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There has been considerable debate about the desirability of
attenuation correction in whole-body PET oncology imaging.
The advantages of attenuation correction are quantitative accu-
racy, whereas the perceived disadvantages are loss of contrast,
noise amplification, and increased scanning time. In this work,
we explain contrast changes between images reconstructed
with and without attenuation correction. Methods: To analyti-
cally explain both well-known and surprising phenomena in
images reconstructed without attenuation correction, we per-
formed a series of simulation studies, a phantom experiment,
and a patient experiment. Results: We showed that it is possi-
ble to calculate a priori the appearance of images reconstructed
without attenuation correction. Compared with attenuation-cor-
rected images, images without attenuation correction may have
locally enhanced contrast in the abdomen or other regions of
uniform attenuation, although the amount of enhancement var-
ies with position in a complex manner. In regions of nonuniform
attenuation, such as the thorax, it is possible that foci of in-
creased tracer uptake disappear in images reconstructed with-
out attenuation correction. The critical tracer concentration for
this zero-contrast effect depends on the size, location, and
density of the foci. Above the critical value, foci are visible in
images with and without attenuation correction, whereas below
the critical value, foci are visible in attenuation-corrected im-
ages but appear as photopenic regions in images without at-
tenuation correction. Conclusion: Even though images without
attenuation correction may be desired, these results suggest
that all studies should at least be reconstructed with attenuation
correction to avoid missing regions of elevated tracer uptake.
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There has been considerable debate about the desirability
of attenuation correction in whole-body PET oncology im-
aging (1–4). The salient points were well summarized in an
editorial by Wahl (5). Some perceived advantages of recon-
structing images without attenuation correction are avoid-
ance of the noise amplification inherent in attenuation cor-
rection (this can come from 2 sources, the multiplicative
effect of the attenuation correction and the noise inherent in
the correction factors themselves); reduction of patient
scanning time, as no transmission scan is collected; avoid-
ance of the potential artifacts arising from patient motion
between the emission and transmission scans; and improve-
ment of contrast-to-noise ratios for lesions because of re-
duction of the local background.

The effects of noise contributions in transmission imag-
ing can be considerably reduced by several methods, in-
cluding high-flux transmission scans using single-photon
(6,7) or x-ray transmission (8) sources, attenuation image
segmentation (9), attenuation image reconstruction algo-
rithms that properly model the physics of the transmission
scan (10–12), or combinations of these methods (13–15).
To address noise amplification in the emission image of the
attenuation correction factors, modeling the effect of atten-
uation on data statistics during emission image reconstruc-
tion is straightforward with the iterative expectation maxi-
mization (EM) algorithm (16). Similarly, attenuation
weighting (AW) can be included in the accelerated ordered-
subsets (OS) version of the EM algorithm (OSEM) (17–19).
The incorporation of AW in OSEM (AWOSEM) has been
shown to significantly improve lesion detectability over the
use of OSEM alone (20,21) and is becoming a commonly
used reconstruction technique for whole-body PET imag-
ing. In summary, with current methods for high-flux trans-
mission imaging, statistical transmission image reconstruc-
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tion, and use of an AWOSEM algorithm, the transmission
scan does not add greatly to total scan time, nor is emission
image noise unduly amplified. In addition, the reconstructed
attenuation image can be used for limited anatomic local-
ization, particularly at the lung boundaries.

The well-known disadvantages of not performing atten-
uation correction are the inaccuracies in the uptake, shape,
and location of lesions. Several clinical studies, however,
have shown little or no diagnostic difference between PET
imaging with and without attenuation correction
(1,2,22,23). As pointed out by Wahl (5), some of these
studies did not have careful experimental designs or con-
trols. A more careful receiver-operating-characteristic study
reported by Farquhar et al. (3) found a small but statistically
significant improvement in lesion detection in images re-
constructed without attenuation correction.

