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This article explores how one can lower the injected 18F-FDG dose
while maintaining validity in comparing standardized uptake values

(SUVs) between studies. Variations of the SUV within each lesion

were examined at different acquisition times. Methods: Our protocol

was approved by either the Human Investigation Committee or the
Institutional Review Board. All 120 PET datasets were acquired

continuously for 180 s per bed position in list mode and were re-

constructed to obtain 30-, 60-, 90-, 120-, 150-, and 180-s-per-bed-
position PET images with registration to a single set of nondiagnos-

tic CT images. Qualitative assessment of the images was performed

separately for correlation. The SUV measurements of each lesion

were computed and normalized to the 180-s acquisition values to
create a stabilization factor. These stabilization factors were used to

demonstrate a predictable trend of stabilization over time. The var-

iances of the stabilization factors over the entire dataset, composed

of several tumor types over a range of sizes, were compared for
each time point with the corresponding 150-s time point using a

2-sided F test, which has similar values to the 180-s time point.

Results: The variance of the data decreased with increasing acqui-

sition time and with increasing dose but leveled off for sufficiently
long acquisitions. Conclusion: Through the statistical analysis of

SUVs for increasing acquisition times and visual evaluation of the

plots, we developed and hereby propose an algorithm that can be
used to seek the maximum reduction in administered 18F-FDG dose

while preserving the validity of SUV comparisons.
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It is amply documented that ionizing radiation, such as x-rays in
diagnostic imaging, can contribute to the risk of carcinogenesis in
humans (1). Given the steady and steep rate of increase in the
number of CT scans in recent years (2), this technique has been
the main focus of dose evaluation and dose reduction studies.
With the advent of hybrid imaging, that is, PET/CT and SPECT/CT

techniques, dose reduction efforts have initially focused on the CT
portion of the scans (3,4). Investigators examining radiation expo-
sure in PET/CT imaging estimated the contribution from the CT

component to be 54%–81% (3), depending on the techniques
demanded from the x-ray tube. Published dose reduction studies
have focused on minimizing the dose from the CT portion in an
effort to achieve a good-quality PET/CT scan with a total effective
dose below 10 mSv (5). Other studies have explored the effects of
various CT techniques on the reconstructed PET images of various
phantoms (6,7). In these studies, the adequacy of the CT technique
yielding the lowest dose exposure was determined qualitatively by
clinicians looking for disease on the PET images (8,9).
Recently, attention has begun to shift to the contribution from

radionuclides to the total radiation dose per scan, since some
nuclear medicine procedures may yield doses comparable to the
effective dose from CT (10). In particular, Alessio et al. (8) have
suggested a reduction of the positron emitter dose in PET as an
alternative to a reduction in CT scanning time in an evaluation
based on subjective adequacy and objective lesion detection accu-
racy by body region. More recently, some studies have suggested
an optimization of injected dose based on noise-equivalent count
rates (7,11). In this approach, radioactivity at the maximum noise-
equivalent count rate was defined as an optimal injection dose per
unit weight, guided by visual assessment of the images of anthro-
pomorphic phantoms and of patients to meet the criteria of ac-
ceptability for the technique. In clinical practice, although staging
and restaging from qualitative assessment alone may be adequate,
consistency in quantitation, namely the widely used standardized
uptake value (SUV), plays an important role in the evaluation of
response to therapy. Practitioners rely heavily on changes in SUVs
over time, in the absence of clear improvement or progression of
disease by detection of previous lesions or new lesions, respec-
tively, to decide whether to continue or switch therapies. We have
been reluctant to lower our 18F-FDG dose without exploring the
effects on our quantitation. Strobel et al. have found a statistically
significant difference in a comparison between 2- and 3-dimensional
acquisitions with a 50% reduction in scan time. They demon-
strated a 5.2% reduction in maximum SUV (SUVmax) using their
3-dimensional protocol without noting significant diagnostic dif-
ferences visually from the images (12).
In this study, we propose a novel approach to dose reduction that

differs from earlier ones in that we determined the appropriate dose
reduction by searching for the acquisition time at which SUVs be-
come stable. This method preserves valid direct quantitative compar-
isons between current and previous 18F-FDG PET scans. Furthermore,
it may provide a more conservative parameter in determining image
quality. We have tested this approach on various tumor types and sizes.

