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Abstract

The inherent noise in positron emission tomography (PET) leads to the instability of quantitative indicators, which may affect the
diagnostic accuracy for differentiating malignant and benign lesions in the management of lung cancer. In this paper, the reliability
of retention index (RI) is systematically investigated by using computer simulation for the dual-time-point imaging protocol. The area
under the receiver operating characteristic (ROC) curve is used to evaluate the optimal protocol. Results demonstrate that the reliability
of RI is affected by several factors including noise level, lesion type, and imaging schedule. The RIs with small absolute values suffer from
worse reliability than those larger ones. The results of ROC curves show that over delayed second scan cannot help to improve the diag-
nostic performance further, while an early first scan is expected. The method of optimization based on ROC analysis can be easily
extended to comprise as many lesions as possible.
� 2008 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

In recent years, PET imaging with 18F-FDG has become
a mainstay for the diagnosis and management of lung can-
cer. However, FDG is not a tumor-specific tracer. Many
clinical studies have observed that benign inflammatory
or infectious lesions also show an elevated FDG uptake
[1,2], similar to those of tumors, at the uptake periods. This
gives rise to the false-positive diagnosis of lung cancer
through visual interpretation or semi-quantitative index
of standardized uptake value (SUV).

Different time activity patterns of FDG uptake and dis-
tinct net rates of FDG uptake (Ki) have been observed
between malignant and benign lesions in some clinical stud-
ies [3,4], thus it is expected that the dynamic scan should be

better for differentiating benign from malignant lesions
than single static scan. However, the requirements of long
study time and invasive sampling of plasma time activity
curve (PTAC) for deriving Ki limit the clinical popularity
of the dynamic scan. The alternative way to tackle the chal-
lenge is to derive the changes of two-time-point uptakes,
which only requires dual-time-point imaging. Retention
index (RI) has been used to derive this relative change with
the potential to improve the diagnostic accuracy compared
with SUV in some clinical studies [5,6].

PET imaging is regarded as a quantitative functional
imaging. However, there are many factors, such as Poisson
noise in radioactive decay, scatter and random coincidence,
affecting the quantity of PET measurement [7]. Reliability
is one important statistical feature to describe the consis-
tency of quantitative measurement. Several clinical experi-
ments have been carried out to evaluate the reliability of
SUV and Ki [8,9], but no similar clinical research has been
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done on RI. Although SUV was observed to have good
reproducibility with a standard deviation around 10%, RI
is calculated based on two SUVs, thus undoubtedly would
suffer greater unstableness. It is unclear whether RI’s reli-
ability is related with several factors including imaging
schedules, lesion type, etc., and how the reliability affects
the diagnostic performance. We have done some prelimin-
ary research to investigate one fixed imaging schedule
based on the kinetics of four lesion tissues [10]. In this
paper, we extended the investigation on the reliability of
RI with more comprehensive analysis based on more imag-
ing schedules and the kinetics of five lesions.

Different institutions and medical imaging centers have
chosen different dual-time-point scanning protocols (or
sampling schedules) based on intuition and/or practical
experience. This has given rise to the difficulty for a fair
comparison of their protocols, and restricted the develop-
ment and adoption of this effective diagnostic method.
Therefore, it is necessary to develop an efficient approach
to determine the optimal dual-time-point protocol for
FDG–PET imaging, to help clinicians in the diagnosis of
lung lesions. In this work, we investigated the performance
of the area under the receiver operating characteristic
(ROC) curve for evaluating dual-time-point protocols.

2. Method

2.1. Kinetic model of FDG metabolism and variance of noise

for PET measurement

In this work, the classical kinetic model of FDG metab-
olism, which has three compartments and four parameters
[11], is used to derive tissue time activity curves (TTACs)
for both benign and malignant lesions. Based on this
model, the relationship between the plasma time activity
curve (PTAC) and TTAC complies with:

CiðtÞ¼ k1

a2�a1
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where k1 � k4 are the rate constants of mass exchange be-
tween the compartments, Ci (t) and CP (t) represent TTAC
and PTAC, respectively.

The PTAC model proposed by Feng et al. [12] is used as
the input function in this investigation. The mathematical
expression for this PTAC model without the delay factor
is given in:

CP ðtÞ ¼ ðA1t � A2 � A3Þ expðk1tÞ þ A2 expðk2tÞ
þ A3 expðk3tÞ ð2Þ

Parameters used in Eq. (2) are as follows:
A1 = 851.1225 lCi/ml/min, A2 = 21.8798 lCi/ml, A3 = 20.8113
lCi/ml, k1 = �4.1339 min�1, k2 = �0.1191 min�1, k3 =
�0.0104 min�1.

Table 1 lists all the kinetic constants for lung malignant
and benign lesions which are used in this study.

