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Receiver operating characteristic (ROC) and localization ROC
(LROC) studies were performed to compare lesion detection at
the borderline of detectability on images reconstructed with
two-dimensional filtered backprojection (FBP) without attenua-
tion correction (a common clinical protocol), three-dimensional
FBP without attenuation correction, two-dimensional FBP with
segmented attenuation correction and a two-dimensional itera-
tive maximum a posteriori (MAP) algorithm using attenuation
correction. Lung cancer was the model for the study because of
the prominent role of '8F-fluorodeoxyglucose PET in the staging
of lung cancer and the importance of lesion detection for staging.
Methods: Simulated lung cancer lesions were added to two-
dimensional and three-dimensional PET data from healthy volun-
teers. Data were reconstructed using the four methods. Four
nuclear medicine physicians evaluated the images. Detection
performance with each method was compared using ROC and
LROC analysis. Jackknife analysis provided estimates of statisti-
cal significance for differences across all readers for the ROC
results. Results: ROC and LROC results indicated statistically
significant degradation in detection performance with three-
dimensional acquisition (average area under ROC curves [A,]
0.51; average area under LROC curves [A;;roc] 0.13) and
segmented attenuation correction (average A, 0.59; average
A, roc 0.29) compared with two-dimensional FBP without attenu-
ation correction (average A, 0.79; average A, roc 0.54). ROC
and LROC results indicated an improvement in detection perfor-
mance with iterative MAP reconstruction (average A, 0.83;
average A, roc 0.64) compared with two-dimensional FBP recon-
struction; this improvement was not statistically significant. Con-
clusion: Use of segmented attenuation correction or three-
dimensional acquisition with FBP reconstruction is not expected
to improve detection of lung lesions on whole-body PET images
compared with images with two-dimensional FBP without attenu-
ation correction. The potential improvement in detection obtained
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with an iterative MAP reconstruction method is small compared
with that obtained with two-dimensional FBP without attenuation
correction.
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Wlole-body 18F-fluorodeoxyglucose (FDG) PET has
shown clinical usefulness in the detection of a wide variety
of primary and metastatic malignancies (/). Particularly,
whole-body FDG PET has gained acceptance for the staging
of lung cancer (2) and the characterization of solitary
pulmonary nodules (3-8). Work by many researchers has
focused on methods to improve imaging with whole-body
PET. Proposed methods for the acquisition, correction and
reconstruction of PET images are typically evaluated in
terms of objective, quantitative measures such as resolution,
contrast recovery or noise variance. Three widely researched
methods are used for improving whole-body PET images.
The first method includes emission studies with three-
dimensional acquisition for count-limited applications, such
as whole-body PET, because of the improvement in sensitiv-
ity (9-11). Although some objective measures have shown
advantages with three-dimensional acquisition compared
with two-dimensional acquisition, improvement with three-
dimensional acquisition in a realistic, clinical setting has not
been reliably shown for whole-body PET (/2-14). The
second method includes the development of practical,
accurate techniques for attenuation correction with the goal
of providing an image that reflects the actual tracer distribu-
tion with greater quantitative accuracy (/5-21). However,
efforts to show an improvement in lesion contrast have been
inconclusive (/3,14). The third includes statistical, iterative
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methods as an alternative to filtered backprojection (FBP)
for reconstruction of PET data from whole-body studies and
other applications. Numerous studies have shown objective
improvements such as improved resolution and contrast
recovery with equivalent noise variance (22-27). However,
only one study has shown an improvement in an appropriate
clinical task (28), and no studies have shown an improve-
ment in lesion detection by human observers on clinically
relevant whole-body images. The identification of metasta-
ses and involved lymph nodes is crucial for the interpreta-
tion of whole-body FDG PET scans for staging lung cancer
and evaluating solitary pulmonary nodules. As such, detec-
tion of solitary foci of elevated uptake was deemed an
appropriate measure of algorithm performance. Receiver
operating characteristic (ROC) methodology is well estab-
lished as a reliable method of statistically quantifying
differences between the detection performance of human
observers for different imaging modalities. This study
compares observer performance using four modalities: (a)
two-dimensional whole-body acquisition reconstructed by
two-dimensional FBP without attenuation correction (a
widely used clinical protocol), (b) two-dimensional whole-
body acquisition reconstructed by two-dimensional FBP
with segmented attenuation correction, (c) two-dimensional
whole-body acquisition reconstructed by an iterative,
Bayesian, maximum a posteriori (MAP) algorithm with
MAP-based attenuation correction and (d) three-dimen-
sional whole-body acquisition reconstructed by three-
dimensional FBP (the projection-reprojection algorithm
[29]) without attenuation correction.

