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Attenuation correction (AC) of whole-body PET data in combined
PET/MRI tomographs is expected to be a technical challenge. In
this study, a potential solution based on a segmented attenuation
map is proposed and evaluated in clinical PET/CT cases.
Methods: Segmentation of the attenuation map into 4 classes
(background, lungs, fat, and soft tissue) was hypothesized to
be sufficient for AC purposes. The segmentation was applied
to CT-based attenuation maps from '8F-FDG PET/CT oncologic
examinations of 35 patients with 52 '8F-FDG-avid lesions in the
lungs (n = 15), bones (n = 21), and neck (n = 16). The standard-
ized uptake values (SUVs) of the lesions were determined from
PET images reconstructed with nonsegmented and segmented
attenuation maps, and an experienced observer interpreted
both PET images with no knowledge of the attenuation map sta-
tus. The feasibility of the method was also evaluated with 2 pa-
tients who underwent both PET/CT and MRI. Results: The use
of a segmented attenuation map resulted in average SUV
changes of 8% = 3% (mean * SD) for bone lesions, 4% = 2%
for neck lesions, and 2% * 3% for lung lesions. The largest
SUV change was 13.1%, for a lesion in the pelvic bone. There
were no differences in the clinical interpretations made by the ex-
perienced observer with both types of attenuation maps. Con-
clusion: A segmented attenuation map with 4 classes derived
from CT data had only a small effect on the SUVs of '8F-FDG-
avid lesions and did not change the interpretation for any patient.
This approach appears to be practical and valid for MRI-based
AC.
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In the same way in which PET/CT has been shown to be a
powerful multimodality imaging tool, there are compelling
reasons for combining PET and MRI. PET/MRI would have
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the following advantages: improved soft-tissue contrast;
the possibility of performing truly simultaneous instead of
sequential acquisitions; and the availability of sophisticated
MRI sequences, such as diffusion and perfusion imaging,
functional MRI, and MR spectroscopy, which can add im-
portant information. Moreover, the use of PET/MRI would
result in a significant decrease in radiation exposure, which
is of foremost importance for serial follow-up and pediatric
imaging.

Thus, a combined PET/MRI scanner would provide an
alternative to a combined PET/CT scanner for whole-body
oncologic imaging (/,2); improved accuracy could be achieved
in the detection, staging, and characterization of several cancers
(3-10). Moreover, the combination of PET and MRI is perfectly
suited to neurologic imaging and offers new possibilities for
cardiovascular imaging (/1,12). Consequently, much research
effort is being directed toward the development of combined
imaging devices, and the initial results are promising (/3—18).

However, a still-unsolved technical challenge for com-
bined whole-body PET/MRI is the correction of attenuation
and scatter in the PET data (/9). For this purpose, an
attenuation map with the radiodensity of each volume element
for 511-keV photons is needed. For whole-body PET, there
are currently 2 approaches for obtaining an attenuation map.
The first approach is to acquire a transmission scan with
external radionuclide sources; for work flow reasons, this scan
is typically acquired in a few minutes and segmented to
differentiate mainly the background, lungs, and soft tissue
(Fig. 1A) (20,21). The second approach is to use spatially
aligned CT data after a bilinear transformation to convert
from CT Hounsfield units, which measure the radiodensity at
X-ray energies, to attenuation factors at 511 keV (22); this is
the most commonly used approach in PET/CT (Fig. 1B).
Because combined PET/MRI tomographs will most likely
include neither a radionuclide source nor an x-ray source,
none of these approaches can be used, and alternative solu-
tions must be developed.

MRI data cannot be used directly for attenuation correction
(AC) because the MR signal is not related to the radiodensity
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FIGURE 1. Histograms of attenuation maps obtained for

thorax with radionuclide source (A) and with low-dose CT (B)
and showing frequency of each attenuation factor in image.
Radionuclide transmission scan acquired in a few minutes
was able to distinguish mainly background, lungs, and
tissue. CT-based attenuation map showed 3 distinct peaks:
lungs, fat (0.086 cm~"), and soft tissue (0.10 cm~"). Voxels
with density above 0.105 cm~" corresponded to bone or to
mixture of bone and soft tissue.

of biologic tissue. An example is cortical bone, which shows
nearly no signal on MRI despite a high attenuating power.