Due to the characteristics of PET, the measurement of
PET imaging is to obtain accumulated number of detected
photons averaged over the scan duration. Usually, the
additive Gaussian noise is assumed to describe the noise
distribution for TTAC in functional imaging as [17]:

CðtmÞ ¼ CoðtmÞ þ eðtmÞ
CoðtmÞ ¼ 1

Dtk

R tmþDtk=2

tm�Dtk=2 CiðtÞdt

r2ðeðtmÞÞ ¼ a�CoðtmÞ
Dtk

8>><
>>:

ð3Þ

where tm is the middle time of one static scan with the dura-
tion of Dtk, C(tm) and Co(tm) are, respectively, the measure-
ment value and the ideal value of aggregate tissue tracer
activity over Dtk. Ci(t) is defined in Eq. (1), which repre-
sents the instantaneous value of tissue tracer activity,
e(tm) and r2(e(tm)) are the noise term of TTAC measure-
ment and corresponding variance over Dtk, respectively. a

is a proportional constant which determines the desired
noise level, which is affected by many factors including
PET imaging system, the activity contrast between the re-
gion of interest and the adjacent tissue, and reconstruction
method, etc.

To investigate dual-time-point imaging schedules with
long study time, we extend the above noise distribution
model with the effect of decay correction included. Let
Co(tm) in Eq. (3) represents the non-decay corrected ideal
tissue tracer activity over Dtk, then the decay corrected tis-
sue tracer activity Cdec(tm) can be represented by Co(tm)
with the approximate equation of Cdec

(tm) = exp(ktm) � Co(tm). The noise variance of non-decay
corrected measurement is also assumed to obey Eq. (3),
and then the noise variance of decay corrected measure-
ment r2(edec(tm)) can be estimated as follows [10,18]:

r2ðedecðtmÞÞ ¼ r2ðeðtmÞ � expðktmÞÞ
¼ expð2ktmÞ � r2ðeðtmÞÞ

¼ a� expðktmÞ � expðktmÞ � CoðtmÞ
Dtk

¼ a� expðktmÞ � CdecðtmÞ
Dtk

ð4Þ

where k = ln(2)/T1/2, T1/2 is the half-life of Fluorine-18.
For clarity, we still use e(tm) and Co(tm) to represent the de-
cay corrected noise variance of PET measurement and de-
cay corrected ideal value of tissue tracer activity over Dtk,
thus Eq. (3) can be extended to Eq. (5) to incorporate the
effect of decay correction

CðtmÞ ¼ CoðtmÞ þ eðtmÞ
r2ðeðtmÞÞ ¼ a�expðktmÞ�CoðtmÞ

Dtk

(
ð5Þ
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2.2. Computer simulation of the reliability of retention index

Retention index is a parameter for describing the rela-
tive change of the delayed SUV compared with the early
SUV as follows:

RI ¼ SUVðt2Þ � SUVðt1Þ
SUVðt1Þ

¼ Cðt2Þ � Cðt1Þ
Cðt1Þ

ð6Þ

where C(t1) and C(t2) are the tissue time activities of the
early and delayed scan, respectively. In this study, a partic-
ular dual-time-point imaging schedule, which comprises
two scans with durations d1 and d2, middle times t1 and
t2, is represented by a vector [t1,d1, t2,d2]. For any imaging
schedule and any tissue, the ideal value of RI (RIr) is cal-
culated through Eqs. (1) and (6), and the realistic values
of RI are estimated for 10,000 times through Eqs. (5) and
(6), subsequently the CV (coefficient of variance) of RI is
calculated based on these 10,000 values as:

CVðRIð½t1; d1; t2; d2�; T kÞÞ ¼
stdðRIiÞ

meanðRIiÞ
; T ¼ B or M

ð7Þ

where RIi represents 10,000 simulated measurement values
of RI for a specific dual-time-point imaging schedule [t1,d1,
t2,d2] and a specific lesion Tk, std and mean are their stan-
dard deviation and mean value, respectively. In this study,
CV is used as the index to evaluate the reliability of RI.

2.3. Evaluation and optimization of dual-time-point imaging

protocols

For a specific imaging schedule and a specific tissue,
10,000 measurement values of RI are compared with a
given threshold for the differentiation, which classify the
instance to be malignant for the values above the threshold,
while to be benign for the below values. The ratio of the
correct differentiation is then calculated as the diagnostic
accuracy (accuracy([t1,d1, t2,d2], Tk), T = B or M). Based
on the diagnostic accuracies of a specific imaging schedule
for all five lesions, the sensitivity and specificity of a specific
imaging schedule are derived in:

sensitivityð½t1;d1; t2;d2�Þ ¼
X3

k¼1

accuracyð½t1;d1; t2;d2�;MkÞ

� incidenceðMkÞ=
X3

k¼1

incidenceðMkÞ

specificityð½t1;d1; t2;d2�Þ ¼
X2

k¼1

accuracyð½t1;d1; t2;d2�;BkÞ

� incidenceðBkÞ=
X2

k¼1

incidenceðBkÞ

ð8Þ

where incidence (Tk), T = B or M, as shown in Table 1 is
the incidence rate of a specific lesion type, the sum of inci-
dence rates of five lesions is 1.

