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Abstract: Positron emission tomography (PET) facili-
tates the evaluation of metabolic and molecular charac-
teristics of a wide variety of cancers, but is limited in its
ability to visualize anatomical structures. Computed to-
mography (CT) facilitates the evaluation of anatomical
structures of cancers, but can not visualize their meta-
bolic and molecular aspects. Therefore, the combina-
tion of PET and CT provides the ability to accurately
register metabolic and molecular aspects of disease
with anatomical findings, adding further information
to the diagnosis and staging of tumors. The recent gen-
eration of high performance PET/CT scanners com-
bines a state of the art full-ring 3D PET scanner and a
high-end 16-slice CT scanner. In PET/CT scanners, a
CT examination is used for attenuation correction of
PET images rather than standard transmission scan-
ning using 68Ge sources. This reduces the examination
time, but metallic objects and contrast agents that alter
the CT image quality and quantitative measurements of
standardized uptake values (SUV) may lead to artifacts
in the PET images. Hybrid PET/CT imaging will be
very important in oncological applications in the
decades to come, and possibly for use in cancer screen-
ing and cardiac imaging.
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INTRODUCTION

The most important clinical application of positron
emission tomography (PET) is currently oncological
imaging. The use of PET enables the assessment of
metabolic alterations and molecular aspects that are fun-
damental to cancer detection, therapeutical response and
recurrence. PET imaging can be performed with differ-
ent radiotracers. The most commonly used radiophar-
maceutical is a glucose analogue, 2-[fluorine-18]-fluo-
ro-2-deoxy-D-glucose (18F-FDG). It relies on the detec-
tion of an increased rate of aerobic glycolysis. In most
cancers, malignant cells are associated with increased
metabolic activity. Therefore, increased uptake of 18F-
FDG molecules can be used to spot areas of malignancy
and tumor growth. In general, this accelerated metabol-
ic activity occurs before anatomical structure changes.
Other imaging modalities, such as computed tomogra-
phy and magnetic resonance imaging rely primarily on
anatomical structure changes for disease detection.

Since the American Food and Drug Administration
(FDA) approved 18F-FDG as a safe and effective 
radiopharmaceutical for oncologic applications (1997),
and since the Health Care Financing Administration
(HCFA) authorized Medicare to reimburse for 
18F-FDG PET imaging for certain indications (1998),
18F-FDG PET imaging has become an accepted and
valuable diagnostic imaging tool for patients with can-
cer. The main difficulty with PET, however, is the lack
of an anatomical reference frame. 

The fusion of PET and CT images improves the
diagnostic value of both imaging modalities in identify-
ing and characterizing of malignancies. The published
data about the value of hybrid PET/CT scanners in
oncological imaging are very encouraging, but detailed
and systematic studies are necessary to clearly define
the value and clinical impact of this novel diagnostic
imaging technology. In this article, we report on our
experience with a biograph Sensation 16 (Siemens AG,
Erlangen, Germany).

FUNDAMENTAL PRINCIPLES

The combination of PET and CT imaging devices into
a single scanner offers several advantages in compari-
son to PET or CT imaging alone. In combined sys-
tems, the CT can be used for the precise anatomical
localization of the radiotracer uptake, for the attenua-
tion correction and to reduce the PET examination
time. However, the CT-based attenuation correction
can lead to artifacts, and thus a review of the uncor-
rected images may be necessary to differentiate be-
tween true radiotracer uptake and tracer activity over-
estimation caused by artifacts. Only the absence of in-
creased activity in the uncorrected images can truly
confirm missing radiotracer activity in the region of
the object, preventing “false” interpretations of infec-
tion, inflammation, or even malignancy around the ob-
ject. It is important to take these technical principles
into account when interpreting changes qualitatively or
quantitatively.