MATERIALS AND METHODS

An ROC study with a matched-pair design was used to facilitate
accurate, meaningful comparisons between modalities. Issues in
the proper experimental design of an ROC study were addressed to
ensure that the final results had adequate statistical validity
(30-32).

Data Acquisition

The emission data for both true-positive and true-negative
datasets in the study were created by adding simulated lesions to
emission data from healthy volunteers. This approach avoids many
of the difficulties of using patient data while preserving the realism
of the imaging environment.

Twenty-five healthy volunteers were imaged from December 2,
1996, to May 23, 1997, in accordance with the guidelines of the
Human Subjects Protection Committee at our institution. A sum-
mary of the relevant characteristics of each volunteer is shown in
Table 1. After fasting for 12 h, all volunteers were imaged on an
ECAT HR + 962 PET scanner (CTI/Siemens, Inc., Knoxville, TN).
All acquisitions consisted of three bed positions from the neck to
the lower abdomen. The protocol began with transmission scans
acquired for 3 min per bed position using three rotating ’Ge rod
sources, each with approximately 185 MBq ’Ge. Next, approxi-
mately 296 MBq FDG were injected intravenously. The dose for
each volunteer is recorded in Table 1. Acquisition of two-
dimensional emission data began after a 30-min delay, which was
then followed by acquisition of three-dimensional emission data.

TABLE 1
Whole-Body Volunteer Information
Sex Dose (MBq) Age (y) Comments

M 277 22

M 277 29 Excessive subject motion
M 292 24

F 292 19

M 296 19

M 303 22 Excessive subject motion
M 300 20

M 296 24

F 31 18 Excessive subject motion
M 300 33 Did not complete protocol
M 311 21

F 270 20

M 311 20

M 289 30

M 292 23

M 296 33

M 300 29

F 289 19

F 303 19

F 303 40

M 314 21 Excessive subject motion
F 300 19 Physiologic uptake on scan
F 303 31

F 270 18 Excessive subject motion
F 303 23

Average 296 242
SD 13 6.1

The clinical protocol at this institution uses an injection dose of 555
MBq FDG with frame durations of 6 min each. To obtain an
equivalent number of true events per bed position (10-14 million
counts over 63 two-dimensional planes in the thorax) from the
volunteer protocol, a frame duration of 9 min per bed position was
used for the two-dimensional acquisitions. The reduced, 296-MBq
injected dose was intended to decrease radiation dose to the
volunteer and to mitigate dead time in the three-dimensional
acquisitions. The three-dimensional frames were acquired for half
of the two-dimensional frame duration (4.5 min). Furthermore, the
three-dimensional acquisitions began approximately 70 min after
the two-dimensional acquisitions.

The emission data from 6 patients were removed from the study
because of excessive subject motion or failure to complete the
entire protocol, as indicated in Table 1. The images of the
remaining 19 volunteers were reviewed by a nuclear medicine
physician. Eighteen volunteers were established as healthy volun-
teers with no suspicious or anomalous uptake. One volunteer was
excluded from the study because of diffuse uptake in the right lung,
consistent with the volunteer’s symptomatic upper respiratory tract
infection.