MATERIALS AND METHODS

This effort was initially performed at Yale New Haven Hospital

(YNHH) and was later joined by collaborators at the Fondazione
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Toscana Gabriele Monasterio per la Ricerca Medica e di Sanità Pubblica
CNR–Regione Toscana Pisa (CNR/FTGM). At CNR/FTGM, we had

the resources to extend the acquisition time to 240 s per field of view.
Our protocol was approved by either the Human Investigation Com-

mittee or the Institutional Review Board at both institutions.
The study was structured in 2 phases. The first phase, performed at

YNHH only, included the retrospective analysis of 51 consecutive
PET/CT studies with a prescribed dose of 555 MBq (15 mCi) of 18F-

FDG. In the second phase, 69 consecutive studies (43 at YNHH and
26 at CNR/FTGM) were evaluated using the same protocol as in the

first phase, but the prescribed dose was 370 MBq (10 mCi) at YNHH

and 3.7 MBq/kg (0.1 mCi/kg) at CNR/FTGM. Also, in the second phase,
only patients with diagnoses of breast carcinoma, lymphoma, pancre-

atic carcinoma, and lung cancer with positive findings were included.
Age, sex, body weight, body mass index, administered radiotracer dose,

uptake time, blood glucose levels at the time of injection, and diagnoses
were recorded (Tables 1 and 2).

The images were acquired using 64-slice PET/CT Discovery 690
scanners (GE Healthcare) at both sites. The hybrid PET/CT Discovery

690 scanner is equipped with a lutetium-yttrium-orthosilicate detector
and a 64-slice CT component. The D690 PET scanner operates only in

3-dimensional mode. It consists of 24 rings of detectors (13,824
lutetium-yttrium-orthosilicate crystals total) for an axial field of view

of 157 mm; the transaxial field of view is 70 cm. The CT component
of the D690 system is a LightSpeed VCTwith 912 channels · 64 rows

(13). Images were reconstructed following our clinical protocol on an
AW workstation (GE Healthcare) equipped with version 4.5 software

using ordered-subsets expectation maximization with 2 iterations, 24
subsets, and a gaussian z-mm filter. To have a wider acceptance of this

application, time-of-flight data were not used in this study.
All PET datasets were obtained by following our standard protocol

of a continuous 180 s per bed position, except that they were acquired
in list mode and, for our research project purposes only, were recon-

structed to obtain 30-, 60-, 90-, 120-, 150-, and 180-s-per-bed-position
PET images with registration to a single set of nondiagnostic CT im-

ages. CT images were obtained using 120 kVp and sliding amperage.
Images were transferred to an AW workstation. All 6 sets of images

for each patient were evaluated by 2 board-certified nuclear medicine

physicians at each site, who were aware of the clinical diagnoses.
Images of the 180-s-per-bed-position data were evaluated first to determine

overall findings and the total number of lesions to be measured.
The same data analysis was performed in the 2 phases of the study.

In patients with several 18F-FDG–avid lesions, a maximum of 5
lesions presenting well-defined anatomic borders and clear separation

from other lesions were selected at random. Lesion sizes were mea-
sured in 2 dimensions (maximum and minimum axes) on axial images.

SUVs were measured by creating a voxel of interest (VOI) using
a fixed threshold of 42% on each lesion on the 180-s image and left

at a fixed value. VOIs were checked on all planes (axial, coronal, and
sagittal) to ensure that the borders were appropriate for accurate quan-

titation. Average SUV and SUVmax were measured for each lesion at
each time point using the 180-s VOI. Cases of focal uptake without

corresponding anatomic abnormalities were excluded because of the
indeterminate anatomy of the lesions.