In this work, we address the issue of how attenuation
affects image quantitation and contrast. We show that in
areas of uniform attenuation in images reconstructed with-
out attenuation correction, contrast may be enhanced be-
cause of decreased local background levels. However, if
images are reconstructed without attenuation correction in
regions of nonuniform attenuation, such as the thorax, it is
possible for foci of increased tracer uptake to “disappear.”
The critical tracer concentration for the zero-contrast effect
depends on the size, location, and density of the tumor. This
effect is essentially independent of the reconstruction
method and the acquisition mode, that is, a 2-dimensional
(2D) or fully 3-dimensional (3D) acquisition mode.

To explore these phenomena and address the effect of
attenuation on tumor detection in PET, we performed a
series of simulation studies, a phantom experiment, and a
patient experiment. We explain theoretically the observed
phenomena by examining the attenuated sinogram and also
the reconstruction of the attenuated sinogram.

Theory of Uniform Attenuation
Assuming continuous sampling and no statistical noise, it

is possible to show (24,25) that for 2D filtered backprojec-
tion (FBP), emission images reconstructed without attenu-
ation correction, �nonAC(x,y), are described by:

�nonAC�x,y� � ��x,y���x,y� � s�x,y�, Eq. 1

where 1 � �(x,y) � 0 is the average attenuation through all
lines of response at the point (x,y), and s(x,y) is a convolu-
tion of the true emission distribution �(x,y) with a function
that depends on the ramp-filter–based reconstruction kernel
and the attenuation coefficient distribution in spatially vary-
ing manner. In other words, images reconstructed without
attenuation correction are locally scaled and shifted versions
of the true object. Details of the derivation of Equation 1 are
given in the Appendix, where we also show that in regions
of uniform attenuation, such as the abdomen, s(x,y) � 0 in
general at or near the center of a uniformly attenuating
object.

With s(x,y) � 0 for some regions in Equation 1, this
implies that there may be large regions with negative tracer
concentrations (�nonAC(x,y) � 0), which is a common obser-
vation in clinical situations for FBP-reconstructed images
without attenuation correction. This is in contrast to the case
in which attenuation correction is applied and negative
values appear only because of discretization and noise, in
the immediate vicinity of sharp edges in the object or in
isolated pixels within regions of very low tracer concentra-
tions.

This result can be intuitively understood by a thought
experiment for a circular object of uniform attenuation and
tracer concentration by imagining what object could give
rise to the measured (attenuated) sinogram (26). If we
perform image reconstruction without attenuation correc-
tion, we can then ask what image would be consistent with
the measured sinogram. In this case, only objects with
central regions of lower, or even negative, tracer concen-
tration could give rise to the measured projection, as illus-
trated in Figure 1. A precise mathematic explanation is
given in the Appendix.

Because, in general, s(x,y) � 0, the local background
around a tumor is reduced, or even negative, which in-
creases the local contrast of tracer foci. With uniform at-
tenuation, it is possible to evaluate Equation 1 directly. This
is demonstrated in Figure 2 for an ellipse with dimensions
approximating a human abdominal cross-section and with a
uniform linear attenuation coefficient of 0.096/cm. The el-
lipse has a uniform background emission activity of 1.0
arbitrary units (a.u., similar to standardized uptake value
[SUV]) and 3 embedded hot spots of 4.0 a.u.

In the ideal case of noiseless data and continuous sam-
pling, reconstruction of the attenuation-corrected sinogram
will reproduce the emission image �(x,y) in Figure 2A. The
image reconstructed without attenuation correction, �nonAC(x,y)

FIGURE 1. Illustration of how reconstruction without attenu-
ation correction for uniform objects gives rise to images with
reduced or even negative tracer concentrations. Nonuniform
object is consistent with projections if attenuation is not ac-
counted for.
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in Figure 2D, is quantitatively inaccurate in a complex
spatially varying manner because of the AW factors �(x,y)
and the shift factors s(x,y). The local background for the
central hot spots, however, is essentially zero (or even
negative), thus making the contrast of the hot spot infinite (if
negative image values are truncated, otherwise the contrast
is undefined). This illustrates that in regions of uniform
attenuation, such as the abdomen, not performing attenua-
tion correction can improve local contrast. The amount of
contrast improvement, however, varies in a spatially vary-
ing manner, and it would be difficult to accurately predict
�(x,y) from �nonAC(x,y), that is, estimating the true distribu-
tion from the image without attenuation correction. In ad-
dition, the improvements in local contrast can be lost if the
entire range of tracer concentration is displayed, as illus-
trated in Figure 2D. Finally, the apparent benefits in contrast
must be balanced against the change in noise levels. Nuyts
et al. have demonstrated that not including attenuation cor-
rection can decrease the signal-to-noise ratio (SNR) for
FBP (27).