Image Preparation

The datasets for the study and training session were created by
adding simulated lesions to the emission data. Subsequently, the
datasets were reconstructed by each of the reconstruction modali-
ties into image volumes. Coronal slices were taken from the
reconstructed image volumes to provide true-positive and true-
negative images for interpretation. Each true-positive image con-
tained a single simulated lesion. True-negative images were
coronal planes that did not contain a simulated lesion. The steps in
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the selection, simulation and addition of lesions to the scan data
from healthy volunteers are described. Twenty-two distinct lesion
shapes were obtained from CT scans of patients with biopsy-
proven lung cancer. The lesion locations were chosen to be
anatomically accurate and pathologically relevant, with an ana-
tomic distribution between central and peripheral lung structures,
and distant sites (i.e., suprarenal), representative of the proportions
observed in epidemiologic studies (33). The realism of the chosen
lesion shapes and locations were also verified by a nuclear
medicine physician. Each lesion was simulated by forward projec-
tion using the transition matrix for an ECAT HR + 962 scanner. The
system model used in computation of the transition matrix has been
described (26). In addition to the fundamental geometric factors,
the model includes the physical effects of photon pair noncolinear-
ity, intercrystal scatter and crystal penetration as well as the axial
rebinning and angular mashing performed on the projection data.

Because the forward projection did not incorporate the effects of
photon attenuation or detector normalization, the projection datum
for each line of response was divided by the appropriate attenuation
correction factor and normalization factor. The attenuation correc-
tion factor for each line of response was obtained from the
segmented attenuation correction algorithm (/9), whereas the
normalization data for each scanner and acquisition mode provided
the detector efficiencies for each line of response. A global scale
factor was applied to each set of projection data to adjust the
contrast of the lesion in the final reconstructed image. This was
determined empirically for each lesion to provide marginal detect-
ability and verified in a preliminary, small-scale ROC study with a
single reader. Lastly, Poisson deviates of the fully simulated lesion
data were added to the sinogram data of a healthy volunteer.

To compare two-dimensional reconstruction modalities with a
three-dimensional reconstruction modality, an equivalent three-
dimensional lesion dataset was constructed for each two-
dimensional lesion dataset. The three-dimensional attenuation
correction factors were obtained by forward projection of a
reconstructed two-dimensional attenuation image. The appropriate
three-dimensional normalization factors were calculated using a
three-dimensional normalization protocol with the septa retracted.
More importantly, several scale factors, in addition to the contrast
scale factor, were incorporated into the three-dimensional simula-
tion. These additional scale factors corrected for differences in
frame duration and radioactive decay, dead-time efficiency and
sensitivity of the direct segment in two-dimensional and three-
dimensional studies (i.e., with and without interplane septa).

Image Reconstruction

Because of the matched study design, readers interpreted four
reconstructed images for each of 50 true-positive and S50 true-
negative datasets. The lesion datasets were reconstructed using four
methods:

1. Two-dimensional FBP without attenuation correction. This
method is the current clinical reconstruction protocol for
whole-body studies at this institution. A Hann filter with
cutoff at 0.40 of Nyquist (0.89 cycle/cm, full width at half
maximum [FWHM] 12.6 mm) was applied to the ramp
reconstruction filter; axial filtering was also performed using
a Hann filter with cutoff at 0.42 of Nyquist (0.87 cycle/cm,
FWHM 12 mm). An implementation of FBP provided with
the ECAT HR+ 962 system was used to perform the
reconstructions.
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2. Two-dimensional FBP with segmented attenuation correc-
tion. The same radial and axial filters described in the first
method were used. The particular implementation of a
segmented attenuation correction algorithm has been de-
scribed (27) and was available with the Clinical Applications
Programming Package (CAPP) software on the ECAT HR+
962 system. In addition to the transmission scans, calculation
of the attenuation correction factors used a blank scan of 430
million counts from a ¢’Ge cylinder collected daily for each
scanner.

3. Two-dimensional iterative MAP algorithm with a MAP-
based attenuation correction. The MAP algorithm has been
described (26). Twenty iterations with a three-dimensional
quadratic prior and smoothing parameter (beta) of 2000 were
performed. These parameters were chosen empirically to
provide adequate smoothing for whole-body data. Attenua-
tion correction was performed using correction factors repro-
jected from an attenuation image also reconstructed with an
iterative MAP algorithm on the original transmission and
blank scan data.

