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Acquisition Settings for PET of '**I Administered
Simultaneously with Therapeutic Amounts of '°'T
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Radiation dosimetry of thyroid cancer therapy with '3l can be
performed by coadministration of 24| followed by longitudinal
PET scans over several days. The photons emitted by 37l may
affect PET image quality. The aim of this study was to assess
the influence of large amounts of 37| on PET image quality and
accuracy with various acquisition settings. Methods: Noise equiv-
alent count (NEC) rates of 124 only were measured with a stan-
dard clinical PET scanner. Apart from the standard 350- to 650-keV
energy window, 425- to 650-keV and 460- to 562-keV windows
were used and data were acquired both with (2-dimensional)
and without (3-dimensional [3D]) septa. A phantom containing
6 hot spheres, filled with a combination of 131 and 24| and with
a sphere-to-background ratio of 18:1, was scanned repeatedly
with energy window settings as indicated and emission and
transmission scan durations of 7 and 3 min, respectively. NEC
rates were calculated and compared with those measured with
the phantom filled with only 24l. Sphere-to-background ratios
in the reconstructed images were determined. One patient with
known metastatic thyroid cancer was scanned using energy
window settings and scan times as indicated 3 and 6 d after
administration of 5.5 GBq of 3!l and 75 MBq of '24l. Results:
The highest 124I-only NEC rates were obtained using a 425- to
650-keV energy window in 3D mode. In the presence of 31|, the
settings giving the highest NEC rate and contrast were 425—650
keV and 460—562 keV in 3D mode, with the clinical scans giving
the highest quality images with the same settings. Conclusion:
Acquisition in 3D mode with a 425- to 650-keV or 460- to 562-
keV window leads to the highest image quality and contrast
when imaging 24l in the presence of large amounts of 3!l using
a standard clinical PET scanner.
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There is an increasing interest in the use of the long-
lived positron-emitting iodine isotope '>*I with PET. The
most common applications of '>*I with PET are in thyroid
disease (/—8) and in imaging of antibodies (9-16), of which
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the kinetics are too slow to allow the use of the common
short-lived PET nuclides such as '8F. Recently, the use of
124]_labeled tracers for PET of apoptosis (/7,18), insulin
receptors (/9), hypoxia (20), and proliferation (27) has
been suggested. One important potential use of '?*I is ra-
diation dose evaluation of thyroid cancer therapy with 311
or radioimmunotherapy with '3!T-labeled antibodies. The
distribution of '3'I-labeled radiopharmaceuticals can only
be measured using y-cameras without the possibility of
accurate quantification. Labeling of the same substance
with 24T allows for the use of PET to obtain a quantitative
measure of the uptake of the '>*I-labeled analog, which
is exactly the same as the uptake of the therapeutic
radiopharmaceutical. In addition to dose planning by 24
PET before '3'1 therapy (/,11,15), dose evaluation during
therapy can be performed by coadministration of the '**1-
labeled radiopharmaceutical followed by serial PET scans
over several days (3,5,8). However, the y-radiation produced
by large amounts of 31 during PET measurements poses
a challenge to the image quality and quantitative accuracy
of PET.