ROC curve is plotted when multiple sensitivities and
specificities are obtained by using multiple thresholds.
Then the area under ROC curve (AZ) is used to evaluate
different dual-time-point imaging protocols. The imaging
schedule with maximum AZ is considered to be optimal.

3. Results

3.1. Reliability of RI and its effect on diagnostic performance

Fig. 1 illustrates the CV of RI at various noise levels
when the imaging schedule [55, 10,115,10] is used. As

Fig. 1. CV of RI as a function of increasing noise level for the imaging
schedule [55,10,115,10]. The dashed lines are 2-order polynomial fittings
of the results.

Table 1
Kinetic constants for lung malignant and benign lesions

Tissue K1 (min�1) K2 (min�1) K3 (min�1) K4 (min�1) Ki
a

Stage III non-small-cell lung cancer [13] (M1) 0.084 0.021 0.072 0 0.0650
Lung carcinoma [14] (M2) 0.139 0.296 0.164 0 0.0496
Primary lung cancers [15] (M3) 0.231 1.149 0.259 0 0.0425
Lung aspergillosis infection [16] (B1) 0.1993 0.9778 0.2403 0.0102 0.039
Lung coccidiomycosis infection [16] (B2) 0.1810 0.8692 0.0389 0.0007 0.0078

a Ki = (K1�K3)/(K2 + K3).
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expected, CV of RI demonstrates a parabolic increasing
trend as the noise level is increasing. Similar results are also
observed for other imaging schedules.

Fig. 2 plots the CV of RI for M1 as a function of varied
frame durations of d1 and d2 for the imaging schedule [55,

d1, 175, d2], where d1 and d2 are varied from 3 min to
15 min in the step of 3 min. It is observed that the reliability
of RI is improved with the increased duration of either
scan. Similar results are observed for other imaging sched-
ules and studied lesions (Table 1).

We also observe that there is a linear relationship
between CV of RI and 1/jRIrj when the duration of one
scan is fixed while the middle time and duration of another
scan are both fixed. Fig. 3 illustrates this linear relationship
for the imaging schedules [45, 5, t2,10], with t2 varied from
65 to 295 in the step of 10 min, and [t1,5,150,10], with t1

varied from 10 to 120 in the step of 10 min.
Similarly, the linear relationship is also observed with

different slopes and intercepts, respectively, for different sit-
uations, including lesion types, imaging schedules, noise
level. Generally speaking, that a greater CV correlated with
a greater 1/jRIrj indicates that low reliability will be
achieved if only a small change of SUVs is obtained
between two scans. It should be noticed that in some clin-
ical researches, the threshold of 0.1 or 0 is used for differ-
entiating malignant from benign lesions. Our analysis
implies that RI may suffer from relatively worse reliability,

Fig. 2. CV of RI for M1 changed with frame duration. Noise level a = 0.1.
Imaging schedules [55, d1,175, d2], where both d1 and d2 vary from 3 to 15
in step of 3 min.

Fig. 3. Plots of the linear relationship between CV of RI and 1/jRIrj for the imaging schedules [45, 5, t2,10] and [t1,5,150,10]. t2 varies from 65 to 295 in
the step of 10 min, t1 varies from 10 to 120 in the step of 10 min. Noise level a = 0.1.
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affecting the diagnostic accuracy, if the absolute value of
RI is too small.

For the imaging schedules [t1,10, t2,10], where both t1

and t2 are varied from 5 to 295 in the step of 10 min, we
plotted the results with jRIrj close to 0.1 to investigate
the effect of low reliability of this index on diagnostic accu-
racy in Fig. 4. For malignant lesions, those schedules
whose true value of RI (RIr) is within [0.1,0.2) are chosen,
while the range is set to [�0.1, 0.1) for benign lesions. The
threshold for differentiation is set to 0.1. The simulated
noise level is 0.1. Although a specific lesion should be
judged correctly under its specific chosen schedules, as
can be seen from Fig. 4, there are 256 points with the diag-
nostic accuracy lower than 0.9 over the total 413 points; the
worst case is only 0.52, which indicates almost 50% chance
to make wrong diagnosis for this lesion.

3.2. Optimization of dual-time-point imaging protocols

It can be known from Eq. (8) that the diagnostic sensi-
tivity and specificity are related with the distribution of
incidence rates of lesions, the derived ROC curve will vary
with lesion distributions.