In this work, a method suitable for whole-body MRI-
based AC of PET data is presented and evaluated. The method
involves the segmentation of an attenuation map into 4
classes: background, lungs, fat, and soft tissue. For the sake
of robustness, no segmentation of bone is performed. Indeed,
cortical bone shows a very low-intensity and nonspecific sig-
nal on MR, so that its segmentation is challenging and error
prone. However, ignoring the specific contribution of bone to
photon attenuation makes the method invalid for neurologic
imaging (23), for which alternative solutions have been
investigated (24-26).

The proposed method can be used with any MR acqui-
sition that would allow segmentation into the 4 classes.
However, quantitative validation with MR acquisitions ob-
tained on separate scanners is challenging, because inac-
curacies in the nonrigid registration lead to errors in the
attenuation-corrected images (27) that could be larger than
the approximation done by the segmentation itself and
consequently would not fully reflect the results expected
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from a combined scanner. Therefore, we quantified the ef-
fects that such a segmentation of the attenuation map would
have had on the standardized uptake values (SUVs) of focal
lesions in 35 patients who underwent PET/CT. In addition,
the specific impact produced by the absence of bone in the
attenuation map was assessed.

MATERIALS AND METHODS

Patient Population

The study population comprised 35 patients referred for whole-
body '8F-FDG PET for the clinical staging of malignancy. The
patients were retrospectively selected to include only cases for
which the technical challenge to the proposed algorithm would be
high. Therefore, only patients with bone metastases, lung nodules,
or neck lesions with focal pathologic '8F-FDG uptake were
selected. Lesions located in bones were expected to be the most
sensitive to the absence of bone in the attenuation map, along with
lesions in the neck because of the significant fraction of bones in
this area. Lung lesions, on the other hand, were sensitive to the
variable lung density in each patient.

The only conditions for patient selection were the presence and
localization of '8F-FDG-avid lesions in the aforementioned re-
gions. No other factors (e.g., age, weight, or malignancy) were
considered. Altogether, 35 patients with 52 lesions were included
in the study. Bone metastases were present in 9 patients (21
lesions: 12 in the pelvic bone, 8 in the spine, and 1 in the sternum),
lung nodules were present in 14 patients (15 lesions), and neck
lesions were present in 12 patients (16 lesions).

PET/CT Acquisition

All patients underwent a routine clinical '8F-FDG protocol for
oncologic staging with a Siemens Biograph Sensation 16 PET/CT
scanner (Siemens Medical Solutions). Patients were injected with
350-500 MBq of '8F-FDG, depending on their weights. The
acquisition was started 90 min after tracer injection. For AC, low-
dose CT (120 keV, 20 mAs) without an intravenous contrast agent
was performed.

Data Processing

Attenuation maps were obtained from the CT data by bilinear
transformation (22). The CT-based attenuation maps were then
segmented, on the basis of the intensity of each voxel, into the 4
classes, and predefined attenuation factors were assigned as for the
CT-based attenuation maps. The intensity mapping was done as
follows: voxels in the range of 0-0.005 cm ™! were assigned to the
background (0 cm™1), voxels in the range of 0.005-0.05 cm™!
were assigned to the lungs (0.018 cm™1), voxels in the range of
0.05-0.093 cm ™! were assigned to fat (0.086 cm™1), and voxels
over 0.093 cm~! were assigned to soft tissue (0.10 cm™~!). The
Interactive Data Language (version 6.4; ITT Visual Information
Solutions) was used for all data processing. Note that the
segmentation was based only on the intensity of each voxel, so
that no assumptions were made regarding the locations of the
tissues or organs. For example, because of the partial-volume
effect, a voxel at the skin could be classified as lung, with its cor-
responding attenuation factor. Similarly, a mass in the lung could be
classified as soft tissue rather than lung.

In addition, we sought to evaluate the specific importance of
bone for AC of PET data. For this purpose, all bones were re-
moved from the original CT-based attenuation map by replacement
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of all voxels that had attenuation factors over 0.105 cm™~! with the
value 0.1 cm™1, corresponding to soft tissue.

PET sinogram data were reconstructed by use of the original
CT-based attenuation map, the attenuation map segmented into 4
classes, and the attenuation map without bones, as summarized in
Figure 2. PET reconstruction software (e7 tools) from Siemens
Molecular Imaging was used for this purpose. The images were
reconstructed by use of the ordered-subsets expectation maximi-
zation algorithm with 4 iterations and 8 subsets.