1241 (half-life, 4.18 d) has a positron abundance of only
23% and a maximum and mean positron energy of 2,138
and 819 keV, respectively. The physical aspects of its use in
PET have been characterized previously (9,22-24). The
positron energy of '?*I leads to a resolution loss of about
1 mm compared with the most common PET nuclide '8F
(22). Apart from the 511-keV photons resulting from
positron annihilation, the main photons emitted by 24l
have energies of 602, 722, and 1,691 keV, with abundances
of 60%, 10%, and 11%, respectively. About half of the
positron decays is followed by emission of the 602-keV
photon. So-called prompt y-coincidences involving this pho-
ton and an annihilation photon cannot be distinguished
from true coincidences between 2 annihilation photons and
cause a background in the PET data (25-27). The other
emitted photons lead to an increased singles rate and, thus,
to an increase in random coincidences, an effect that may
be relatively larger in 2-dimensional (2D) PET than in
3-dimensional (3D) PET, with and without slice collimation,
respectively, due to down scatter of higher-energy photons
in the septa in 2D PET (28).
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Few studies have been done to assess the PET perfor-
mance of '?*T imaging during therapy with '3'T (3,5,29).
Erdi et al. performed a dose—response study with 74—185
MBq B!l in 3 patients with thyroid carcinoma (3).
Eschmann et al. performed both clinical studies and phan-
tom studies. They found no influence of 3'T activity on
PET quantification, but the range of activities used in their
phantom studies is not clear (5). Pentlow et al. performed
phantom measurements in 2D mode and found increased
image noise with increasing '3'I activity, with quantifica-
tion accurate within 10% (29). All of these studies were
done with an Advance scanner (GE Healthcare) in 2D mode
using the standard energy window (300—650 keV) of the
scanner.

The performance of PET of '>*I during therapy with 311
may be influenced by the energy window settings and
acquisition mode of the PET scanner. The main photons
emitted by 31T (half life, 8.02 d) have energies of 364, 637,
and 284 keV and abundances of 82%, 7%, and 6%,
respectively. The 364- and 637-keV photons fall within
the standard energy window of 350—650 keV of most
scanners, so these photons contribute to the singles count-
ing rates and, consequently, the random coincidence count-
ing rates, leading to increased image noise. Use of a
narrower energy window should decrease their contribution
to the randoms rate and improve image quality. Unfortu-
nately, narrowing the energy window also decreases the
sensitivity for true coincidences, which in turn reduces
image quality, and an optimum setting has to be found. As
mentioned earlier, published studies considering the com-
bination of 24 and '3'I all considered PET scans in 2D
acquisition mode. However, most currently available scan-
ners are no longer equipped with septa and are only capable
of 3D imaging, so the effect of combined '**T and '3'1
administration on 3D imaging has to be investigated.

The aim of this study was to assess the influence of large
amounts of '3'T on PET image quality and accuracy with
various energy window settings and 2D and 3D acquisition
modes using a standard clinical PET scanner. Phantom
measurements of '>*I were performed both with and with-
out the presence of '3!1 to quantify the effect of acquisition
settings on image quality, and clinical scans of a thyroid
cancer patient were used to visually evaluate the optimal
acquisition settings.

MATERIALS AND METHODS

PET Scanner

All measurements were made with an ECAT Exact HR+
scanner (CTI/Siemens) (30,31). The field of view (FOV) of this
scanner is 55 cm in transaxial and 15.5 cm in axial direction. The
scanner consists of 32 rings of bismuth germanate (BGO) detec-
tors, producing 63 image planes, and is capable of imaging in both
2D (with septa) and 3D (without septa) mode. The standard
energy window of the scanner is 350—650 keV. Correction for
random coincidences is done online using a delayed window. Data
are normalized and corrected for dead time and scatter using the
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methods included in the ECAT 7.2 software (CTI/Siemens) and
corrected for attenuation based on a transmission scan with
rotating °3Ge rod sources. The standard normalization was used
for all image reconstructions. The intrinsic spatial resolution of
this scanner is approximately 4.5 mm, whereas the resolution
obtained with the reconstruction filter used in the present study is
6.5 mm in the center of the FOV of the scanner.

Radionuclides

The iodine isotopes '3 and '?>*I were purchased from
Mallinckrodt Medical BV and RITVERC Isotope Products, re-
spectively.

124] Noise Equivalent Count (NEC) Rate

A 20-cm-diameter, 20-cm-long water-filled acrylic phantom
was filled with '?* solution in 15 steps, with total phantom ac-
tivity increasing from 0 to 87 MBq. After each addition of 121,
the phantom was fixed in the center of the FOV of the scanner and
six 2-min scans were made with energy windows of 350—650,
425—650, and 460—562 keV, in 2D and 3D modes.