4. Three-dimensional FBP without attenuation correction. The
reconstructions were performed with an implementation of
the three-dimensional reprojection algorithm with the vari-
able axial rebinning approximation available on the ECAT
HR + 962 scanner. The same radial and axial filters were used
as in methods 1 and 2. A Hann filter with cutoff at Nyquist
(2.22 cyclesscm, FWHM 6 mm) was used in the two-
dimensional FBP reconstruction of the estimated image
volume. The scanner implementation of the projection—
reprojection algorithm also incorporated a simulation-based
scatter correction as described (34).

For all reconstruction methods, each bed position was recon-
structed and then rebinned into a single image volume with
2.25-mm pixels in all dimensions. Three consecutive coronal
planes were extracted from the image volume. The center coronal
slice included the center of a simulated lesion for true-positive
images. The other two adjacent planes provided anatomic context
for the observers. For comparison, Figure 1 shows a coronal slice
from reconstructions of the same data using each of the four
methods.

image Presentation and Evaluation

A training session preceded the study. The nature of the study
was explained and detailed instructions on the use of the ROC
evaluation software were provided. Four nuclear medicine physi-
cians with expertise reading whole-body FDG PET scans partici-
pated as readers. Image evaluation was performed on a Sun
workstation (Sun Microsystems, Mountain View, CA) that is used
daily for clinical rounds. Readers were able to modify the color
scale of the display as desired for each image. The readers were
instructed to consider the following clinical scenario:

“For each image, you are to assume that you are viewing the
study of a patient with a presentation and history suspicious for
lung cancer with any possible associated metastases. In rating each
image, you are to consider the possible presence of a lesion or
abnormality. A lesion or abnormality is to include BOTH malignant
disease AND benign, inflammatory processes.”

Readers rated the central image of each image triplet using a
continuous rating scale in answer to the question “‘Does the image
contain an abnormality?” Also, the reader indicated the most
probable lesion location with a mouse. Each reader rated the entire
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FIGURE 1. Sample coronal slice recon-
structed by four reconstruction methods.
(A) Two-dimensional FBP without attenua-
tion correction. Arrow indicates simulated
lesion. (B) Two-dimensional iterative MAP
reconstruction with MAP-based attenuation
correction. (C) Three-dimensional FBP with-
out attenuation correction. (D) Two-dimen-
sional FBP with segmented attenuation cor-
rection.

dataset of 400 images over a period of several weeks. The images
were stratified and then randomized within strata to minimize the
likelihood that a reader would interpret the same study recon-
structed with two modalities within a short period of time.

Receiver Operating Characteristic Analysis

The ratings for each observer were analyzed using the binormal
curve-fitting routine of the CORROC2 program developed at the
University of Chicago by Metz et al. (35). The CORROC?2 analysis
calculated a binormal curve fit, the area under the fitted ROC curve
(A, and the SE of the estimate of A, for the two modalities being
compared. In addition, a probability value was computed to
indicate the likelihood of statistical significance for the observed
difference in A, values between methods. The null hypothesis
assumed that all four reconstruction methods were equivalent. A
95% confidence threshold was used to determine statistical signifi-
cance. Four intermodality comparisons were made: first, two-
dimensional versus three-dimensional acquisition, both with FBP
reconstruction and no attenuation correction; second, no attenua-
tion correction versus use of a segmented attenuation correction
algorithm, both with two-dimensional FBP reconstruction; third,
FBP reconstruction without attenuation correction versus MAP
reconstruction with attenuation correction, with two-dimensional
acquisition; and fourth, FBP versus iterative MAP reconstruction,
both with two-dimensional acquisition and attenuation correction.
A Bonferroni correction was applied to correct for multiple
comparisons on the same data. For the first, second and third
comparisons, a P of <0.0167 was considered significant; for the
fourth, a P of <0.025 was considered significant. Pooled reader
ROC data for each of the four intermodality comparisons were
analyzed with a jackknife technique (32,36). Results of the

jackknife analysis show reduced bias associated with between-case
and between-reader correlations and a reduction in SE of the
estimated A, (36).