Image Analysis

A volume of interest (VOI) was manually defined on the
lesions. The VOI was defined on a fused view of the PET data
reconstructed by use of the original attenuation map and the CT
data, and the same VOI was used to assess the SUVs in all 3 PET
reconstructions. The effects of the different modifications of the
attenuation map were quantified as a change in the SUV as a
percentage of the original SUV.

In addition, an experienced observer interpreted the images
reconstructed by use of the original and segmented attenuation
maps to evaluate whether the segmentation had an effect on the
clinical interpretation of the studies. The observer was unaware of
which attenuation map had been used for reconstruction.

MRI-Derived Attenuation Map

As a proof of principle for the application of MRI-based AC, 2
patients (both women, 49 and 70 y old) who underwent whole-
body '8F-FDG PET/CT examinations showing mediastinal lymph
node metastases also underwent MRI examinations with a 2-point
Dixon MR sequence (28). Acquisition was performed with a
clinical 1.5-T tomograph (Espree; Siemens Medical Solutions)
and required 18 s for one bed position (21 cm).

The Dixon MR sequence is particularly well suited for seg-
mentation because it provides separate water and fat images. The
MRI and CT datasets were aligned by use of a combination of a
rigid registration algorithm based on the maximization of mutual
information and a dense, nonrigid registration method. The non-
rigid deformation was modeled as a vector field obtained by
composition of a small displacement maximizing a statistical mea-
sure of similarity between the images, as described previously (29).

| Low-dose CT I

Background  0cm
Lung 0.018 cm™? Bilinear transform
Fat 0.086 cm™!
Soft tissue 0.1cm™? \ 4 Bones > 0.105 cm!
Segmented CT p-map I\_, M-map without
p-map bones

I PET raw data I

v v v

I PETsegmented I I PETreference I I PETno bones I

FIGURE 2. Diagram showing 3 different PET reconstruc-
tions obtained with various attenuation maps (pn-maps).
(Left) Segmented attenuation map with predefined attenu-
ation factors. (Center) Standard CT-based attenuation map.
(Right) Attenuation map after removal of specific influence of
bone.
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Subsequently, the MRI datasets were used to create an atten-
uation map with 4 distinct classes: background, lungs, fat, and soft
tissue. The image-processing steps are shown in Figure 3. Thresh-
olds were determined for the fat and water images to identify the
voxels corresponding to fat and soft tissue and to separate them
from the background; voxels representing a mixture of fat and soft
tissue were also used when the values in both images were above
the thresholds. The lungs were identified by connected-component
analysis of the air in the inner part of the body. Some voxels
containing cortical bone were occasionally identified as air be-
cause of the absence of an MR signal, as were some voxels in the
heart and aorta because of blood flow. This situation was
addressed by application of a morphologic closing filter (5 mm
in each spatial direction) to the binary tissue—air image. Finally,
the attenuation coefficients corresponding to the PET/CT patient
bed were added to the MRI-based attenuation map by replacing
the corresponding part of the image. The last processing step
before use for AC was carried out with the tomographic recon-
struction software (e7 tools), consisting of 3-dimensional gaussian
filtering of 5 mm, in the same manner as that used for a CT-based
attenuation map.

The procedure used to derive the MRI-based attenuation map
was fully automated. Manual interaction was needed only to
identify the patient bed on the CT image so that it could be added
to the MRI-based attenuation map.

RESULTS

The SUV changes resulting from the modification of the
attenuation map depended largely on the location of the

FIGURE 3. Segmentation of 2-point Dixon sequence for
AC purposes. MRl water (A) and fat (B) images were
combined and segmented to produce MRI-based attenua-
tion map (C). (D) CT-based attenuation map of same patient
shown for comparison.
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lesion considered, as summarized in Figure 4. The absence
of bone in the attenuation map resulted in an under-
correction for bone attenuation, causing the SUVs of the
lesions to be generally lower than the SUVs on the images
reconstructed by use of the original attenuation map.

The average SUV on the PET images reconstructed by
use of the segmented attenuation map decreased the most
for osseous lesions, with an average decrease of 8.0% =
3.3% (mean = SD). The SUVs of lesions in the neck
showed an average decrease of 3.8% * 2.0%, and those of
lung lesions decreased by 1.9% = 2.3%. The SUV varia-
tions on the PET images reconstructed by use of the atten-
uation map without bones were comparable, indicating that
the absence of bone was the main reason for these variations.
The largest change observed for the 52 lesions considered
was an underestimation of the SUV by 13.1%, which
occurred for a lesion in the pelvic bone (Fig. 5).