NEC rates were calculated from the sum of all projections in
each scan using a modified version of the procedure described in
the NEMA 1994 standard (32):

T2
NEC_T+S+G+2fD’

In Equation 1, T is the trues counting rate in a 24-cm-diameter
area in the center of the scanner; S and G are the scatter and
prompt y-counting rates, respectively; D is the randoms counting
rate as measured in a delayed coincidence window; and f is the
fraction of the sinogram occupied by the phantom, set to 0.436 to
cover the central 24 cm of the sinogram. The prompt y-counting
rate G is assumed to be uniformly distributed in the sinogram (27).
G is calculated as the mean of the 10 outermost projection bins
multiplied by the number of bins within the central 24 cm of the
projection. The sum of scatter and prompt y-distributions was de-
termined by a gaussian fit to the projection tails outside the object
(33-35), with a constraint that the difference between the mea-
sured projection and the scatter distribution must resemble the
theoretic shape of the attenuated projection of a uniform cylinder.
The scatter coincidence rate S was calculated as the counting rate
in the area under the central 24 cm of the gaussian fit minus the
vy-coincidence rate G.

Because scatter and prompt y-fractions are independent of the
total amount of activity in the phantom, the mean of the scatter
and prompt y-fractions of the 10 scans with the highest amounts of
radioactivity was calculated and subsequently applied in the NEC
rate calculation of all scans.

124] and 131] Image Contrast and NEC Rate

The same phantom, now containing 6 hot spheres with diam-
eters ranging from 10 to 38 mm, was filled with '3!T and '?*I. The
amounts of radioactivity resembled those found in a patient a few
days after high-dose therapy, starting with 75 MBq '3'I and 6.4
MBq '?*1. The sphere-to-background ratio was 18:1. The phantom
was scanned 3 times during 2 wk with energy window settings as
given earlier and emission and transmission scan durations of 7
and 3 min, respectively. Images were reconstructed using (Fourier
rebinning and) 2D filtered backprojection applying a Hanning
filter with a cutoff at 0.5 of the Nyquist frequency as implemented
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in the ECAT 7.2 software. The number of counts in the sinogram
tails was found to be too low to perform an accurate correction for
prompt y-coincidences using a tail fit (27,36,37), so this correction
was omitted. Measured sphere-to-background contrasts were de-
termined by dividing the counts per voxel measured in a region of
interest placed over the center of each sphere, with size equal to
the sphere size, by the counts per voxel measured in a 5-cm
diameter, 15.5-cm-long volume of interest in the center of the
phantom. NEC rates of this sphere phantom were calculated as
described and compared with those measured with the uniform
phantom filled with only '24I. Scatter fractions were assumed to be
identical to those determined in the NEC measurement above.

Clinical Study

One patient (76-y-old man) with known metastatic thyroid
cancer was scanned after simultaneous oral administration of
5.5 GBq of 13T and 75 MBq of '?*I. At 3 d and 6 d after adminis-
tration, a whole-body scan (5 bed positions, 7-min emission, 3-min
transmission) was made, followed by several static acquisitions
with the same scan durations using 2D and 3D acquisition modes
and the 3 different energy windows. Because of limitations in total
scan duration, not all acquisition modes and energy windows
could be used on each scan day. Data were corrected as described
for the phantom studies. Images were reconstructed with (Fourier
rebinning and) attenuation-weighted ordered-subsets expectation
maximization (OSEM) (2 iterations, 16 subsets), and quality and
contrast of images obtained using different energy windows were
compared by a nuclear medicine physician.

