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Abstract— In this study, we propose an automatic method to
extract the heart volume from the cardiac positron emission
tomography (PET) transmission images. The method combines
the automatic 3D segmentation of the transmission image using
Markov Random Fields (MRFs) to surface extraction using
deformable models. Deformable models were automatically
initialized using the MRFs segmentation result. The extraction
of the heart region is needed e.g. in independent component
analysis (ICA). The volume of the heart can be used to mask the
emission image corresponding to the transmission image, so that
only the cardiac region is used for the analysis. The masking
restricts the number of independent components and reduces
the computation time. In addition, the MRF segmentation result
could be used for attenuation correction. The method was tested
with 25 patient images. The MRF segmentation results were of
good quality in all cases and we were able to extract the heart
volume from all the images.

I. INTRODUCTION

Positron emission tomography (PET) is a medical imag-

ing technique providing quantitative information about the

physiological properties of living tissue. Because in PET

emission images only the physiological properties of the

tissues are seen, it is difficult to identify the exact position

of some anatomical structures, like the myocardium in the

thorax region. A transmission measurement using an external

radioactive source is commonly performed to compensate for

the effect of the attenuation of annihilation photons in the

subjects’s body. In comparison to the emission image, soft

tissue and lungs are more identifiable in the transmission

image, see Fig. 2. Because of this the transmission images

have been used, in addition to attenuation correction, for

image alignment and for motion detection and correction [1].

The aim of this study is to automatically extract the

heart volume as it is seen in the transmission image to

find the heart region for further analysis of the emission

image. The extraction of the heart region is needed e.g. in

independent component analysis (ICA) and factor analysis

(FA) of the PET emission images. ICA and FA can be

used to automatically extract the time activity curves (TACs)

to calculate the perfusion of the myocardium [2], [3]. The

volume of the heart is used to mask the emission image in

such way that only the cardiac region is used for the analysis.

This way it is easier to define the number of components
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to be separated from the emission image that is necessarily

for ICA and FA [4]. In addition, the masking reduces the

computation time. The completely automatic heart volume

extraction from transmission images is challenging, because

the heart tissue has the same attenuation factor than other

soft tissues like the muscles. However, the position heart

surface can be deducted based on position of the lungs. The

lungs feature an attenuation factor different from the body,

and therefore, the lungs can be identified in transmission

images.

Our heart volume extraction method first segments the

transmission image using Markov Random Fields (MRFs)

[7]. Secondly, the heart volume is extracted based on the

shape and position of lungs using the deformable models

with dual surface minimization (DM-DSM) algorithm [6].

The search of the heart volume is automatically initialized

using the segmentation result calculated in the first phase.

The method was tested with 25 patient images.

II. METHODS AND MATERIALS

As already mentioned, the heart cannot be directly seg-

mented from a transmission image, because we can identify

only the soft tissue and the lungs based on the intensity

values. However, anatomically the heart is located between

the lungs, whose position can be defined by segmentation.

We utilized this prior knowledge and first segmented the

transmission image to 4 tissue classes; background (BG),

lungs (LU), soft tissue (ST) and region between thorax and

background including the bed. The last class was required be-

cause of the partial volume effect (PVE). In the second phase,

the segmentation result was used to define the initialization

for the deformable models based surface extraction. Before

the segmentation, the transmission images were preprocessed

using 3× 3× 3 median filter to reduce noise in the images.

A. Segmentation of the transmission image

We assumed to have 4 tissue classes in our data, where

one of the class is the partial volume (PV) class between

the background and the thorax. To take into account the

spatial correlations between the neighboring voxel labels in

the segmentation, we used Markov random fields (MRFs).

MRFs are statistically based models that use the fact that

the probability of a voxel belonging to some tissue class

depends also on its neighborhood.

The transmission image to be segmented is denoted by

X = {xi : i = 1 . . . , N}, where N is the number of voxels

in image. All the intensities in the image X are drawn from

one of the K classes (in our study the K = 4). A context
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image consisting of the labels of each voxel is denoted by

C = {ci ∈ {1, 2, 3, 4} : i = 1, . . . , N}.