Theory of Nonuniform Attenuation
With nonuniform attenuation, it is more difficult to eval-

uate Equation 1 in a straightforward manner to predict the
appearance of images reconstructed without attenuation cor-
rection. We can, however, demonstrate a zero-contrast ar-
tifact with a noiseless 2D simulation of a human-sized
thoracic test object with linear attenuation coefficients
�(x,y) (Fig. 3A) and relative tracer densities �(x,y) (Fig.
3B). For illustration, the simulation included regions corre-
sponding to soft tissue (� � 0.096 cm	1, � � 1 a.u.), lungs
(� � 0.048 cm	1, � � 0.5 a.u.), spine (� � 0.192 cm	1, �
� 0), and myocardium (� � 0.096 cm	1, � � 3.5 a.u.).
Reconstruction with 2D FBP of the sinogram without atten-
uation correction produces the image shown in Figure 3C,
which illustrates the well-known artifacts of elevated tracer
concentration in the lungs and skin.

In Figure 3D, a small mass 
�(x,y) of constant soft-
tissue–equivalent density (� � 0.096 cm	1) is added to the
right lung as shown. We assume the change in tissue density
is confined to a bounded region �, although the value of

FIGURE 3. Effect on reconstructed im-
age of not performing attenuation correc-
tion for object with nonuniform attenuation,
such as thorax. Shown are original object,
with attenuation �(x,y) (A) and emission
�(x,y) (B), which result in image �nonAC(x,y)
(C) if attenuation correction is not applied.
Also shown are the original-attenuation ob-
ject with added object of equivalent soft-
tissue density, 
�(x,y) (D) and correspond-
ing change in tracer distribution, 
�(x,y),
from Equation 2 (E). The resulting image
reconstructed without attenuation correc-
tion, �nonAC(x,y) � 
�nonAC(x,y) (F), is indistin-
guishable from image �nonAC(x,y) (C).

FIGURE 2. Appearance of images re-
constructed without attenuation correction
for uniformly attenuating objects, such as
abdomen. Top row shows images corre-
sponding to terms in Equation 1, including
�(x,y) (A), �(x,y) (B), s(x,y) (C), and �nonAC(x,y)
(D). Bottom row shows profiles along the line
in top image A.
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�(x,y) does not need to be constant within �. We can
calculate the effect of this perturbation on the attenuated
sinogram with the line-integral projection operator P{ },
defined by sf (xr, ) � P{f(x,y)} � �	�

� f(x,y)dyr, where
(xr, yr) are the (x,y) coordinates rotated counterclockwise by
an angle , and sf (xr, ) is the sinogram projected from
f(x,y).

In 2D imaging, P{ } is equivalent to the radon transform.
With this notation we can describe the attenuated sinogram,
s��(xr, ), as:

s���xr, � � P���x,y��e	P���x,y��.

The effect of the attenuation perturbation 
�(x,y) can
then be described by:

s���
����xr, � � P���x,y��e	P���x,y��
��x,y��

� P���x,y��e	P���x,y��e	P�
��x,y��.

We then determine what change to the emission object

�(x,y) will, when combined with the modified attenuation
object �(x,y) � 
�(x,y), yield the same attenuated emission
sinogram as in the original case, that is, s��(xr, ) �
s(��
�)(��
�)(xr, ). This leads to the condition:

P���x,y��e	P���x,y�� � P���x,y� � 
��x,y��e	P���x,y��
��x,y��.