RESULTS

Figure 1 shows '?*I NEC rates for all 3 energy window
settings in both 2D and 3D modes. In 2D mode, the
standard 350- to 650-keV window leads to the highest
NEC rates. In 3D mode, however, the highest NEC rate is
obtained with a 425- to 650-keV window. NEC rates were
approximately twice as high in 3D mode, almost reaching
their peak at 90 MBq. In both cases, the differences
between the 350- to 650-keV and 425- to 650-keV windows
are small.

Estimated scatter and prompt y-fractions, calculated as
S/(T + S) and G/(T + S + G), respectively, and the total
of the 2 fractions, calculated as (S + G)/(T + S + G),
are shown in Table 1 along with the estimated prompt
~v-fractions in the sphere phantom containing both ?4I and
1317, All values are expressed as the mean = SD of 10 scans
in the case of '**I-only and 3 scans for the combination of
1241 and '3'I. As expected, no significant difference in
prompt y-fraction between the scans with and without 311
was seen, indicating that '3'T does not contribute to sino-
gram bias and only increases image noise due to an increased
random coincidence rate.

Figures 2, 3, and 4 show the results of the measurement
with the sphere phantom containing both '>*I and '3'I. In
2D mode, the 425- to 650-keV window now yields the
highest NEC rate and image contrast, whereas the 460- to
562-keV window gives the highest NEC rate and image
contrast in 3D mode. Differences between the 2 narrow
windows are small, both relating to NEC rate and image
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FIGURE 1. NEC rates in 2D (A) and 3D (B) modes of 20-cm-

diameter, 20-cm-long phantom containing only 124I.

contrast. Image contrast was better in 3D mode than in 2D
mode, as shown in Figure 4.

Figure 5 shows images of the 76-y-old male patient,
made at 3 or 6 d after administration of the radioactivity, as
well as a fused whole-body image for orientation purposes.
The 3D images appeared less noisy, with a better contrast
between lesion and background, than the 2D images, with
the 425- to 650-keV and 460- to 562-keV window yielding
the best images. A small metastasis in the spine was only

TABLE 1
Scatter and Prompt y-Fractions
Energy Scatter Prompt Scatter + Prompt
window fraction  +y-fraction prompt vy-fraction +
(keV) (%) (%) vy-fraction (%) '3l (%)
2D
350—-650 15.1 £+ 0.7 143 02 273 *+12 140=*1.0
425-650 11.8 £ 0.8 11.8 =03 221 15 12.0=* 0.0
460-562 10.8 £+ 1.0 57 03 158 £1.7 5.3 + 0.6
3D
350—-650 31.3 + 0.5 23.7 = 0.3 476 1.0 26.7*+29
425-650 25.0 £ 1.1 191 =04 39320 20.3=*0.6
460-562 23.4 + 0.8 10.0 = 0.8 31126 11712

Data are expressed as mean * SD.
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FIGURE 2. NEC rates of sphere phantom containing mixture
of 1241 and 37, in 2D (A) and 3D (B) modes. Open symbols and
dashed lines indicate NEC rates without *31I.

observed using the 425- to 650-keV and 460- to 562-keV
windows in 3D mode.

DISCUSSION

In the present study, the effects of y-radiation from '3'1
during PET scans with 24T in 2D and 3D acquisition modes
and applications of various energy window settings were
assessed using phantom as well as patient measurements.
Use of 425- to 650-keV or 460- to 562-keV energy windows
in 3D mode gave the highest NEC rates and image
contrasts.