Localization Receiver Operating Characteristic Analysis

The ratings and suspected lesion location for each observer were
analyzed using a localization (L/ROC) analysis program developed
by Swensson (37). In this analysis, the responses of each reader for
each modality were analyzed separately, yielding a fitted LROC,
the area under the fitted LROC curve, and an estimate of the SE of
the measured area. A lesion was recognized as being properly
localized when the pixel specified by the reader was within a
four-pixel radius (9.0 mm) of the center of the true lesion location.
To ascertain the statistical significance of differences between
modalities observed across readers, a Student ¢ test for paired data
was performed. The ¢ statistic was converted to a probability value
to facilitate comparison with the ROC results.

RESULTS

Receiver Operating Characteristic Results
for Individual Readers

The results of the CORROC2 analysis are shown in Table
2 and Figure 2. Table 2 shows the area under the fitted
binormal curve for each modality, the SE estimate for this
area and the probability values of the calculated difference
for each of the four intermodality comparisons. In a separate
plot for each reader, the fitted curves for each modality are
illustrated in Figure 2. The A, values and SEs of Table 2 and
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TABLE 2
ROC Results for Four Nuclear Medicine Physicians

A;
Modality Reader 1 Reader 2 Reader 3 Reader 4 Average
2-DFBP, no AC 0.79 0.74 0.79 0.83 0.79
(0.05) (0.05) (0.04) (0.04)
2-D MAP, MAP AC 0.81 0.83 0.84 0.85 0.83
(0.04) (0.04) (0.04) (0.04)
2-D FBP, seg AC 0.54 0.67 0.63 0.50 0.59
(0.06) (0.05) (0.06) (0.06)
3-DFBP,noAC 0.54 0.49 0.45 0.57 0.51
(0.06) (0.06) (0.06) (0.06)
P
2-DFBP,no AC
vs. 3-D FBP, no AC <0.001 <0.001 <0.001 <0.001
vs. 2-D MAP, MAP AC 0.623 0.154 0.378 0.653
vs. 2-D FBP, seg AC <0.001 0.317 0.016 <0.001
2-D MAP, MAPAC
vs. 2-D FBP, seg AC <0.001 0.011 <0.001 <0.001

ROC = receiver operating characteristic; A, =

area under fitted, binormal ROC curve; 2-D = two-dimensional; FBP = filtered

backprojection; AC = attenuation correction; MAP = maximum a posteriori; seg = segmented; 3-D = three-dimensional.
Values in parentheses are estimates of SE. Also shown are two-sided probability values for each intermodality comparison.

the fitted curves of Figure 2 are averages of the repeated
measurements for modalities in multiple comparisons.

For all readers, a statistically significant degradation in
detection performance (from an average A, of 0.79 for
two-dimensional acquisition to 0.51 for three-dimensional
acquisition) was measured with three-dimensional acquisi-
tion and reconstruction compared with the two-dimensional
protocol. For all readers, the clinical protocol of two-
dimensional FBP without attenuation correction gave slightly
depressed detection performance (average A, of 0.79 versus
0.83) compared with the iterative MAP technique. However,
this improvement was not considered statistically significant
for any of the readers. All readers showed reduced detection
performance (to an average A, of 0.59 down from 0.79) with
segmented attenuation correction. This degradation was
statistically significant for readers 1 and 3. Lastly, use of
MAP image reconstruction and attenuation correction was
seen to dramatically improve detection performance (from
an average A, of 0.59 to 0.83) for all readers compared with
FBP reconstruction using segmented attenuation correction.
Again, this improvement was statistically significant for
each individual reader.

Jackknife Analysis of Pooled Receiver Operating
Characteristic Data

The results of the jackknife analysis are shown in Table 3.
The probability values for the pooled data are consistent
with the trends observed in the individual ROC results
reported above. The measured improvement using iterative
MAP reconstruction with MAP-based attenuation correction
compared with the common clinical reconstruction protocol
of two-dimensional FBP without attenuation correction was
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not statistically significant at a confidence level of 95%. For
the three other comparisons, the results of the pooled data
comparisons were statistically significant, with P < 0.01.