In other words, for s��(xr, ) to remain unchanged as the
attenuation perturbation 
�(x,y) increases, the change in the
emission object 
�(x,y) must also increase to compensate.
To quantify the critical amount of change 
�(x,y), we
simplify this to:

P�
��x,y�� � P���x,y���eP�
��x,y�� � 1�. Eq. 2

The sinogram P{
�(x,y)} does not, in general, satisfy the
consistency conditions for the 2D radon transform (28), and
therefore this sinogram does not necessarily correspond to
any real object 
�(x,y). The inconsistent part of this sino-
gram is small, however, for a typical 
�(x,y), and we can
reconstruct the sinogram to estimate a 
�(x,y) that almost
exactly satisfies Equation 2.

A more realistic condition is that in which the changes to
both the tissue density 
�(x,y) and the emission distribution

�(x,y) are confined to the same bounded region �, such as
might be the case for a solitary pulmonary nodule.

For the density change 
�(x,y) (Fig. 3D), the correspond-
ing 
�(x,y) from Equation 2 truncated to the region � is
shown in Figure 3E, superimposed on �(x,y). The mean
value of 
�(x,y) within the support of 
�(x,y) is approxi-
mately 2.0 a.u., although this value will depend on 
�(x,y).
Reconstruction of the modified sinogram s(��
�)(��
�)(xr, )
without attenuation correction produces the image shown in
Figure 3F, which has only subtle differences from Figure
2C. The maximum difference between Figures 3C and 3F is
approximately 9% of the maximum value. In other words,
from reconstructions without attenuation correction, it is not
possible to distinguish between the true tracer distributions
�(x,y) (Fig. 3B) and �(x,y) � 
�(x,y) (Fig. 3E).

A surprising but important aspect of the 
�(x,y) image is
that the nonzero values are roughly localized to the same
region � as the original change in tissue density 
�(x,y).
This can be understood by noting in Equation 2 that since

�(x,y) � 0 outside the bounded region �, then
P{
�(x,y)} � 0, and therefore also the sinogram in the
right-hand side of Equation 2 will be zero for all lines not
crossing �. If consistent, such a sinogram would correspond
to an object 
�(x,y) that vanishes outside �. The residual
values outside � visible in Figure 3E are due to the fact that
the sinogram P{
�(x,y)} is not perfectly consistent. If we
constrain the change in emission distribution to exactly the
same region as the change in tissue density, such as might
be the case for a solid lung tumor with elevated uptake of
18F-FDG, there are residual differences in the image without
attenuation correction, as can be inferred from Figure 3E.
With only modest levels of statistical noise, however, these
residual differences are not visible, as is shown in the
experiment below and can be demonstrated with simple
simulations (24). In summary, for regions of nonuniform
attenuation it is impossible to predict the true tracer distri-
bution �(x,y) from the image reconstructed without attenu-
ation correction, �nonAC(x,y).

MATERIALS AND METHODS

To verify the predictions of Equation 2, we performed a phan-
tom experiment and analyzed a suitable patient study.

Phantom Study
We used an anthropomorphic torso phantom (Data Spectrum).

The liver chamber was filled with water without any activity. The
main cavity of the torso was filled with 1.67 kBq/mL 18F-FDG
(109-min half-life). The lung chambers contained Styrofoam (The
Dow Chemical Co.) beads with a filling fraction of 40%, resulting
in an activity concentration of 0.67 kBq/mL. Spheres with inner
diameters of 3.4 cm (20-mL net volume) and 1.8 cm (2-mL net
volume) were put into the left and right lung chambers to simulate
solid lung tumors. The spheres were filled with 34.41 kBq/mL 11C
in solution (20-min half-life).

The phantom was scanned in an ECAT HR� PET scanner
(Siemens/CTI) (29), starting 50 min after the phantom was filled.
Data were acquired dynamically with fifty 2-min time frames. A
30-min transmission scan was acquired 4 h after the emission scan.
All data were acquired in 2D mode. For each time frame, emission
images were reconstructed using 2D FBP with and without atten-
uation correction. Image frames were summed in groups of 3
consecutive 2-min time frames to obtain dynamic images of 6 min
per frame.

