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Abstract — Attenuation correction of PET emission data 
using spatially correlated CT images is fast and precise 
yielding a noise-free attenuation map (µmap) in comparison 
with radionuclide transmission scanning (TX). However, it is 
essential to convert the linear attenuation coefficients obtained 
from CT scans to those corresponding to 511 keV. Several 
conversion strategies have been developed including scaling, 
segmentation, hybrid and bilinear methods. The aim of this 
study is to compare the accuracy of different energy mapping 
methods for generation of 511 keV µmap using clinical studies. 
The procedure for generation of attenuation map from CT 
images using different energy mapping methods was assessed 
using clinical studies and the results compared to the TX 
image derived using Ga-68 rod sources acquired on the 
Discovery LS PET/CT scanner, were used as gold standard in 
this study. A region of interest analysis was performed at 
different locations of the µmaps. It was shown that for soft 
tissues, the relative difference of scaling, segmentation, hybrid 
and bilinear methods compared to TX technique were 11.3%, 
9.2%, 11.3% and 10.8% respectively (no major difference). 
For bony structures, the quantitative analysis showed that the 
scaling method produces a substantial relative difference 
(31%). The relative difference of segmentation, hybrid and 
bilinear methods compared to TX were 29%, 14% and 18% 
respectively. However these results for lung tissue were 4%, 
13%, 4% and 4% respectively for scaling, segmentation, 
hybrid and bilinear methods with a great difference for 
segmentation method. It can be concluded that for soft tissues 
all energy mapping methods give satisfactory results. For 
bone, the scaling and segmentation methods yield substantial 
relative differences but the other 2 methods give acceptable 
results. For lung tissue the results are approximately close to 
each other except for segmentation method. 
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I. INTRODUCTION  

PET/CT scanners which combine anatomical and 
functional data are considered as a major advance in lesion 
detection in nuclear medicine imaging and treatment 
planning in radiotherapy [1]. Attenuation of photons in 
tissues degrades the visual quality of PET images therefore 

attenuation correction is one of the most important steps in 
PET image reconstruction. Attenuation correction of PET 
emission data using spatially correlated CT images is a fast 
and precise method which yields a noise-free µmap in 
comparison with radionuclide transmission imaging (TX) 
technique. It should be noted that CT images provide linear 
attenuation coefficients (LAC) of the tissues at effective CT 
energies (~ 60-80 keV) rather than 511 keV which is the 
energy of PET imaging, so it is necessary to convert the 
LAC at CT energies to those corresponding to 511 keV. 
Several energy mapping strategies have been proposed that 
convert the LACs of CT images to the LACs of 511 keV. 
These conversion methods include scaling [2], segmentation 
[2], hybrid segmentation/scaling [2] and bilinear. Bilinear 
method is the common utilized method in most commercial 
PET/CT scanners. The accuracy of the µmap has an 
important effect on the quality of the reconstructed PET 
image. Each of the energy mapping methods has their own 
drawbacks and so far no comprehensive assessment of all 
these methods has been performed: existing published 
studies [2], [3] merely involve the comparison of two or 
three of these methods and not all methods. In present study 
the accuracy of different 511 keV µmaps generated using 
different energy mapping methods from clinical CT image 
were evaluated through comparison with gold standard 
µmaps of the patients obtained by TX imaging. It should be 
noted that our previous publication was based on a phantom 
study [4] but here we try to evaluate our results on clinical 
images. 

II. MATERIALS AND METHODS 

A. Energy Mapping Methods 

For generating 511 keV µmaps for CT based attenuation 
correction of PET data a number of conventional energy 
mapping methods are used which include scaling, 
segmentation, hybrid (scaling/segmentation), and bilinear 
method. In all of the energy mapping methods attenuation 
correction requires accurate conversion from CT numbers to 
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LACs at 511 keV. In the following, a short description of 
these methods is presented. 

Scaling: In the scaling method, it is assumed that the 
ratio of LAC of a tissue at any two energies is a constant 
and hence 511 keV µmap is formed by multiplying the CT 
image by the ratio of LAC of water at CT and PET energies 
[2]. 

Segmentation: In this method, the 511 keV µmap is 
acquired by segmenting the reconstructed CT image into 
different regions. Then the CT numbers of each region are 
replaced with their corresponding LAC at 511 keV. The CT 
image can be segmented to soft, bone, lung, adipose, etc 
regions [2]. 

Hybrid: In the hybrid method, the aforementioned 
concepts of scaling and segmentation are combined together 
where the 511 keV µmap is formed by first setting a 
threshold to segment bones out of the CT image, and then 
using specific scaling factors for the bone and non-bone 
regions. The reason behind this is that for most materials 
(an exception being bone), the ratio of LAC at any two 
energies is almost a constant [2]. 