Localization Receiver Operating Characteristic Resuilts

The results of the LROC analysis for each reader and each
modality are summarized in Table 4 and shown in Figure 3.
Table 4 reports the areas under the fitted LROC curve
(A_,1Lroc) and the estimated SE of the measured area for each
modality and each observer. As with the ROC results, four
intermodality comparisons were made, and probability val-
ues indicating the statistical significance of the observed
differences are given. In a separate plot for each reader, the
fitted LROC curves for each modality are illustrated in
Figure 3. The results of the Student ¢ test are reported in
Table 5 in a manner similar to that of the jackknife ROC
results.

The trends observed in the ROC analysis were largely
confirmed by the LROC analysis. For example, the im-
proved detection performance of the clinical two-dimen-
sional whole-body protocol (average A,;roc = 0.54) over
three-dimensional FBP without attenuation correction (aver-
age A, roc = 0.13) was noted for all four readers (P = 0.01)
and in the pooled data. Likewise, the average LROC A, for
two-dimensional FBP without attenuation correction (0.54)
was higher than that for two-dimensional FBP with seg-
mented attenuation correction (0.29). This improvement was
significant for two of four readers with P = 0.02 and three of
four readers with P = 0.06. The probability value for the
pooled reader results bordered on statistical significance
(P = 0.06) at a 95% confidence level. Comparison of the
detection performance with the iterative MAP reconstruc-
tion with MAP-based attenuation correction (average
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FIGURE 2. ROC curves measured for four reconstruction modalities by four nuclear medicine physicians. 2-D = two-dimensional;
FBP = filtered backprojection; AC = attenuation correction; 3-D = three-dimensional; MAP = maximum a posteriori; seg =

segmented.

A.1roc = 0.64) with two-dimensional FBP with segmented
attenuation correction (average A, roc = 0.29) was even
more definitive; statistically significant improvement (P =
0.02) was found for all four readers individually and the
pooled reader results. Lastly, as with the results of the
CORROC2 analysis, an increase in average A,jroc Was
noted for all four readers with the iterative MAP reconstruc-
tion (average A,jroc = 0.64) compared with the two-
dimensional whole-body protocol (average A,; roc = 0.54).
Again, however, this difference failed to have statistical
significance for any of the four readers with P = 0.34 for the
t test of the pooled reader LROC results. In conclusion, the
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results of the LROC analysis suggest that localization
performance is consistent with the detection performance
measured with the CORROC2 ROC analysis.

DISCUSSION

The results of this study suggest that lesion detection
performance for small, low-contrast lesions with increased
uptake in the lung is not improved by the use three-
dimensional acquisition or segmented attenuation correction
compared with the common clinical protocol of two-
dimensional FBP reconstruction without attenuation correc-
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TABLE 3
Jackknife Analysis of Pooled, Multireader ROC Results

Modality 1 Modality 2 A1 Az2 95% Cli P

2-DFBP, noAC 3-DFBP, no AC 0.76 0.49 [0.20, 0.34] <0.001
(0.03) (0.03)

2-D FBP, no AC* 2-D MAP, MAPAC 0.67 0.71 [-0.09, 0.02] 0.230
(0.03) (0.03)

2-D FBP, noAC* 2-DFBP, seg AC 0.76 0.60 [0.07, 0.23] <0.001
(0.03) (0.03)

2-D FBP, seg AC 2-D MAP, MAPAC 0.56 0.81 [-0.31, -0.19] <0.001
(0.03) (0.02)

*Ratings of reader 4 were omitted from pooled analysis of two comparisons because jackknife software returned a degenerate result for

analysis of reader 4.

ROC = receiver operating characteristic; A, = area under ROC curve of jackknife analysis; 95% Cl = 95% confidence interval; 2-D =
two-dimensional; FBP = filtered backprojection; AC = attenuation correction; 3-D = three-dimensional; MAP = maximum a posteriori; seg =

segmented.