Examination of the PET images by an observer unaware
of which attenuation map had been used for reconstruction
revealed no differences in the clinical interpretations of the
PET scans for all of the patients. Neither false-positive nor
false-negative findings relative to the findings obtained with
the original reconstruction were observed.
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FIGURE 4. Differences in mean SUVs (top) and maximum
SUVs (bottom) for each group of lesions produced by AC
with segmented attenuation map (segm, <) and attenuation
map with bone removed (no bones, A) relative to AC with
original map. Vertical bars indicate mean + SD.
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FIGURE 5. Lesion in pelvic bone (arrow) that showed
largest SUV variation (13.1%) when reconstruction was done
with segmented attenuation map. It was difficult to note any
visual differences. (A) Original PET/CT image. (B) PET image
reconstructed with segmented attenuation map fused to
original CT image. (C) CT-based attenuation map. (D)
Segmented attenuation map used to reconstruct image in B.

Although visual inspection of the complete PET image
did not reveal noticeable changes in the activity distribution
after segmentation of the attenuation map, detailed quan-
titative inspection revealed that the relative change in the
SUV for background regions with low uptake could be
significantly higher than that for lesions with high uptake.
Regions with very low SUVs (<0.2) could occasionally
show SUV variations of up to 50%, although this finding
was clinically irrelevant. Such variations in regions with
very low uptake could be related to numeric instability in
the reconstruction algorithm. Furthermore, the correlation
coefficients for the original and segmented attenuation
maps as well as for the PET images reconstructed by use
of these attenuation maps were found to be greater than 0.98.

For patients undergoing both PET/CT and MRI exami-
nations, the SUV of a mediastinal lymph node metastasis
decreased by 4.6% with MRI-based AC, compared with
CT-based AC, for the first patient and by an average of
2.3% (range, —6%—+1%, in 6 VOIs located in different
lymph node metastases) for the second patient (Fig. 6).
Despite the use of a nonrigid registration, the exact values
must be considered carefully because they represent a
combination of variations resulting from 2 different sources,
namely, the segmentation of the attenuation map and poten-
tial inaccuracy in the spatial registration between images.

DISCUSSION

The use of a segmented attenuation map with the 4
described classes resulted, in most cases, in a slight de-
crease in the SUV, especially in bone lesions, which were
affected the most by the absence of bone in the attenuation
map. The largest SUV change observed in the 52 lesions
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FIGURE 6. Attenuation map (left), PET
images (middle), and fused PET/CT
images (right) of patient with multiple
18F-FDG-avid mediastinal and bihilar
lymph node metastases. (Top) Original
CT-based attenuation map and PET
image reconstructed with this map.
(Bottom) MRI-based attenuation map
for region indicated by dashed lines
and PET image reconstructed with this
map. Use of MRI-based attenuation
map resulted in average SUV change
of 2.3% for 6 lymph node metastases
relative to results obtained with CT-
based AC.

considered was 13.1%, for a patient with a metastasis in the
pelvic bone, whereas lung and neck lesions showed only
minor SUV changes (<8%). Reconstruction by use of the
segmented attenuation map had no impact on the clinical
interpretations of the images for all of the patients.

Even small SUV changes, like those reported here, can
be critical in the context of patient follow-up. An SUV change
(before and shortly after the start of therapy) of —25% can
result in a different conclusion regarding tumor responsiveness
to the current therapy than an SUV change of —35% and
therefore can have an impact on patient care. It is important to
note that the variation observed when using the segmented
attenuation map as compared with the CT-based attenuation
map would not prevent the segmented map and a potential
MRI/PET scanner using this technique to be accurate for
patient follow-up. Indeed, the SUV variation introduced by
the segmented attenuation map should remain constant for a
tumor throughout examinations at several time points.

The decreased SUV obtained for bone lesions with the
segmented attenuation map agrees with the findings of
Nakamoto et al. (30), who reported shortly after the eme-
gence of PET/CT scanners that calculated radioactive con-
centrations in osseous lesions were higher with CT-based
AC than with germanium-based AC (average difference,
11%). As with fast transmission measurements, bones
cannot be reliably segmented in whole-body MRI data.
The absence of bone had an impact on lesion quantification,
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but this impact was small for all lesions, even those located
in the pelvic bone and lumbar vertebrae. However, the
influence of bone could be higher in neurologic studies
because of the skull, through which all photons must pass
before they reach the detectors. Therefore, the proposed
segmented attenuation map is not suitable for neurologic PET.