TABLE 1
Demographics of Patients Examined in Each Phase of This Study

Demographic Phase 1 (555 MBq) YNHH Phase 2 (370 MBq) YNHH Phase 2 (3.7 MBq/kg) CNR/FTGM

Sex (F/M) 25/26 25/18 14/12

Age (y) 56.5 ± 18.8 (13–85) 63.2 ± 14.1 (20–92) 60.8 ± 13.4 (23–79)

Body mass index (kg/m2) 29.0 ± 8.5 (16.4–62.0) 27.5 ± 6.6 (16.3–47.8) 25.7 ± 3.9 (19.5–31.1)

Dose

mCi 15.1 ± 1.7 (10.7–19.2) 10.4 ± 0.9 (8.4–12.9) 8.2 ± 1.3 (5.4–10.6)

MBq 559 ± 62.8 (396–711) 383 ± 34.9 (311–478) 303 ± 49.1 (201–392)

Dose/kg

mCi/kg 0.21 ± 0.07 (0.08–0.39) 0.14 ± 0.03 (0.09–0.23) 0.11 ± 0.01 (0.10–0.16)

MBq/kg 7.8 ± 2.4 (3.1–14.4) 5.2 ± 1.3 (3.3–8.5) 4.1 ± 0.5 (3.6–5.8)

Blood glucose (mg/dL) 117.5 ± 30.2 (57–226) 110.7 ± 16.3 (76–153) 100.7 ± 10.6 (77–136)

Uptake time (min) 67.7 ± 10.3 (54–107) 66.4 ± 8.0 (50–91) 63.6 ± 7.7 (56–80)

Data are average ± SD, followed by range in parentheses.

TABLE 2
Distribution of Diagnoses and Lesion Sizes in Each Phase of This Study

Diagnosis Phase 1 (555 MBq) YNHH Phase 2 (370 MBq) YNHH Phase 2 (3.7 MBq/kg) CNR/FTGM

Lymphoma 1.4 ± 0.5 cm (0.5–2.4 cm), n 5 17 1.3 ± 0.5 cm (0.6–2.5 cm), n 5 10 1.2 ± 0.8 cm (0.6–2.7 cm), n 5 6

Lung cancer 1.0 ± 0.4 cm (0.6–1.8 cm), n 5 8 1.7 ± 0.7 cm (0.7–4.0 cm), n 5 19 1.7 ± 0.8 cm (0.7–3.5 cm), n 5 18

Breast cancer 2.2 ± 1.3 cm (0.5–4.3 cm), n 5 4 1.4 ± 0.5 cm (0.8–2.9 cm), n 5 12 1.8 ± 1.3 cm (0.9–2.7 cm), n 5 2

Pancreas cancer 1.8 ± 0.7 cm (1.2–2.8 cm), n 5 3 1.3 ± 0.9 cm (0.8–2.8 cm), n 5 2 Not applicable

Miscellaneous 1.4 ± 1.0 cm (0.4–4.5 cm), n 5 19 Not applicable Not applicable

Data are average ± SD, followed by range in parentheses.
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We expect the stabilization factor to tend to 1 as the acquisition
time increases. To demonstrate a predictable trend of stabilization

between patients and tumor types over a range of sizes at each time
point, the variance of the stabilization factors was computed for all

lesions (SUVs normalized to the 180-s acquisition values). The variances
were compared with the corresponding 150-s time point using a 2-

sided F test. The statistical analysis was performed using the software
package “R” (var.test; R Foundation for Statistical Computing).

RESULTS

Maximum-intensity projection and coronal PET images for each
data point were qualitatively evaluated and graded as uninterpret-
able (very noisy image because of paucity of counts), poor (lesion-
to-background ratio too low), adequate (difficult but may have
a sufficient target-to-background ratio for experienced interpreters),
or unequivocal (good lesion-to-background uptake ratio for most
interpreters). As shown in Tables 3 and 4, the perceived image quality
improves with longer acquisitions.
In both phases of the study, most scans were deemed adequate

or unequivocal in quality for interpretation at 120 s of acquisition
time. All scans were adequate or unequivocal in quality at 150 s. The
perceived improvement in the quality of the scans, as indicated by
the shift in percentages within Tables 3 and 4, correlated with lower
variance in SUVmax, which eventually stabilized on individual plots
(Figs. 1–3).
Because of the logistics of ordering 18F-FDG doses, the results

from YNHH are based on fixed dosing of either 555 MBq (15
mCi) per patient, that is, our initial protocol, or 370 MBq (10 mCi)
per patient, that is, our revised protocol. Given the wide range of
body masses of our patients, there was a resultant wide range of
3.3–8.5 MBq (0.09–0.23 mCi)/kg. Our colleagues in Pisa transi-
tioned from unit 18F-FDG dosing at the beginning to a prescribed