The intensities of the pure voxels (BG, LU, ST) were

assumed to follow the normal density

p(xi|μk, σ2
k) = [(2π)σ2

k)]−1/2 exp[− (x − μk)2

2σ2
k

] (1)

where μk is the mean and σ2
k is the variance of the class

k. The PV class voxels contains two types of tissues (ST,

BG). The probability density function (pdf) of the PV class

is constructed by marginalizing the densities over all possible

values of partial volume coefficient (PVC) w, which defines

the fraction of the background tissue in a mixed voxel. For

the PV class, the marginal density is [5]

p(xi|ci = {BG/ST}) =

∫ 1

0

g(xi; μ(w), Σ(w))dw, (2)

where

μ(w) = wμBG+(1−w)μST ; Σ(w) = w2ΣBG+(1−w)2ΣST ,
(3)

for the PVC w ∈ [0, 1]. To estimate the parameters (μk, σ2
k)

for the class-conditional pdfs the K-means algorithm was

used to cluster the intensities in the transmission image to

3 classes. The parameters (μk, σ2
k) were estimated based on

this clustering. The context image can be then estimated as

C∗ = arg max
C

P (C|X) = arg max
C

P (C)
N∏

i=1

p(xi|ci), (4)

where the prior term P (C) is modeled by an MRF. Here we

use a Potts model

P (C) ∝ exp(β
N∑

i=1

∑
j∈Ni

aij

d(i, j)
), (5)

where β is 0.5, Ni is the 26 -neighborhood around voxel

i, d(i, j) is the distance between centers of voxels i and j.

The coefficient aij is based on labels ci and cj : if ci = cj

then aij = 1; if either ci or cj is LU and the other is either

BG or BG/ST then aij = −100, otherwise aij = −1. These

coefficient values mean that in practice we do not allow the

lung voxels to be neighbors of the background or the BG/ST

class voxels.

The Iterated Conditional Modes (ICM) algorithm [7] was

used to solve (4) locally. The standard ICM algorithm

initialized by maximum-likelihood estimation was not ap-

plicable here, because the lungs and the region between the

soft tissues and background feature highly similar intensity

values. However, the ST class behaves differently from other

classes and is reasonably well extracted with the K-means

clustering. We can base our initialization on this: the voxels

outside the body that were labeled as lungs in maximum-

likelihood initialization were relabeled as BG/ST PV class

in our initialization and the voxels inside the body labeled

as BG/ST were relabeled as lungs. We used the flood filling

algorithm to automatically decide which voxels were outside

and inside the body.

B. Extraction of the heart volume

The heart volume was extracted using the DM-DSM

(Deformable Models with Dual Surface Minimization) sur-

face extraction algorithm [6], [8]. The surface extraction is

reformulated as an energy minimization problem. The energy

E(S; I) of the surface S given an image I depends on the

image data and the properties of the surface itself. It is a

weighted sum of the internal energy penalizing surfaces that

are not smooth and the external energy that couples surfaces

with the image data. The total energy of the surface S is

E(S; I) = λEint(S) + (1 − λ)Eext(S; I), (6)

where Eint(S) is the internal energy, Eext(S; I) is the

external energy, and λ ∈ [0, 1] is the regularization param-

eter controlling the tradeoff between external and internal

energies. We set λ = 0.3.

The external energy was obtained using 3D Sobel gradient

operator [9]. We improved the external energy component

masking out the thorax surface and the bed using the

segmentation result. The removal of the thorax surface from

the gradient image made it easier to initialize the algorithm,

because between the thorax and background there is a strong

edge. This way the thorax surface could not interfere with

the heart surface extraction.

We used an ellipsoid as the initialization for DM-DSM.

Both the center point and the size of the ellipsoid were com-

puted based on the segmented lungs from the transmission

image (Fig. 1). The anatomy of the lungs was used as a prior

information based on the fact that the heart is located within

mediastinum and bordered laterally by the lungs. We explain

the determination of the center point, the determination of

the semi-axes was similar in spirit and it is not explained

here. The z-coordinate of the center point was defined as the

z-coordinate of the mass center point of the lungs. The x- and

y-axis coordinates were calculated using the lung contours

on the already defined z-plane. We computed the distance

between the left and right lung, when y-coordinate was varied

(above the calculated mass center point in the y-axis.). The y-

coordinate, which gave the maximum distance was selected

as the y-coordinate of the center point. The x-coordinate was

defined to be in the center of the lungs.