If a diagnostic CT is required, the following proto-
col is recommended: 1. low dose CT without contrast
agent for the attenuation correction, 2. PET emission
data, and 3. intravenous contrast enhanced CT with
higher currents for diagnostic interpretation [7, 14, 16].
The diagnostic CT can be performed for the whole
body, or to limit the radiation dose to the patient, cen-
tered on the specific region of interest in the body.
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Fig. 1. 64-year-old male patient with an extended metastatic spread of a
resected malignant melanoma. CT-based attenuation corrected PET
images (2,6,10,14,18), fused PET/CT images (3,7,11,15,19), non-atten-
uation-corrected PET images (4,8,12,16,20), maximum intensity pro-
jection (MIP) reconstructions of the CT-based attenuation corrected
PET images (21-24) and MIP reconstructions of the fused PET/CT
images (25-28) shows focal increased 18F-FDG uptake of the metas-
tases in the lymph nodes of the axilla (1-4) and the retroperitoneum (9-
12), in the liver (5-8), in the stomach (5-8), in the jejunum (13-16) and
in the ileum (17-20). The low-dose CT images (1,5,9,13,17) are used for
the attenuation correction and the anatomical correlation.

Fig. 2. 70-year-old male patient with an extended mediastinal lym-
phogen metastatic spread of a peripheral bronchial carcinoma in the
left lower lobe. CT-based attenuation corrected PET images (2,6,10),
fused PET/CT images (3,7,11), non-attenuation-corrected PET images
(4,8,12), maximum intensity projection (MIP) reconstructions of the
CT-based attenuation corrected PET images (13-16) and MIP recon-
structions of the fused PET/CT images (17-20) shows focal increased
18F-FDG uptake of the peripheral bronchial carcinoma and the metas-
tases in the mediastinum. The low-dose CT images (1,5,9) are used for
the attenuation correction and the anatomical correlation.

� �

1 2 3 4

5 6 7 8

9 10 11 12

13 14 15 16

17 18 19 20



May 28, 2004244 EUROPEAN JOURNAL OF MEDICAL RESEARCH

Precise Anatomical Localization of 
Radiotracer Uptake of the PET Imaging

Hybrid PET/CT scanners offer the advantage of in-
herent coregistration and fusion of PET and CT im-
ages if patient motion can be neglected.

The acquisition of PET emission data requires a rel-
ative long time (a few minutes) and represents an aver-
age of patient movement, and respiratory and cardiac
motion. The acquisition of CT data is relatively short
(a few seconds) and normally can be performed using a
breathhold technique. Therefore, the position of or-
gans could differ markedly between the average posi-
tion obtained with PET emission and the breathhold
technique obtained with CT. At the chest-abdomen in-
terface, the discrepancy in the position of the di-
aphragm between the PET and CT examination results
in the appearance of an infrequently severe curvilinear
“cold artifact“ paralleling the dome of the diaphragm
in 84 % of the patients [21]. This artifact can lead to
serious mislocalization of lesions that will appear on
the CT-corrected images to be located in the wrong or-
gan [20]. Nevertheless, mislocalization of liver metas-
tases are usually easily recognized because the focal up-
take in the lung in the PET image will present without
a corresponding lung nodule on CT. On average, mis-
registration of central lung nodules on PET and CT
was determined to be 7.6 mm for 18F-FDG-avid lung
lesions, with a tendency to be more marked in the lung
base than in the middle lung zone and apex [4, 11].
Therefore, adjusted breathing techniques to improve
registration in the lung have been evaluated extensively
[10, 11]. Although breath holding is the standard tech-
nique for CT, it is impractical for the longer PET emis-
sion acquisition. Goerres et al. [10, 11] reported that a
normal expiration technique during the CT acquisition,
where the patient stops respiration at the level of a
normal expiration, provides the best match of PET
and CT images.

