validation phantom measurement, the inaccuracy can be
considerably large if the size of the lesion converges with
the spatial resolution. The investigator might exercise
caution when applying the ITM for this small lesion. The
ITM sometimes estimates inaccurate volumes for large le-
sions. The published thresholding methods (7,8), including
the ITM, provide reliable volume estimates only if the im-
aged activity distribution is homogeneous. Thus, the spiky
nature or asymmetric activity distribution accounts for the
large underestimation. Errors relating to observers in
the detection of lesion edges (blurring effect) after setting
the optimum threshold may be another source of inaccuracy
that leads to intra- and interobserver variability of the vol-
ume. The measurement of the S/B-threshold-volume curves
assumed spheric lesions, and the clinical PET and CT
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volume calculations were performed using an ellipsoid
model. These simple suppositions are an approximation
of the irregularly shaped tumors. Finally, errors associated
with lesion masses moving during data acquisition (16),
especially for imaging of lung lesions, are unpredictable.
As the consequence, the clinical volume estimation may be
less accurate, as suggested by our data, and further clinical
investigations are required—that is, a systematic investiga-
tion of tumors located in different body regions.

One drawback relating to the ellipsoid volume might be
removed using voxel-based analysis of volume estimation.
This type of manual voxel counting is time-consuming and
requires a higher degree of training as well as experience.
In contrast, the ellipsoid model used has the advantage of
ease of use. A further development would be a semiauto-
matic computer-controlled iterative thresholding procedure,
including voxel-based volume estimation. This volumetry
probably increases the reproducibility and circumvents many
user interactions, and volumes of irregular-shaped tumors
can probably be assessed more reliably. Thus, a semiauto-
mated method makes it amenable to further clinical inves-
tigations instead of being solely a research tool.

The CT volume was considered to be the gold standard;
however, the anatomic and functional volume sometimes
deviates (17), and this is probably not caused by technical
shortcomings but, rather, by an intrinsic feature of the le-
sion. Therefore, the functional and anatomic delineation of
the volume appears to be of equal importance to ascertain
the gross extent of malignancy. The complementary—
functional and anatomic—information, if available, may
improve radioiodine therapy and external beam radiother-
apy. This can be best achieved using PET/CT along with the
proposed ITM, making conformal radiotherapy (18) grad-
ually more advanced and providing new insights into the
field of functional and anatomic differences. Hence, the
ITM may improve lesion dosimetry.

CONCLUSION

As demonstrated with clinical 18F-FDG and 124I PET
images, the application of the ITM yielded reliable PET
volume estimation when compared with CT volumes unless
a distinctly nonuniform activity distribution was observed.
A thorough examination of the activity distribution is re-
quired. A major benefit of the ITM over methods that re-
quire an independent estimate of lesion size is that it may
be used where such an estimate is not available—for ex-
ample, in cases in which the lesion is invisible on anatomic

imaging or for studies using dedicated PET systems. There
are limitations preventing estimates of small volumes;
therefore, the investigator might exercise caution when
applying the ITM to obtain a reliable volume estimate for
lesions with an effective diameter that is close to the spatial
resolution of the PET system.

REFERENCES

1. Juweid ME, Cheson BD. Positron-emission tomography and assessment of

cancer therapy. N Engl J Med. 2006;354:496–507.

2. Freudenberg LS, Bockisch A, Jentzen W. Iodine-124 PET dosimetry and PET/

CT imaging in differentiated thyroid cancer. In: Biersack HJ, Grünwald F, eds.

Thyroid Cancer. 2nd ed. New York, NY: Springer; 2005.

3. Erdi YE, Macapinlac H, Larson SM, et al. Radiation dose assessment for I-131

therapy of thyroid cancer using I-124 PET imaging. Clin Positron Imaging.

1999;2:41–46.

4. Eschmann SM, Reischl G, Bilger K, et al. Evaluation of dosimetry of radioiodine

therapy in benign and malignant thyroid disorders by means of iodine-124 and

PET. Eur J Nucl Med. 2002;29:760–767.

5. Asakura H, Togami T, Mitani M, et al. Toyama Y, Ohkawa M. Usefulness of

FDG-PET imaging for the radiotherapy of pyothorax-associated lymphoma. Ann

Nucl Med. 2005;19:725–728.

6. Geworski L, Knoop BO, Levi de Cabrejas M, Knapp WH, Munz DL. Recovery

correction for quantification in emission tomography: a feasibility study. Eur J

Nucl Med. 2000;27:161–169.

7. Erdi YE, Wessels BW, Loew MH, Erdi AK. Threshold estimation in single

photon emission computed tomography and planar imaging for clinical radio-

immunotherapy. Cancer Res. 1995;55(suppl):5823s–5826s.

8. Erdi YE, Mawlawi O, Larson SM, et al. Segmentation of lung lesion volume by

adaptive positron emission tomography image thresholding. Cancer. 1997;

80(suppl):2505–2509.

9. DeNardo GL, Shen S, DeNardo SJ, et al. Quantification of iodine-131 in tumors

using a threshold based on image contrast. Eur J Nucl Med. 1998;25:497–502.

10. Knust EJ, Dutschka K, Weinreich R. Preparation of I-124 solutions after

thermodistillation of irradiated 124TeO2 targets. Appl Radiat Isot. 2000;52:181–184.

11. Van Hoe L, Haven F, Bellon E, et al. Factors influencing the accuracy of volume mea-

surements in spiral CT: a phantom study. J Comput Assist Tomogr. 1997;21:332–338.

12. Schoder H, Erdi YE, Chao K, Gonen M, Larson SM, Yeung HW. Clinical

implications of different image reconstruction parameters for interpretation of

whole-body PET studies in cancer patients. J Nucl Med. 2004;45:559–566.

13. Levin CS, Hoffman EJ. Calculation of positron range and its effect on the

fundamental limit of positron emission tomography system spatial resolution.

Phys Med Biol. 1999;44:781–799.

14. Robinson S, Julyan PJ, Hastings DL, Zweit J. Performance of a block detector

PET scanner in imaging non-pure positron emitters: modeling and experimental

validation with 124I. Phys Med Biol. 2004;49:5505–5528.

15. Herzog H, Tellmann L, Qaim SM, Spellberg S, Schmid A, Coenen HH. PET

quantitation and imaging of the non-pure positron-emitting iodine isotope 124I.

Appl Radiat Isot. 2002;56:673–679.

16. Yaremko B, Riauka T, Robinson D, et al. Thresholding in PET images of static

and moving targets. Phys Med Biol. 2005;50:5969–5982.

17. Crawford DC, Flower MA, Pratt BE, et al. Thyroid volume measurement

in thyrotoxic patients: comparison between ultrasonography and iodine-

124 positron emission tomography. Eur J Nucl Med. 1997;24:1470–

1478.

18. Austin-Seymour M, Chen GTY, Rosenman J, Michalski J, Lindsley K, Goitein

M. Tumor and target delineation: current research and future challenges. Int J

Radiat Oncol Biol Phys. 1995;33:1041s–1052.

114 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 48 • No. 1 • January 2007