Patient Study
A female patient was injected with 259 MBq of 18F-FDG. After

a 60-min uptake period, the patient was scanned using an ECAT
ART scanner (Siemens/CTI) (30). A 10-min emission scan and a
3-min single-photon postinjection transmission scan were col-
lected for each bed position. The ECAT ART scanner collects only
emission data in 3D mode, whereas the transmission scan used a
slice-collimated single-photon source (7). The transmission image
was reconstructed with FBP, whereas the emission images were
reconstructed using Fourier rebinning (FORE)�AWOSEM with
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attenuation correction and FORE�OSEM without attenuation cor-
rection (17).

RESULTS

Phantom Study
The images over the critical contrast period are shown in

Figure 4, where the large sphere is clearly visible in the
images with attenuation correction and in the earliest (high-
est contrast) frame of the images without attenuation cor-
rection. With increasing time, however, the sphere is no
longer visible in the images without attenuation correction
because of the reduction in contrast due to the faster decay
of the 11C relative to the 18F. The large sphere was visible at
all contrast levels in the images with attenuation correction.
The small sphere was marginally visible in several of the
attenuation-corrected images, but without attenuation cor-
rection it was visible only in the highest-contrast image.

Patient Study
Figure 5 shows coronal sections of the reconstructed

images of the patient study. A mass with a volume of
approximately 65 cm3 in the left lung of the patient was
present in transmission images. A hamartoma seen clearly
in the attenuation-corrected images is not seen in the images
without attenuation correction. The average SUV of the
tumor was 2.1. The emission images were also recon-
structed with FBP, but other than an apparent increase in

statistical noise, there was no significant change in the
images.

DISCUSSION

The attenuation effect in PET is nonlinear. Images recon-
structed without attenuation correction can give misleading
impressions of the true tracer distribution, particularly for
the general situation of nonuniform attenuation that occurs
in whole-body PET oncology imaging. In the thorax, for
example, it is widely observed that image reconstruction
without attenuation correction results in the appearance of
lungs with higher uptake than muscle and even in the
appearance of negative tracer concentrations in mediastinal
regions. With attenuation correction, however, the relative
uptake of tracers in the lungs and in the nearby soft tissue is
correctly recovered (31).

Several studies have attempted to heuristically determine
the effect of not performing attenuation correction on de-
tection (1–3,32), localization, or shape distortion (33) and
even quantitation (34,35). In the simpler case for PET, we
can use Equation 1, which was independently derived by
Nuyts et al. (27,36), to analytically describe the appearance
of images reconstructed without attenuation correction (for
FBP). With Equation 1, we demonstrated that for regions of
uniform attenuation, such as the abdomen, images without
attenuation correction have locally enhanced contrast, be-

FIGURE 4. Dual-isotope phantom exper-
iment with 11C in spheres (arrows) in lungs
and 18F in lungs and thorax. From left to
right, images are sequential 6-min time
frames. Top row is with attenuation correc-
tion; bottom row is without attenuation cor-
rection.

FIGURE 5. Coronal sections of whole-
body images of patient with hamartoma
(arrow), which is clearly visible as dense
object in transmission image (A) and shows
uptake of 18F-FDG in attenuation-corrected
emission image (B). In same image plane of
emission image reconstructed without at-
tenuation correction (C), however, hamar-
toma is not detectable.
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cause of a background subtraction effect (25). A caveat is
that the amount of contrast enhancement in uniformly at-
tenuating regions varies with position in a complicated
manner.

The results for images reconstructed with FBP presented
here, which allow negative values, do not apply to images
reconstructed by iterative methods, such as OSEM (37),
which have nonnegativity constraints. Thus, images without
attenuation correction reconstructed by FBP or OSEM can
have very different appearances. If iterative image recon-
struction is desired, say, for suppression of streak artifacts,
an iterative algorithm that correctly treats negative values,
such as the maximum-likelihood algorithm allowing nega-
tive reconstruction values (NEG-ML) developed by Nuyts
et al. (27,36), should be used instead of OSEM.