CT-based Attenuation Correction

A PET examination usually involves both the acquisi-
tion of an emission scan, which consists of detecting
coincident 511 keV photons obtained from the decay
of a positron emitting isotope that labels the adminis-
tered tracer, and the acquisition of a transmission scan
for attenuation correction, obtained from a 511 keV
source or other high energy rotating around the body
(usually a 68Ge rod source or a 137Cs point source). PET
images can be reviewed without attenuation correction,
but are usually reconstructed using an iterative algo-
rithm, which takes an attenuation map obtained from
the high-energy transmission scan into account to pro-
duce an attenuation correction image. The high-energy
transmission map is usually noisy, has limited anatomic
details and poor spatial resolution. With the segmenta-
tion of the transmission map, the noise level is re-
duced, allowing the acquisition of a “shorter” 3-min
acquisition per bed position with a 68Ge source. CT
images are acquired at an X-ray beam effective energy
of ~70-80 keV as a result of using photons with a
broad energy spectrum from 40-140 keV. They are ob-
tained from the attenuation of high-intensity x-ray

sources by the body, and also have high spatial resolu-
tion and low noise. To use them to generate a transmis-
sion map for PET, they have to be converted from
Hounsfield units (HU) into attenuation coefficients at
511 keV. Due to the different energy, the attenuation
coefficients are different for the 511 keV and CT x-ray
photons. This difference varies depending on the ma-
terial or tissue that is imaged; therefore, an algorithm is
necessary to scale the attenuation coefficient of the
much lower x-ray energy levels to 511 keV energy level
in order to provide an accurate attenuation correction.
The single most accurate method of performing this
scaling is the acquisition of CT images at two different
energies. However, alternative methods based on a sin-
gle CT scan applying scaling, segmentation or a combi-
nation of the two have been implemented in order to
provide a simpler but potentially less accurate solution.
Studies carried out with such algorithms have concen-
trated on correcting errors in the derivation of PET at-
tenuation coefficients, without correlating such errors
with resulting biases in recovering activity concentra-
tions from CT-based attenuation-corrected emission
images. The CT-based attenuation map has high statis-
tical quality and thus a low-noise level, which intro-
duces less noise and potential noise-related artifacts
into the attenuation correction process. Since PET res-
olution is worser than the CT resolution, for attenua-
tion correction, the CT scan can be performed with
the lowest current to apply a minimum of radiation
dose to the patient. The CT images were resampled
from a 512 x 512 matrix size to the 128 x 128 or 256 x
256 matrix sizes of the PET emission images. The CT
pixel values in HU were transformed into linear attenu-
ation coefficients in cm-1 at 511 keV by a bilinear func-
tion defined by the three coordinates (-1,000 HU, 
0 cm-1; 0 HU, 0.0933 cm-1; and +1,326 HU, 0.172 cm-1).
These attenuation images are then forward projected
according to the PET scanner geometry, and the calcu-
lated line integrals exponentiated to obtain the attenua-
tion correction factors. The resulting attenuation cor-
rection data is smoothed with a 8-mm gaussian filter to
adjust to the spatial PET resolution. These attenuation
correction factors are then applied to the emission
data, and the attenuation-corrected emission images
are finally reconstructed with an ordered-subset expec-
tation maximization (OSEM) iterative reconstruction
algorithm [3, 15, 19, 22].

Decrease of Examination Time

Using a 16-slice low-dose CT (voltage of 120 kV and
current of 26 mAs) as transmission scan for the attenu-
ation correction, the maximum scan length of 1981
mm lasts less than 1 minute and leads to a radiation ex-
posure of only 1.85 mGy. This shortens the duration in
comparison to a standard PET examination by 15 to
21 min [16].