The NEC rates for '2*I only as shown in Figure 1 can be
compared with peak NEC rates of 132 and 232 kcps at
approximately 215 and 110 MBq in 2D and 3D modes,
respectively, for ''C (30). 3D NEC rates are approximately
a factor 15 lower for '?*I compared with ""C. A 77%
reduction in NEC rates is explained by the lower positron
abundance of '>*I, and the further reduction is caused by
the increased random rates and prompt <y-coincidences.
Basically, even with the same amount of radioactivity in the
patient, a 15-fold increase in scan duration is necessary to
obtain the same number of NECs, and comparable image
quality, in an '?*I scan as in a '8F-FDG scan in 3D mode.
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On the other hand, the image contrasts in iodine scans are
usually much higher than those in '8F-FDG scans, which
compensates for some reduction in image quality. The
scatter fractions for the 350- to 650-keV window in Table 1
are slightly lower than published NEMA scatter fractions
(31). The scatter calculation method used in the present
study assumes implicitly that the scatter is zero at the
outermost projection bins, which is probably not correct
and causes an underestimation of the scatter fraction and an
overestimation of the prompt y-fraction. Because scatter in
the outermost bins is included in the prompt y-fraction, the
sum of scatter and prompt y-coincidences is correct, and
this has no effect on the calculated NEC rates. The NEC
rates are also not influenced by a slight curvature in the
prompt y-background (27,37), as the method used to
calculate the sum of prompt y-fraction and scatter fraction
implicitly assumes a correct shape for the remaining trues
projection.

NEC rates were considerably lower in the presence of
31T with, at 6.4 MBq '>*I and 75 MBq '3'l, a decrease in
NEC rate of 70% for the 350- to 650-keV window in 2D
mode and an even larger decrease in 3D mode (Fig. 2). This
decrease is caused both by a large increase in random rates,
>10-fold for a 350- to 650-keV window in 3D mode, and
by a decrease in net trues rates. This decrease in net trues
rates, in turn, is caused by the higher dead time due to the
increased singles rates. As a consequence, 2D NEC rates
using the 350- to 650-keV window were actually higher
than the corresponding 3D NEC rates. 3D NEC rates were
still higher than 2D NEC rates for the narrower windows,
where the increase in random coincidence rate is less
dramatic because of the rejection of '3!I photons by the
energy discriminator. Although it was not feasible to per-
form a complete NEC curve measurement with different
concentration ratios of 3T and '?*I covering the full range
of radioactivity concentrations seen during therapy, the
sphere phantom measurement does give some indication of
the effect of the presence of '*'I on PET measurements
with 12T a few days after therapy. The results are also
confirmed by the visual preference for a 425- to 650-keV or
460- to 562-keV window in the patient study. It should be
noted that the results of the phantom measurement cannot
be compared directly to the clinical study, as the use of
OSEM with 2 iterations and 16 subsets does not lead to full
convergence and, hence, not to optimal contrast recovery.

Imaging immediately after therapy would involve much
larger random coincidence rates from !3'1, resulting in even
less favorable 241 imaging conditions. This will have to be
confirmed in clinical studies. In addition, the effect of
radioactivity outside the FOV of the scanner, as present in
clinical studies, should be studied using longer phantoms or
an additional phantom outside the FOV. Both of these
effects would probably only strengthen the preference for a
narrower energy window.

Prompt vy-correction might have improved contrasts in
Figures 3 and 4, especially in the 3D scans (27). A bias
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caused by prompt y-coincidences may explain the mea-
sured sphere-to-background ratio of 12 in the larger spheres
in 3D mode, which is slightly less than expected with a
recovery of approximately 80% for a 3.8-cm-diameter
sphere with a similar-sized region of interest (27) and a

A 14

124
i)
g 109 B
o
R Pt
4 y /
o 54 Ve
=] ) S
@ o
o 4 -e-2D, 350-650 keV
= | -4-2D, 425-650 keV

2D, 460-562 keV
0 ; ; .
0 10 20 30 40
Sphere size (mm)

B 4

12 —*
o &/%\w%
= A A& 7
@ 10 AT -
o /R’
@ 81 / A/
T y
E e
2 4
o 4 -e-3D, 350-650 keV
= & 3D, 425-650 keV/

-+ 3D, 460-562 keV
0 . ; ;
0 10 20 30 40
Sphere size (mm)
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. in 2D mode (top) and 3D mode (bottom),

acquired with energy windows of
350-650 keV (A and D), 425—-650 keV
(B and E), and 460—562 keV (C and F).

true ratio of 18. The low count densities in the sinograms,
however, which were even sparser for the patient study than
for the phantom measurements, make accurate prompt
v-correction by tail-fit methods difficult.