dose of 3.7 MBq (0.1 mCi)/kg using an Intego automatic 18F
dispensing and injecting system (Medrad Europe B.V.).
As can be seen from Figures 1–4, the results from 2 independent

series performed at both centers follow the same trend. The con-
sistency of the 2 series demonstrates that the results are reproduc-
ible and indicates that the interobserver variability is insignificant.
Furthermore, the rate (or slope) of stabilization appears more rapid
at higher doses per unit weight, with increasingly smaller devia-
tion of the SUVs obtained at 180 s but not significantly different
after 120 s of acquisition time for all injected doses. Indeed, as
shown in Table 5, the variance of the data tends to decrease with
an increase in acquisition time and dose but levels off for suffi-
ciently long acquisitions. Table 5 also presented the P values for
the variance of the normalized SUVs compared with the 150-s
time point. We have compared with the 150-s time point because
the data have been normalized to the 180-s time point. The observed
trends suggested the opportunity to switch from 555 MBq (15 mCi)
per patient (phase 1) to 370 MBq (10 mCi) per patient (phase 2).
Data from YNHH were constrained to our standard 180 s of

scanning time. Conversely, data from CNR/FTGM extend to 240 s
of acquisition. When normalized to the 180-s time point, data from
CNR/FTGM show some scatter (Fig. 3); such a range of fluctua-
tion is expected from statistical uncertainty inherent within the
modality and is within acceptable limits.

DISCUSSION

Although the benefits of administering a lower dose may be
intuitive, its effects on quantification may not be immediately
realized. Our data demonstrate that the SUVmax for each lesion
stabilizes with longer acquisitions up to a point beyond which
there is no further meaningful improvement (i.e., it has reached
a plateau), independent of diagnosis or the size of each lesion. We

TABLE 3
Perceived Quality of PET Images (51 Scans) from Phase 1 of This Study

(Prescribed 18F-FDG Dose, 555 MBq [15 mCi]) as Function of Acquisition Time

Acquisition time (s) Uninterpretable (%) Poor (%) Adequate (%) Unequivocal %

30 65 29 6 0

60 14 45 41 0

90 0 22 60 18

120 0 2 23 75

150 0 0 6 94

180 0 0 0 100

TABLE 4
Perceived Quality of PET Images (69 Scans) from Phase 2 of This Study

(Prescribed 18F-FDG Dose, 370 MBq [10 mCi] or 3.7 MBq [0.1 mCi]/kg) as Function of Acquisition Time

Acquisition time (s) Uninterpretable (%) Poor (%) Adequate (%) Unequivocal (%)

30 93 7 0 0

60 51 40 9 0

90 2 60 33 5

120 0 12 60 28

150 0 0 21 79

180 0 0 0 100
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used this critical point to determine how much the dose can be
reduced while maintaining consistency in quantification.
Since the inception of PET/CT imaging at YNHH, our dose

reduction efforts have incorporated the use of a very low dose
nondiagnostic CT technique for attenuation correction. Because
our oncologist colleagues use changes in SUV as a part of their as-
sessment of response to therapy, we have to explore the effects of
a major change in our protocol on the precision of our quantitation.
We expected that a quantitative parameter would be more sensitive

than the human eye in evaluating changes in the image and would
ensure confidence in longitudinal comparisons.
We chose to focus on the determination of SUVmax, rather than

average SUV, to avoid effects from arbitrary margin selection of
the VOI by vendor software and from the heterogeneity of uptake
within each lesion. Because each lesion served as its own control
over a range of 180–240 s of acquisition time, which is very short
compared with the 60 min between injection time and imaging for
biodistribution, 18F-FDG avidity and partial-volume effects will
be properties intrinsic to each lesion during the course of assess-
ment. We limited the number of lesions to be selected from each
patient to restrict biases due to differences in biodistribution from
any particular patient with the same diagnosis in our grouped
analyses. After analyzing the results from our early protocol using
555 MBq (15 mCi) of 18F-FDG, we confidently lowered our fixed
dose to 370 MBq (10 mCi), noting that similar results can be obtained
through trimming the imaging time or the administered dose.
The simplicity of our approach lies in comparing each lesion

with itself, measured after the same time for biodistribution and

FIGURE 1. Temporal evolution of individual SUVs measured at YNHH

for injected 18F-FDG doses of 3.3–4.8 MBq/kg (0.10–0.13 mCi/kg). SUV

data are normalized to 180-s time point.