Bilinear: In this method a bilinear calibration curve is 
acquired from the LACs and measured CT numbers (HU) of 
three reference points (air, water, and cortical bone). The 
obtained bilinear curve has a break point at water point and 
yields the LACs of any material against its CT number. 
Bilinear method is the most commonly used method in 
commercially available PET/CT scanners [5]. 

B. Generation of µmaps Comparison Strategy  

The mentioned energy mapping methods were performed 
on the clinical CT images of patients. This study was 
conducted on five whole body patient data.  The data were 
acquired on a Discovery LS (DLS) PET/CT scanner (GE 
Healthcare Milwaukee, USA) with the resolution of 4.8 mm 
and tube voltage of 140 kVp. The DLS scanner has the 
potential to acquire the transmission scan both using CT and 
68Ge/Ga rod sources (TX). In order to derive the different 
µmaps and compare them with a gold standard, a reference 
µmap was needed for each patient.  The best reference map 
would be a map obtained by the TX technique which was 
also performed on the studies patients. Therefore different 
µmaps were generated by the stated energy mapping 
methods and compared by their corresponding TX maps 
that were specific for each individual patient and were 
acquired by DLS PET/CT scanner.  

Before performing the energy mapping methods, CT 
images (512×512 matrix size) of the patients were first 
down-sampled to 128×128 in order to match the matrix size 
of TX maps and then followed by 8 mm Gaussian  
 

smoothing to match the resolution of the PET images. In the 
last step, energy mapping methods were carried out on the 
down-sampled and smoothed images. 

C. Comparison Strategy  

For quantitative comparison of the different µmaps and 
the gold standard maps, a region of interest (ROI) analysis 
was employed, i.e. different ROIs were selected on different 
regions of the body in the four generated µmaps and also in 
the reference maps exactly in the same positions. Then the 
average LAC of each ROI was measured and the percent of 
relative difference of LAC for each ROI to the reference 
ROI was calculated.  Overall, 100 different ROIs were 
selected on the 5 patient CT images. These ROIs were 
divided into soft, bone and lung groups. At last the average 
relative difference for each group to TX values for every 
method was calculated. The magnitude of the average 
relative difference for each group was considered as the 
accuracy criterion for each method.  

III. RESULTS 

Figure 1 shows an example, for one of the patients, of the 
TX µmap as well as the generated µmaps by different 
energy mapping methods.  

The ROI analysis was done on the obtained µmaps and 
as stated, the average relative difference of each method 
compared to TX was computed.  The results of the 
quantitative analysis showed that for soft tissues the relative 
differences for the scaling, segmentation, hybrid (scaling/ 
segmentation) and bilinear methods compared to TX were 
11.3%, 9.2%, 11.3% and 10.8%, respectively.  

Figure 2 shows the analysis of different ROIs in soft 
tissue regions. 

From figure 2, it is obvious that the relative differences 
of all energy mapping methods compared to TX are almost 
close to each other and less than 12%.  

For bone tissues higher percent difference values were 
obtained: compared to TX these were 31%, 29%, 14% and 
18% for the scaling, segmentation, hybrid (scaling/ 
segmentation) and bilinear method, respectively. 

Figure 3 shows the relative difference of each method 
compared to TX for bone tissues. 

As shown in figure 3, the scaling and segmentation 
methods have the greatest relative difference compared to 
other methods. However the relative difference of hybrid 
and bilinear techniques compared to TX are lower. 
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For Lung tissues the relative difference of energy 
mapping methods were approximately 4%, 13%, 4% and 
4% for scaling, segmentation, hybrid and bilinear methods 
respectively. Figure 4 shows the percent of relative 
difference for lung tissue.  
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Fig. 3. Relative difference of energy mapping methods for Lung tissues. 
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Fig. 4. Relative difference of energy mapping methods for soft tissues. 

As it is shown in figure 4, except the segmentation 
method, the results of other three methods are more or less 
similar. 

It is worth mentioning that the quality of the TX images 
was very poor in order to keep the patient dose as low as 
possible and they appeared to underestimate the LACs 
which we attribute to not correcting for the scattering effect 
during the reconstruction of TX images. This issue can be 
one of the factors that influence the results of the 
comparisons.   

In table 1 a summary of all the results is presented. 

Table 1. Percent of relative difference for different energy mapping 
methods regarding the type of tissue. 

 Scaling Segmentation Hybrid Bilinear 

Soft % 11.3 % 9.2 % 11.3 % 10.8 

Bone % 31 % 29 % 14 % 18 

Lung % 4 % 13 % 4 % 4 

 

(a)                     (b)                      (c) 

 

                         (d)                     (e)                      

Fig. 1. Generated µmaps obtained by different methods, (a) TX technique, 
(b) scaling, (c) segmentation, (d) hybrid scaling/segmentation  

and (e) bilinear methods.  