Results from four intermodality comparisons are shown. A; is reported for each modality (A; 1 and A; 2). Values in parentheses are
estimates of SE. The 95% Cls are given for estimated difference in A; (A, of modality 1 — A, of modality 2). Two-sided probability value for

each comparison is also shown.

tion. Although previous studies (/2-/4) have compared
these methods with objective, image-based criteria, the
comparison of detection performance using ROC and LROC
analyses in this study is more directly relevant to the task of
clinical image interpretation. Thus, the additional burdens of
acquiring transmission scans and reconstructing three-
dimensional data are not likely to be worthwhile for this
application of whole-body PET. Similarly, the difference in
detection performance between the iterative MAP reconstruc-
tion technique and two-dimensional FBP without attenua-
tion correction was not statistically significant. Although
improvements in objective measures such as contrast recov-

ery and noise variance have been reported for the iterative
MAP reconstruction method compared with FBP (22,26),
until an improvement in lesion detection can be shown,
two-dimensional FBP without attenuation correction will be
preferred because it does not require the transmission scans
or computation complexity of iterative reconstruction.

The inferior performance of three-dimensional acquisi-
tion is speculated to result from decreased image contrast
associated with unsatisfactory corrections for scattered and
random events (9,10). For the acquisition protocol in this
study, the improved sensitivity of the three-dimensional
acquisitions is not sufficient to result in improved detection

TABLE 4
LROC Results for Four Nuclear Medicine Physicians
Az.LROC
Modality Reader 1 Reader 2 Reader 3 Reader 4 Average
2-DFBP,no AC 0.58 0.45 0.53 0.61 0.54
(0.06) (0.06) (0.06) (0.06)
2-D MAP, MAP AC 0.62 0.59 0.65 0.70 0.64
(0.06) (0.06) (0.06) (0.06)
2-D FBP, seg AC 0.29 0.31 0.32 0.23 0.29
(0.06) (0.06) (0.06) (0.05)
3-DFBP,no AC 0.12 0.14 0.13 0.14 0.13
(0.04) (0.04) (0.04) (0.05)
P
2-DFBP,noAC
vs. 3-D FBP, no AC 0.002 0.011 0.004 0.002
vs. 2-D MAP, MAP AC 0.642 0.166 0.232 0.331
vs. 2-D FBP, segAC 0.020 0.180 0.063 0.006
2-D MAP, MAPAC
vs. 2-D FBP, segAC 0.011 0.023 0.013 0.002

LROC = localization receiver operating characteristic; Az roc = area under fitted LROC curve; 2-D = two-dimensional; FBP = filtered
backprojection; AC = attenuation correction; MAP = maximum a posteriori; seg = segmented; 3-D = three-dimensional.
Values in parentheses are estimates of SE. Also shown are two-sided probability values for each intermodality comparison.
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FIGURE 3. Localization ROC curves measured for four reconstruction modalities by four nuclear medicine physicians. 2-D =
two-dimensional; FBP = filtered backprojection; AC = attenuation correction; 3-D = three-dimensional; MAP = maximum a posteriori;

seg = segmented.

performance after the deleterious effects of scattered and
random events. Compared with the two-dimensional acquisi-
tions in this study, the acquisition time for three-dimensional
scans in this study was reduced by 50% and the dose at scan
time was decreased by ~33%. The decreased dose is well
justified because the use of a full two-dimensional dose
would likely result in unacceptable dead-time losses. Further-
more, decreased dose for serial research protocols or pediat-
ric studies is often cited as an advantage of three-
dimensional acquisition. The possibility of decreasing scan
time is also offered as a benefit of the sensitivity improve-
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ment with three-dimensional acquisition; this possibility
motivated the use of frames with half the duration of the
two-dimensional studies. If the three-dimensional scans in
this study had been acquired with the same frame duration as
the two-dimensional scans, an improvement in the signal-to-
noise ratio of the three-dimensional images would be
expected, possibly to a level similar to or even better than
that of two-dimensional studies. Establishing this improve-
ment would require an additional study.

Compared with FBP reconstruction without attenuation
correction, images reconstructed with FBP using segmented
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TABLE S
Analysis of Pooled, Multireader LROC Results

Modality 1 Modality 2 Az roc 1 Aziroc 2 95% CI P
2-DFBP,noAC 3-DFBP, noAC 0.54 0.13 [0.18, 0.64] 0.013
2-DFBP,no AC 2-D MAP, MAPAC 0.54 0.64 [-0.16, 0.36] 0.338
2-DFBP,no AC 2-D FBP, segAC 0.54 0.29 [0.00, 0.51] 0.060
2-D FBP, segAC 2-D MAP, MAPAC 0.29 0.64 [0.10, 0.60] 0.025

LROC = localization receiver operating characteristic; A; roc = average area under LROC curve; 95% Cl = 95% confidence interval;
2-D = two-dimensional; FBP = filtered backprojection; AC = attenuation correction; 3-D = three-dimensional; MAP = maximum a posteriori;

seg = segmented.