C. Transmission images

The test data consisted of 25 transmission images acquired

with a GE Advanced scanner (General Electric Medical

Systems, Milwaukee, Wisconsin, USA) from healthy fe-

male volunteers. The images were reconstructed using the

MRP method [11]. In the reconstructed 3D image (size of

128*128*35) each voxel had the volume of 4.3x4.3x4.25

cubic millimeters.

III. RESULTS

The MRF based segmentation was excellent in all cases in

visual inspection (Figs. 2, 3, 4). This despite the fact that the

test data set consisted of subjects of very different sizes, as

it can be seen from the Figs 2-4. These three examples of 25
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Fig. 1. The center point (b) for the initial ellipsoid was calculated above the
mass center point of the lungs (a) using the lung countours (top and middle
rows), the 3D rendering of the initial ellipsoid (white) and lung surfaces
(gray)(bottom row).

cases were selected, because they depict the big variability

among the images.

We performed quantitative evaluation of the automatically

extracted heart volumes against the heart volumes extracted

with DM-DSM, but with a manual initialization. We com-

pared the similarity of the extracted volumes using Jaccard

coefficient [10], which ranges from 0 for volumes that have

no common voxels to 1 for volumes that are identical. The

mean value for the coefficient between the extracted volumes

was 0.70 with standard deviation 0.09.

When analyzing the visual result of the surface extraction

we can see that the surface was sometimes stuck on the outer

surface of the lungs (Figs. (2- 4)). This happened both with

the manual (Fig. 2) and automatic (Fig. 4) initializations.

The problem could be eliminated using the knowledge of

the exact position of the lung surfaces and by removing the

lateral parts of the lung surfaces in a similar manner than we

did for the thorax surface. However, this is not a problem for

masking the emission image for ICA as far as the extracted

volume covers the whole heart region.

Fig. 2. The original transmission image (left), segmentation result of the
transmission image (middle) and gradient image before modification (right)
in the top row. In the bottom row the energy image after the removal of the
thorax surface(left) and the extracted heart surface with automatic (middle)
and manual (right) initializations. For all images the same transaxial slice
is shown. The Jaccard coefficient between volumes was 0.86.

Fig. 3. An example of heart volume extraction result (cf. Fig 2). The
Jaccard coefficient between volumes was 0.65.

Fig. 4. An example of heart volume extraction result (cf. Fig 2). The
Jaccard coefficient between volumes was 0.56.
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Fig. 5. An example of cross section of the extracted heart volume overlaid
on coronal image slice. The arrow points to the liver.

IV. DISCUSSION

In this study, we developed an automatic 3D segmen-

tation method for extracting the heart volumes from PET

transmission images. In the method the transmission image

was first segmented to 4 tissue classes; background, lungs,

soft tissue, and region between thorax and background with

bed using Markov Random Fields (MRFs). The segmentation

result was then used to automatically define the initialization

for a deformable surface, which was used for the extraction

of the heart volume. We tested the algorithm with 25

patient images and the method was capable to automatically

extract the heart volume in all cases. The extracted heart

volumes were compared to volumes extracted with manual

initialization and the volumes were found to be similar. The

advantage of using automatic method for initialization is

that the extraction result is always the same, whereas, with

manual initialization, the results can vary along with the

initialization. We defined the manual initialization for some

images second time after two weeks (both definitions by A.J.)

and compared the extracted volumes. The average Jaccard

coefficient was approximately 0.8, which is not much higher

than the average Jaccard coefficient between automatic and

manual initializations. Furthermore, it was time consuming

to define manually the initialization from the 3D transmission

images. Note that ground truth of the real heart volumes are

not available in our subject data and we cannot quantitatively

say which initialization produced the best result.

The heart volume is needed in independent component

analysis (ICA) and factor analysis (FA) to restrict the image

area in emission image [2], [3]. The masking reduces the

computation time and simplifies the selection of the number

of components to be separated. For example in oxygen-15-

labeled water images the liver tissue is problematic for ICA,

because its functional behaving is similar to the myocardium.