Furthermore, the use of Lutetium Oxyorthosilicate
(LSO) detector technology instead of conventionally
used Bismuth Germanate (BGO), together with three-
dimensional emission data acquisition, will further de-
crease the examination time. Thus the entire examina-
tion time for patients can be reduced to 15 min, ex-
cluding the time needed for patient positioning.
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Tracer Activity Overestimation Caused 
by Artifacts

The use of CT-derived transmission maps is adequate
for attenuation correction in most situations, but there
is a potential risk of over-estimating the true tracer ac-
tivity with CT-based attenuation correction. In com-
parison to 68Ge based attenuation correction, the mea-
sured activity with CT-based attenuation correction
will be overestimated in osseous lesions by 11.1%
(P <0.01) and in soft tissue by 2.1% (P <0.01) [19].
Therefore, the information from the uncorrected PET
images may be necessary in regions with increased ac-
tivity for differentiation of pathological “true” tracer
uptake from overcorrection artifacts.

The use of oral and rectal contrast agents in the CT
examination is useful for interpreting the abdominal
images, especially for the gastrointestinal bowel, but
the CT-based attenuation correction leads to artifacts
of markedly increased apparent radiotracer uptake,
which leads to an overestimation of the measured ac-
tivity. Low-density contrast can result in minimal over-
estimation of true tracer uptake in the bowel and ap-
pears suitable for clinical use, but high-density contrast
results in the presence of artifacts and markedly in-
creased apparent tracer uptake [5, 8].

The use of intravenous contrast agents in the CT ex-
amination is necessary to improve the diagnostic quali-
ty. Nevertheless, the use of intravenous contrast CT
images as transmission images can produce artifacts of
increased radiotracer uptake in regions of high-density,
as shown in phantom, animal, and human studies [1,
18]. This affects the qualitative interpretation of PET
studies and the quantitative measurements by inducing
an overestimation of the true uptake. In a canine mod-
el, presence of a contrast agent also increased emission
activity, but the percentage bias was less than 15% in
the liver and smaller in all other organs except the kid-
ney (26%) [18]. This effect was independent of 18F-
FDG concentration [18].

In addition, when using CT-based attenuation cor-
rection, the presence of metallic objects (dental metal-
work, dental implants, bullets, pacemakers, injection
ports, and metallic orthopedic hardware) results in an
overestimation of attenuation correction measured at
x-ray energies and incorrectly scaled to the 511 keV en-
ergy, and leads to focal apparent increased radiotracer
uptake in regions nearby [9,15]. These artifacts were
more evident when the object was moved between the
CT and PET scan [12]. 

Arms are positioned above the head for most pro-
cedures, whereas they are positioned along the torso
when the region of interest is the head and neck. 
Minimal patient motion is important in PET/CT
imaging, otherwise the PET and CT acquisition are
misaligned, creating inconsistent fusion data. The risk
of motion is significantly increased by a long time in-
terval between the data acquisitions of the two modali-
ties. This will be particularly deleterious in the head
and neck area. Instructions to the patient and careful
positioning are warranted. Depending on the level of
patient cooperation, immobilization devices can be
used.

CONCLUSIONS

A hybrid PET/CT offers the ability for accurate regis-
tration of metabolic and molecular aspects of the dis-
eases with exact correlation to anatomical findings.
This yields a clear improvement of diagnostic accuracy
by combining two already excellent modalities. The
precise correlation of radiotracer uptake with CT al-
lows the differentiation of the normal physiological
variants of radiotracer uptake (urinary, bowel, fat, mus-
cle) that can mimic metastatic lesions from pathologi-
cal uptake, and can help avoid potential false-positive
interpretations [6, 13, 17]. Furthermore, PET/CT adds
further information to diagnoses, allowing adequate
characterization and proving improved tumor staging.
In addition, malignancies with low or normal metabol-
ic activity (e.g. mucinous carcinomas, primary renal cell
carcinoma and prostate cancer) may show clearly posi-
tive or suspicious findings in the CT image component
of the PET/CT [2]. On the other hand, PET will iden-
tify lesions with the highest FDG uptake, while the CT
component will provide anatomical details to precisely
guide the biopsy. Hybrid PET/CT imaging will be very
important in oncological applications in the decades to
come, and possibly for use in cancer screening and car-
diac imaging.
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