In regions of nonuniform attenuation, such as the thorax,
the effects of not performing attenuation correction are
more complex and difficult to generalize from Equation 1. It
is possible to show, however, that a tumor can “disappear”
in images reconstructed without attenuation correction. This
occurs when the increased attenuation caused by a solid
tumor in the lungs is precisely compensated by increased
tracer uptake. In this case, the sinogram without attenuation
correction is identical to one in which the lung mass is not
present. Thus, reconstruction of the sinograms will yield
identical images, as illustrated by Figures 3C and 3F. The
critical standardized uptake value for the zero-contrast ef-
fect depends on the size, location, and density of the tumor.
This effect is independent of the noise level and the image
reconstruction method, as Equation 2 indicates that the
tumor-present zero-contrast effect is due to having a sino-
gram identical to that in the tumor-absent case.

CONCLUSION

The results indicate that all whole-body studies should be
reconstructed with attenuation correction to avoid missing
regions of elevated tracer uptake in the lungs.

APPENDIX

We give here the explicit expression of the shift image
s(x,y) in Equation 1 and also show that in regions of uniform
attenuation, such as the abdomen, s(x,y) � 0 near the center.
We parameterize measured lines of response by the usual
sinogram variables xr and , where xr is the distance be-
tween the line and the origin of the coordinate system (x �
y � 0) and the angle  determines the unit vector along the
line as (	sin , cos ). The attenuation coefficient for line
(xr, ) is denoted �(xr, ) � 1, and the average attenuation
at point (x,y) is then simply:

��x,y� �
1

� �
0

�

a�xr � x cos  � y sin , �d. Eq. 1A

The FBP reconstruction of the attenuated radon transform
a(xr, ) . �(xr, ), without attenuation correction, is:

�nonAC�x,y� � �
0

� �
	�

�

h�xr�p�x cos  � y sin  � xr, �

� a�x cos  � y sin  � xr, �dxrd

� ��x,y���x,y� � �
0

� �
	�

�

h�xr�p�x cos 

� y sin  � xr, ) � �a�x cos 

� y sin  � xr, ) � ��x,y�]dxrd, Eq. 2A

where h(xr) denotes the ramp filter kernel (the inverse Fou-
rier transform of the apodized ramp filter), and p(xr, ) the
nonattenuated radon transform of �(x,y).

By replacing p(x cos  � y sin  	 xr, ) in Equation 2A
by its expression as a (nonattenuated) line integral of �(x,y),
and by using the linearity in p and hence in �, we see that
�nonAC can be rewritten in the form:

�nonAC�x,y� � ��x,y���x,y� � ��
R2

k�x, y, x�, y����x�, y��dx�dy�,

Eq. 3A

and by defining s(x,y) � ��R2 k(x, y, x�, y�)�(x�, y�)dx�dy�,
we have Equation 1.

To find the expression for the spatially varying convolu-
tion kernel k, we use again the linearity of Equation 2A by
applying it to a unit point source located at (x0, y0), that is,
�(x,y) ��(x 	 x0)�(y 	 y0). The corresponding sinogram is
p(xr, ) � �(x0 cos  � y0 sin  	 xr), which when
substituted in Equation 2A yields:

k�x, y, x0, y0� � �
0

� �
	�

�

h�xr���x0 cos  � y0 sin 

	�x cos  � y sin  � xr�, )

� (a�x cos �y sin �xr, � 	 ��x,y�)dxrd

� �
0

�

h��x � x0� cos  � �y � y0� sin �

� �a�x0 cos  � y0 sin , � � ��x,y��d.

Eq. 4A

If a point (x,y) is located in the center of a uniformly
attenuating object, then any other point (x�, y�) has lower
attenuation, and therefore in Equation 4A one has a(x� cos  �
y� sin , ) � �(x,y). Since h(xr) � 0 for xr � 0, we conclude
that for the central point (x,y) the kernel is negative, that is,
k(x, y, x�, y�) � 0 and therefore s(x,y) � 0 at or near the center
of a uniformly attenuating object as illustrated by Figure 1C.

1860 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 44 • No. 11 • November 2003



ACKNOWLEDGMENTS

We appreciate discussions of this work with Drs. Richard
L. Wahl, Johan Nuyts, Hubert Vesselle, and Rolf Clack-
doyle. This work was supported by grant CA-74135 from
the National Institutes of Health.