0

5

10

15

20

25

30

35

40

Scaling Segmentation Hybrid Bilinear

%
 R

el
at

iv
e 

D
iff

er
en

ce

 

Fig. 2. Relative difference of energy mapping methods for bone tissues. 
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IV. DISCUSSION AND CONCLUSION 

As demonstrated in figure 2, the results of all four energy 
mapping methods were similar to each other compared to 
TX maps. So it can be concluded that for soft tissues all the 
mentioned energy mapping methods produce acceptable 
511 keV µmaps and there is not a major difference between 
them. 

However for bones (fig. 3) scaling and segmentation 
methods produced the highest relative differences compared 
to TX maps and hence relative to the other two methods, 
they should be considered as sub-optimal techniques 
especially for bones. By contrast, the relative difference of 
hybrid and bilinear methods compared to TX were lower 
and they gave more accurate µmaps; therefore these 
methods can be considered as more robust methods of 
choice for CT based attenuation correction of PET images. 

The high relative difference of scaling is attributed to the 
abundance of calcium and phosphor in bones which have a 
high photoelectric interaction cross section. It should be 
noted that the predominant interaction at 511 keV is 
Compton scattering but in bones due to the presence of 
calcium and phosphor the predominant interaction is 
photoelectric and this is the reason of high relative 
difference of scaling method in comparison with other 
methods.  

The reason of the almost high relative difference of 
segmentation method for bones is that all types of bones are 
considered as cortical bone regardless of their densities and 
types and they are all replaced by a single LAC value of 
cortical bone. This relative difference shows itself 
especially in presence of less dense bones and spongia 
bones. Another drawback of the segmentation method is 
that in segmenting regions with variable densities such as 
lungs a high error can happen in these regions because of 
setting a strict threshold to separate these types of tissue. 
This problem was clear in Fig. 4 that the relative difference 
of segmentation method was well evident compared to other 
methods.  

Generally it can be concluded that scaling and 
segmentation are not suitable methods for creating µmaps 
since they have high errors in bony regions. In regard to soft 
regions all the aforementioned methods can create more 
acceptable attenuation maps.   

The hybrid method gave satisfactory results for soft, lung 
and bone tissues, particularly for bone tissues. Concerning 
Fig. 3, it is clear that for bones, the hybrid method gave the 

smallest amount of difference with TX values in 
comparison with other methods. 

It should be pointed out that all these comparisons were 
performed on attenuation maps and the conclusions were 
based on the assessment of those attenuation maps. For a 
more comprehensive conclusion the quantitative 
comparisons of reconstructed PET images by different 
methods should be performed. Currently our group is 
working on comparative assessment of reconstructed PET 
images by different energy mapping methods and tries to 
evaluate the results through both different µmaps and 
reconstructed PET images.  

ACKNOWLEDGMENT 

This work was supported by Research Center for Science 
and Technology in Medicine.HZ acknowledges the support 
of the Swiss National Science Foundation under grant No. 
3152A0-102143. 

REFERENCES 

 
1. Ay M R and Zaidi H (2006) Computed tomography-based attenuation 

correction in neurological positron emission tomography: evaluation 
of the effect of x-ray tube voltage on quantitative analysis. Nucl Med 
Commun 27(4): p. 339-346 

2. Kinahan P E, Townsend D W, Beyer  T  et al (1998) Attenuation 
correction for a combined 3D PET/CT scanner. Med Phys, 25(10): p. 
2046-2053 

3. Beyer T, Kinaham  P E, Townsend  D W, et al (1995)  The Use Of 
X-Ray CT For Attenuation Correction Of Pet Data. In Proc. IEEE 
Nuclear Science Symposium and Medical Imaging Conference. 1995. 
Rome, Italy, pp 1573 - 1577T 

4. Shirmohammad M, Ay M R, Sarkar S et al (2008) Comparative 
assessment of different energy mapping methods for generation of 
511-kev attenuation map from CT images in PET/CT systems: a 
phantom study. in the fifth ieee international symposium on 
biomedical imaging 2008. Paris, France, pp 644–647  

5. Bai C, Shao L, Da Silva A et al (2003) A generalized model for the 
conversion from CT numbers to linear attenuation coefficients. IEEE 
Trans. Nucl. Sci.,50(5): p. 1510-1515 

† Corresponding Author:  Mohammad Reza Ay 
Institute:  Tehran University of Medical Sciences 
Street:  Pour Sina 
City:  Tehran 
Country: Iran 
Email:  mohammadreza_ay@tums.ac.ir 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