Results from four intermodality comparisons are shown. A;roc is reported for each modality (Azroc 1 and Az Lroc 2). The 95% Cls are
given for estimated difference in A; L roc (AzLroc of modality 1 — A, roc of modality 2). Two-sided probability value from Student ttest of each

comparison is also shown.

attenuation correction were shown to have markedly de-
graded detection performance. This degradation in perfor-
mance is not attributed to a high degree of noise or error in
the attenuation correction factors but to the noise amplifica-
tion that results from applying large attenuation factors to
noisy, low-count emission data. The use of a segmented
attenuation correction algorithm should greatly reduce the
random noise in the attenuation correction factors compared
with a measured attenuation correction technique, and
accurate implementation should minimize systematic error
associated with improperly chosen attenuation values or
poor definition of boundaries. However, even with noise-
free and low-error correction factors, noise in the emission
data will be amplified by the correction.

Because the MAP method has shown improvement in
objective measures of image quality compared with acceler-
ated iterative methods such as ordered-subject expectation
maximization (26,38) and iterative methods without such an
accurate system model (39), the fact that a statistically
significant improvement in lesion detection performance
was not shown casts doubt on the potential benefit from
these accelerated iterative reconstruction algorithms. The
presumed improvement with an iterative technique, even if
shown to be statistically significant, is likely to be small, as
indicated by the 95% confidence interval for the difference
calculated using the pooled data. Such a modest, conjectured
improvement, measured only for borderline lesions, would
not merit the additional effort of transmission scans and
lengthy iterative reconstruction. However, a particularly
promising result is the substantial improvement in detection
performance of the MAP reconstruction method compared
with FBP with segmented attenuation correction. This result
suggests that iterative reconstruction may be favorable, if
not necessary, when attenuation correction must be used. It
is possible that the lack of experience of the physicians in
interpreting images from iterative reconstruction methods
depressed the detection performance of the MAP algorithm.
The noise patterns and other aspects of image quality are
dramatically different in images reconstructed with an
iterative technique compared with FBP. An additional study
after extensive training with images from iterative methods
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would be required to establish this conjectured improvement
in detection performance. Currently, side-by-side interpreta-
tion of FBP images without attenuation correction and
MAP-reconstructed images with attenuation correction would
be recommended to provide possible improvement in detec-
tion performance and to train readers in the interpretation of
MAP reconstructed images.

It should be acknowledged that these results are depen-
dent on the specific parameters of the scanner, acquisition
protocols and reconstruction methods used. However, each
parameter in the study was chosen to approximate the
current clinical standards. Thus, the general trends that have
been described should not be discounted unless contradicted
by an observer performance study. An additional objection is
that the detection paradigm used here does not perfectly
represent the process of clinical interpretation. Although this
paradigm is indeed artificial, it is not likely to invalidate the
study as a measure of comparative detection performance.

CONCLUSION

Lesion detection performance in images of whole-body
FDG PET scans simulating possible lung cancer lesions was
quantified by ROC and LROC analysis. The results tend to
suggest that neither three-dimensional acquisition nor the
use of attenuation correction with FBP reconstruction will
improve lesion detection in whole-body FDG PET scans for
evaluation of suspected lung cancer. Thus, the additional
burdens of acquiring transmission scans and reconstructing
three-dimensional data are not deemed to be worthwhile.
Likewise, until the iterative MAP algorithm can be proven to
provide substantially improved task-based performance, it is
unlikely that the method will be preferred over the current
standard of two-dimensional FBP without attenuation correc-
tion, especially because two-dimensional FBP does not
require the acquisition of transmission scans or the increased
computation time of iterative MAP reconstruction.
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