For all other regions of the body, the observed deviations
should be placed in perspective when other aspects are
taken into account. First, the transition from radionuclide-
based attenuation to CT-based attenuation resulted in a
comparable variation for osseous lesions (30). Second,
greater variability (10%) is observed in repeated patient
measurements as a result of all factors affecting the acqui-
sition and data analysis (31,32). Third, CT enhanced with
iodinated contrast medium is being used for AC of PET
data in many centers despite its acknowledged bias (33—
35); these studies showed that when CT scans with intrave-
nous contrast agents were used for AC, average variations in
the maximum SUV were 6% for the liver, 17% for the
heart, 27% for the subclavian vein, and 8% for the site of
primary malignancy. However, these variations did not
result in differences in the clinical interpretations of the
PET scans in any of the studies.

An alternative approach for MRI-based AC is atlas-based
registration, in which the known distribution of attenuation
factors of the atlas can be applied to the patient data after
registration. This technique offers the benefit of taking bone
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into account for photon attenuation. Although this approach
performs well in neurologic studies, the registration of
whole-body images to an atlas is much more demanding
and error prone because the thorax and abdomen do not
have the same rigidity as the head. Experience with PET/
CT so far has shown that even small emission—transmission
misregistrations can have an impact on the diagnostic
findings (36,37). Moreover, anatomic variations, which
are common in cancer patients and often essential for AC,
cannot be considered by an atlas. Figure 7 illustrates this
situation for a patient with a lung tumor and pulmonary
edema, abnormalities that cannot be considered by an atlas.
The potential absence of the lung tumor in the attenuation
map would result in a variation in the tumor SUV of 35%.
In contrast, the segmented attenuation map would use the
real tissue distribution and therefore would be more suit-
able for use with unusual anatomies.

Although the results obtained with the segmented atten-
uation map showed potential for clinical use, a more
extensive evaluation with MRI data for different lesions
should be performed to validate the approach. Moreover,
further improvements must be considered. Automated seg-
mentation of cortical bone in whole-body MRI would be an
obvious advantage, but it still does not appear to be
feasible, despite recent developments (38,39). On the other
hand, even though the average SUV variation of lung lesions
was very small, the SD was relatively large (Fig. 4). The
reason for this variation was the use of a constant attenuation
factor for the lung (0.018 ¢cm™!) that did not take into
account intra- and interpatient variability. A variable atten-
uation factor for lung tissue should be investigated on the
basis of the assumption that the MR signal intensity in the

!
!

FIGURE 7. Patient with tumor in right lung and pulmonary
edema in left lung. Attenuation maps used for reconstruction
(left) and reconstructed PET images fused to original CT
images (right) are shown. (Top) Original CT-based attenua-
tion map. (Middle) CT-based attenuation map with lung
tumor manually removed from map. (Bottom) Segmented
attenuation map. Although segmented attenuation map
resulted in change in SUV of +1.6%, deletion of lung tumor
resulted in change in SUV of —35%, indicating potential
pitfalls for atlas-based approaches.
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lung increases linearly with lung density. This approach
would allow the variable lung density in each patient to be
taken into account.

Furthermore, the method described here can account for
patient-related photon attenuation, but for the correction to
be complete, other attenuating components present during
the acquisition (e.g., patient bed and surface coils) should
be spatially localized and included in the attenuation map.
In addition, the MRI field of view must cover the entire
patient in each axial plane; this issue can be particularly
problematic with large patients and when the acquisition is
done with the arms down, because the field of view of most
clinical MRI scanners is less than 55 cm (40). For com-
bined PET/CT scanners, this problem was solved by means
of nonlinear extrapolation of the truncated projections (41),
but because the acquisition physics are fundamentally
different, other approaches should be investigated to com-
pensate for a potentially limited field of view in MRL

CONCLUSION

Segmentation of the attenuation map into 4 classes for
clinical PET/CT data resulted in small differences in the
SUVs. These differences depended on the localization of
the lesion, and the largest differences were observed for
osseous lesions. There were no differences in the clinical
interpretations for all of the patients. Because MRI sequences
with the required contrast properties are readily available, our
approach provides the basis for MRI-derived AC.
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