Counting rate linearity, which is an important require-
ment for quantitative accuracy in longitudinal PET scans
over a large range of amounts of radioactivity, was not
investigated in this study. The dead-time correction as im-
plemented in the ECAT 7.2 software is based on singles
rates, and it was shown previously that it does not perform
accurately for 7°Br, which also emits prompt +y-radiation
(27). This is probably due to the relatively larger amount of
detected photons outside the energy window of the scanner

A o | x'3 el | 3

2D, 425-650 keV | 3D, 350-650 keV | 3D, 425-650 keV | 3D, 460-562 keV

FIGURE 5.
central photopenia, acquired with 4 different acquisition set-
tings. Top to bottom: coronal, transverse, and sagittal images.
All images are at 6 d after administration, except the 350- to
650-keV image, which was taken 3 d after injection. (B) Fused
emission/transmission image of 3D 425- to 650-keV whole-
body scan of same patient.

(A) Single-bed images of rib metastasis with
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for 76Br than for pure positron emitters, which are rejected
by the energy discriminator and not counted as singles but
do contribute to dead time. For !24I, however, dead-time
correction of the same scanner was found to be accurate, as
shown by Herzog et al. (22), possibly because of the much
smaller numbers of single photons from ?4 compared with
76Br. The accuracy of the standard dead-time correction for
measurements of '>* in the presence of large amounts of
31T may be compromised because of the much larger
numbers of photons coming from '3!I. Further studies into
the counting rate linearity of '?I scans in the presence of
varying amounts of 3T should be performed.

Many currently available scanners have faster electronics
than the scanner used in the present study. In addition, these
scanners use detection materials such as lutetium oxyortho-
silicate (LSO), lutetium—yttrium oxyorthosilicate (LYSO),
gadolinium orthosilicate (GSO), or zirconium-doped GSO
(Zr-GS0O), which have better energy resolution and shorter
light-decay times than BGO (38). The better energy reso-
lution makes it more feasible to discriminate the '3'I pho-
tons and 241 prompt y-rays, whereas the faster crystals
and electronics lead to considerably lower random coinci-
dences rates, which in principle makes these scanners more
suitable for imaging of '>*I during '3'I therapy than BGO
scanners. For these scanners, the possibility of improved 1241
imaging characteristics with even narrower energy windows
should be evaluated. Because of the improved energy reso-
lution of these scanners, the effect of lower trues sensitivity
may be smaller than the improvement in NEC rate gained by
the lower scatter and prompt y-fractions and random coin-
cidence rates resulting from an even narrower window. This
should be validated in future studies.

The optimal energy window for PET of '?*I during ther-
apy with '3!'T—relating to both image quality and scanner
performance—may be a 425- to 575-keV window in 3D
acquisition mode using a clinical BGO scanner. This window
is a compromise between the 425- to 650-keV and 460- to
562-keV windows found to give the best results in this study.
A 425- to 575-keV window reduces the effects of the 364-
and 637-keV photons from '3'T and the 602-keV photon
from 241, without reducing trues sensitivity as much as a
460- to 562-keV window.

CONCLUSION

Dose evaluation during '3!I therapy can be performed
by coadministration of the '>*I-labeled radiopharmaceuti-
cal followed by serial PET scans over several days. The
~v-radiation produced by large amounts of '3'T during PET
measurements poses a challenge to the image quality and
quantitative accuracy of PET. Acquisition in 3D mode with
a 425- to 650-keV or 460- to 562-keV window leads to im-
proved image quality and contrast compared with 2D mode
and to the standard energy window setting of 350—650 keV
when imaging '?*T in the presence of large amounts of '3'T
with the ECAT Exact HR+ scanner.
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