FIGURE 2. Temporal evolution of individual SUVs measured at YNHH

for injected 18F-FDG doses of 5.2–8.5 MBq/kg (0.14–0.2 mCi/kg). SUV

data are normalized to 180-s time point.

FIGURE 3. Temporal evolution of individual SUVs measured at CNR/

FTGM for injected 18F-FDG doses of 4.4–4.8 MBq/kg (0.12–0.13 mCi/

kg). SUV data are normalized to 180-s time point.

FIGURE 4. Temporal evolution of all SUVs collectively. Individual SUV

at each time point was normalized to SUV at 180-s time point in each

group, before determination of SD.
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maintaining the same intrinsic properties, including partial-volume
effects. Hence, the variability in the measurements comes from only
the counting statistics within the VOI. As can be seen in Figure 4,
SUVmax is most overestimated with the fewest counts from the
shortest acquisition time. The deviation is skewed above unity be-
cause of the way SUV is quantified.
In our early protocol using 555 MBq (15 mCi) of 18F-FDG, the

rate of stabilization plateaued within 120 s of acquisition time
regardless of tumor type and size (Fig. 2). These findings gave
us the confidence that we could trim our dose by one third while
maintaining our acquisition time of 180 s per bed position.
We introduced a protocol using 370 MBq (10 mCi) of 18F-FDG

and monitored its performance to ensure that we achieved good pre-
cision through adequate counting statistics. Our team in Pisa verified
these findings independently and provided invaluable additional data
with 240 s of acquisition time at 370 MBq (10 mCi) of 18F-FDG. It
was reassuring that the variability between 180 and 240 s of acquisi-
tion was within 10% (Figs. 1 and 3). The shape of the curve suggests
that there may be room for further reduction in the 18F-FDG dose.
Although our approach is scientifically based, one limitation of

this study is that it has been tested only on GE Healthcare PET/CT
scanners using their standard clinical reconstruction parameters.
Further studies using scanners from other vendors and optimiza-
tion of the reconstruction parameters to vary the noise level of the
data can strengthen the confidence and validity of this approach.
Given the variety of tumor types and sizes in our study, we are
confident that the behavior of the graphs will remain predictable
until the noise level of the data dominates over the true counts.

CONCLUSION

Using an objective quantitative parameter that is more precise
and likely more sensitive than qualitative assessment alone, we have
introduced a simple, direct, and practical approach to evaluate the
effect that reducing the 18F-FDG dose has on imaging, to enhance our
confidence in comparing longitudinal 18F-FDG PET studies. Com-
paring each lesion with itself at different time points in a continuous
acquisition allows all factors such as the intrinsic characteristics of the
scanner, biodistribution time, diagnosis, and size to remain constant.
We feel that our approach complements existing methods and

can easily be adopted in clinical practice. These efforts will lead
to lower cumulative doses and will benefit patients, especially
children, who may require multiple PET/CT or SPECT/CT studies
over their lifetime.
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Dose

3.3–4.1 MBq/kg

(0.09–0.11 mCi/kg)

4.4–4.8 MBq/kg

(0.12–0.13 mCi/kg)

5.2–5.6 MBq/kg

(0.14–0.15 mCi/kg)

5.9–8.5 MBq/kg

(0.16–0.23 mCi/kg)

Acquisition time (s) σ P σ P σ P σ P

30 0.18 1.0E−11 0.15 3.0E−9 0.15 2.0E−16 0.11 1.0E−5

60 0.11 8.0E−8 0.09 0.0001 0.08 6.0E−11 0.07 0.004

90 0.05 0.02 0.06 0.04 0.05 6.0E−6 0.04 0.99

120 0.05 0.01 0.05 0.29 0.04 0.001 0.04 0.8

150 0.03 0.04 0.02 0.04
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