REFERENCES

1. Bengel FM, Ziegler SI, Avril N. Whole body positron emission tomography in
clinical oncology: comparison between attenuation corrected and uncorrected
images. Eur J Nucl Med. 1997;24:1091–1098.

2. Bleckmann C, Jorg D, Bohuslavizki KH, et al. Effect of attenuation correction on
lesion detectability in FDG PET of breast cancer. J Nucl Med. 1999;40:2021–
2024.

3. Farquhar TH, Llacer J, Hoh CK, et al. ROC and localization ROC analyses of
lesion detection in whole-body FDG PET: effects of acquisition mode, attenua-
tion correction and reconstruction algorithm. J Nucl Med. 1999;40:2043–2052.

4. Wahl RL, Neuhoff A, Kison P, Zasadny KR. Qualitative criteria for determining
if a solitary pulmonary nodule is malignant or benign on FDG PET: impact of not
accounting correctly for soft tissue attenuation [abstract]. J Nucl Med. 1997;
39(suppl):44P.

5. Wahl RL. To AC or not AC: that is the question. J Nucl Med. 1999;40:2025–
2028.

6. Karp JS, Muehllehner G, Qu H, Yan XH. Singles transmission in volume-
imaging PET with a 137Cs source. Phys Med Biol. 1995;40:929–944.

7. Watson CC, Schaefer A, Luk WK, Kirsch CM. Clinical evaluation of single-
photon attenuation correction for 3D whole-body PET. IEEE Trans Nucl Sci.
1999;46:1024–1031.

8. Kinahan PE, Townsend DW, Beyer T, Sashin D. Attenuation correction for a
combined 3D PET/CT scanner. Med Phys. 1998;25:2046–2053.

9. Xu M, Cutler PD, Luk WK. Adaptive segmented attenuation correction for
whole-body PET imaging. IEEE Trans Nucl Sci. 1996;NS-43:331–336.

10. Fessler J. Hybrid Poisson/polynomial objective functions for tomographic image
reconstruction from transmission scans. IEEE Trans Imaging Proc. 1995;4:
1439–1450.

11. Erdogan H, Fessler JA. Ordered subsets algorithms for transmission tomography.
Phys Med Biol. 1999;44:2835–2851.

12. Nuyts J, De Man B, Dupont P, et al. Iterative reconstruction for helical CT: a
simulation study. Phys Med Biol. 1998;43:729–737.

13. Nuyts J, Dupont P, Stroobants S, et al. Evaluation of maximum-likelihood based
attenuation correction in positron emission tomography. IEEE Trans Nucl Sci.
1999;46:1136–1141.

14. Bai C, Kinahan PE, Brasse D, Comtat C, Townsend D. Post-injection single
photon transmission tomography with ordered-subset algorithms for whole-body
PET imaging. IEEE Trans Nucl Sci. 2002;49:74–81.

15. Lonneux M, Borbath I, Bol A, et al. Attenuation correction in whole-body FDG
oncological studies: the role of statistical reconstruction. Eur J Nucl Med.
1999;26:591–598.

16. Hebert T, Leahy RM. Fast methods for including attenuation correction in the EM
algorithm. IEEE Trans Nucl Sci. 1990;37:754–758.

17. Comtat C, Kinahan PE, Defrise M, Michel C, Townsend DW. Fast reconstruction
of 3D PET data with accurate statistical modeling. IEEE Trans Nucl Sci. 1998;
45:1083–1089.

18. Michel C, Sibomana M, Bol A, et al. Preserving Poisson characteristics of PET
data with weighted OSEM reconstruction. In: Proceedings of the 1998 IEEE

Nuclear Science Symposium and Medical Imaging Conference, Toronto, Ontario,
November 8–14, 1998 [book on CD-ROM]. Piscataway, NJ: IEEE; 1998.

19. Liu X, Comtat C, Michel C, et al. Comparison of 3D reconstruction with
3D-OSEM and with FORE�OSEM for PET. IEEE Trans Med Imaging. 2001;
20:804–814.

20. Lartizien C, Kinahan PE, Comtat C, et al. Performing ROC studies with the same
volume visualization software tools used in whole-body 3D PET oncology
imaging [abstract]. J Nucl Med. 2000;41(suppl):P102.