Regarding an even distribution of incidence rates among
the studied five lesions, i.e. each lesion has an incidence rate
of 20%, Fig. 5 plots the ROC curves for the imaging sche-
dule [30,3, t2,3], where t2 is varied from 50 to 100 in the
step of 10 min. The noise level is 0.5. The cutoff thresholds
of RI for differentiating benign and malignant lesions are
varied from �1 to 1 in the step of 0.01 in the ROC analysis,
thus each ROC curve has 201 points on it.

As shown in Fig. 5, when t2 is increasing, the ROC
curves move close to the left-upper corner of the graph,
which means that for a fixed first scan with the middle time
of 30 min and the duration of 3 min, the diagnostic perfor-
mance is improved as the second scan is delayed even later.

Fig. 6 plots AZ as a function of varied middle time for
the first and the second scan. The adapted imaging sched-

ules are [t1,3, t2,10], where t1 ranges from 30 to 80 in the
step of 5 min, t2 ranges from 60 to 180 in the step of 10 min.

As shown in Fig. 6(a), AZ firstly keeps increasing sharply
followed by the slow increase at the later stage. This implies
that the proper delayed second scan can markedly improve

Fig. 4. Graph shows the effect of reliability of RI on its diagnostic
accuracy, noise level a = 0.1. The numbers of schedules selected for tissues
are 63 for M1, 64 for M2, 65 for M3, 103 for B1, 183 for B2.

Fig. 5. ROC curves and the area under curve (AZ) for the imaging
schedules [30,3, t2,3], noise level a = 0.5.

Fig. 6. The area under curve (AZ) of imaging schedules [t1,3, t2,10], noise
level a = 0.5. (a) Each curve has the same t1; (b) each curve has the same
t2.
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the diagnostic performance of dual-time-point FDG-PET
imaging, while the performance would not be improved
further remarkably if the second scan is delayed too much.
On the contrary, each line in Fig. 6(b) has the same t2. It
can be observed that AZ is decreasing linearly as the first
scan is delayed. This implies that the time of the first scan
of dual-time-point imaging protocol is closely related with
the diagnostic performance, and generally speaking, an
earlier first scan is expected to improve this performance.
Similar results are also observed for other incidence distri-
butions and noise levels. For this situation of even distribu-
tion, the maximum value of AZ is 0.9715 at the imaging
schedule of [30, 3,130,10], which is regarded as the optimal
one among all studied schedules.

4. Discussion and conclusion

Minn et al. [8] studied the reproducibility of SUV and Ki

through two dynamic FDG PET examinations within 1
week for ten patients with untreated lung cancer. They
found that both SUV on the basis of predicted lean body
mass and influx constant of Ki provided highly reproduc-
ible indices of glucose metabolism. Weber et al. [9] exam-
ined 16 patients with altogether 50 separate tumor lesions
twice by FDG PET within 10 days while no therapy was
applied. They also found that SUV and Ki were highly
reproducible. To our knowledge, no similar clinical
research has been carried out to investigate the reproduc-
ibility of retention index. Our simulation results show that
the reliability of RI is closely related with noise level, lesion
type, and imaging schedule. For a specific tissue and noise
level, CV of RI shows a linear relationship with 1/jRIrj
when the duration of one scan is fixed while the middle
time and the duration of another scan are both fixed. For
the situation that the change of SUVs is relatively small,
the lesion’s RI may suffer from worse reliability. This
may become marked for some benign lesions. Thus the
diagnosis using RI should also take the reliability into
account if the absolute value of RI is relatively small.

For the five malignant/benign lesions, when the first
scan is fixed and the second one gradually delayed, the area
under ROC curve firstly increases sharply then followed by
a slow-down tendency at the later stage, which means that
the improvement of the diagnostic performance does not
become obvious any more when the second scan is done
later than some period. Nakamoto et al. [19] found that
imaging at 3 h post injection usually was unhelpful in dif-
ferentiating further between malignant lesions and benign
lesions in the pancreas, which is in agreement with our sim-
ulation result in the lung. Furthermore, it is impossible to
maintain many patients staying several hours in the imag-
ing center. On the other hand, the results imply that the
middle time of first scan obviously affects the diagnostic
performance of dual-time-point imaging protocol, and gen-
erally an earlier first scan is expected to improve this per-
formance. However, the very early stage of PET imaging
severely suffers from Poisson noise due to considerably

low activities, so it is not suggested to perform the first scan
before 30 min post injection.

This study has established a frame work for objectively
optimizing dual-time-point imaging protocols for the diag-
nosis of high FDG uptake lesions. The developed method-
ology can be easily extended to more lesions and different
incidence rates. Further investigation will be warranted
using clinical human dynamic study to evaluate the perfor-
mance of the dual-time-point imaging protocols.
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