21. Lartizien C, Kinahan PE, Swensson R, et al. Evaluating image reconstruction
methods for tumor detection in 3-dimensional whole-body PET oncology imag-
ing. J Nucl Med. 2003;44:276–290.

22. Kotzerke J, Guhlmann A, Moog F, Frickhofen N, Reske SN. Role of attenuation
correction for fluorine-18 fluorodeoxyglucose positron emission tomography in
the primary staging of malignant lymphoma. Eur J Nucl Med. 1999;26:31–38.

23. Yasuda S, Ide M, Takagi S, et al. Cancer detection with whole-body FDG PET
images without attenuation correction [in Japanese]. Japan J Nucl Med. 1996;
33:367–373.

24. Bai C, Kinahan PE, Brasse D, et al. Effect of attenuation correction on tumor
detection in PET oncology. In: Proceedings of the 2000 IEEE Nuclear Science
Symposium and Medical Imaging Conference, Lyon, France, October 15–20. Vol
2. Piscataway, NJ: IEEE; 2000:13/97–13/101.

25. Bai C, Kinahan PE, Brasse D, et al. Predicting the appearance of whole-body PET
oncology images that are not corrected for attenuation [abstract]. J Nucl Med.
2001;42(suppl):140P.

26. Nuyts J, Stroobants S, Vleugels S, et al. Negative values in non-attenuation
corrected PET images [abstract]. Eur J Nucl Med. 1999;26:1182.

27. Nuyts J, Stroobants S, Dupont P, et al. Reducing loss of image quality due to the
attenuation artifact in uncorrected PET whole-body images. J Nucl Med. 2002;
43:1054–1062.

28. Natterer F. The Mathematics of Computerized Tomography. New York, NY:
Wiley; 1986:36.

29. Brix G, Zaers J, Adam LE, et al. Performance evaluation of a whole-body PET
scanner using the NEMA protocol. J Nucl Med. 1997;38:1614–1623.

30. Bailey DL, Young H, Bloomfield PM, et al. ECAT ART: a continuously rotating
PET camera—performance characteristics, initial clinical studies, and installation
considerations in a nuclear medicine department. Eur J Nucl Med. 1997;24:6–15.

31. Huang SC, Hoffman EJ, Phelps ME, Kuhl DE. Quantitation in positron emission
computed tomography: 2. Effects of inaccurate attenuation correction. J Comput
Assist Tomogr. 1979;3:804–814.

32. Raylman RR, Kison PV, Wahl RL. Capabilities of two- and three-dimensional
FDG-PET for detecting small lesions and lymph nodes in the upper torso: a
dynamic phantom study. Eur J Nucl Med. 1999;26:39–45.

33. Zasadny KR, Kison PV, Quint LE, Wahl RL. Untreated lung cancer: quantifi-
cation of systematic distortion of tumor size and shape on non-attenuation-
corrected 2-[fluorine-18]fluoro-2-deoxy-D-glucose PET scans. Radiology. 1996;
201:873–876.

34. Imran M, Kubota K, Yamada S, et al. Lesion-to-background ratio in nonattenu-
ation-corrected whole-body FDG PET images. J Nucl Med. 1998;39:1219–1223.

35. Skehan SJ, Coates G, Otero C, et al. Visual and semiquantitative analysis of
18F-fluorodeoxyglucose positron emission tomography using a partial-ring tomo-
graph without attenuation correction to differentiate benign and malignant pul-
monary nodules. Can Assoc Radiol J. 2001;52:259–265.

36. Nuyts J, Stroobants S, Dupont P, et al. A dedicated ML-algorithm for nonattenu-
ation corrected PET whole body images. In: Proceedings of the IEEE NSS-MIC
Conference, Lyon, France, 2000. Piscataway, NJ: IEEE; 2000:13/16–13/19.

37. Hudson H, Larkin R. Accelerated image reconstruction using ordered subsets of
projection data. IEEE Trans Med Imaging. 1994;13:601–609.

EFFECTS OF ATTENUATION IN PET IMAGING • Bai et al. 1861