Using the anatomic heart volume mask most of the liver

can be eliminated from the analysis. The problem of using

transmission images to define the mask is that there is

no visible border between myocardium and liver, and their

intensity values are similar in the transmission image. For

this reason, part of the liver was included in the masks

(Fig. 5). Additionally, the heart volume included some other

parts of the mediastinum than just heart tissue. This is

not a problem for the component analysis, because there

occur heart and respiratory movement during the emission

acquisition, which need to be taken into account.

The segmentation of transmission images have been pre-

viously used to calculate more accurate attenuation factors

[12], [13], [14]. In comparison to previously proposed seg-

mentation algorithms, the segmentation algorithm developed

in this study is unsupervised and it does not require prede-

fined threshold values. Using the MRF for the segmentation

the local characteristics of the 3D structures were also taken

into account. Our algorithm did not have problems with

larger subjects, as it was reported using 1D Hidden Markov

Models and the Viterbi algorithm [14]. In addition, we

included explicit modeling of the partial volume effect (PVE)

between the background and soft tissue (body), which could

provide even more accurate estimation of the attenuation

factors for the thorax region.

V. ACKNOWLEDGMENTS

The authors would like to thank Turku PET centre for

providing the data.

REFERENCES

[1] D. L. Bailey, Transmission Scanning in Emission Tomography, Eur J
Nucl Med, vol 25, no. 7, 1998, pp 774–787.

[2] J.S. Lee, D.S. Lee, J.Y. Ahn, G.J. Cheon, S-K. Kim, J.S. Yeo, et
al., Blind Separation of Cardiac Components and Extraction of Input
Function from H15

2 O Dynamic Myocardial PET Using Independent
Component Analysis, J Nucl Med, vol 42, no. 6, 2001, pp 938–943.

[3] H-M. Wu, C. K. Hoh, Y. Choi, H. R. Schelbert, R. A. Hawkins, M.
E. Phelps, and S-C Huang, Factor Analyses for Extraction of Blood
Time-Activity Curves in Dynamic FDG-PET Studies, J Nucl Med, vol
36, no. 9, 1995, pp 1714–1721.

[4] A. Hyvärinen, J. Karhunen, E. Oja, Independent Component Analysis,
John Wiley Sons, Inc; 2001.

[5] J. Tohka, A. Zijdenbos, and A. Evans, Fast and Robust Parameter
Estimation for Statistical Partial Volume Models in Brain MRI, Neu-
roImage, vol 23, 2004, pp 84–97.

[6] J. Tohka, J. Mykkänen, Deformable Mesh for Automated Surface
Extraction from Noisy images, Int. J. Image and Graphics, vol 4,
no. 3, 2004, pp 405–432.

[7] J. Besag, On the Statistical Analysis of Dirty Pictures, J. R. Stat. Soc.,
Ser B, vol 48, no 3, 1986, 259–302.

[8] A. Juslin, A. Reilhac, M. Magadán-Méndez, E. Albán, J. Tohka, and
U. Ruotsalainen, Assessment of Separation of Functional Components
with ICA from Dynamic Cardiac Perfusion PET Phantom Images for
Volume Extraction with Deformable Surface Models, In Proc. of Third
International Conference on Functional Imaging and Modelling of
the Heart (FIMH’05), Lecture Notes in Computer Science, vol. 3504,
2005, pp 338–347.

[9] S. Zucker, and R. Hummel, A Three-Dimensional Edge operator,
Trans. Patt. Ana. Mach. Intell, vol 3, no. 3, 1981, pp 324–331.

[10] D.A. Jackson, K.M. Sommers, H.H Harvey, Similarity coefficients:
Measures of Co-occurence and Association or Simplymeasures of
Occurrence, The American Naturalist, vol 133, no. 3, 1989, pp 436–
453.

[11] S. Alenius, U. Ruotsalainen, and J. Astola, Using Local Median as the
Location of the Prior Distribution in Iterative Emission Tomography
Image reconstruction, IEEE Trans Nucl Sci, vol 45, no 6(2), 1998, pp
3097–3107.

[12] M. Xu, N. A. Mullani, K. L. Gould, and W. L. Anderson, A Segmented
Attenuation Correction for PET, J Nucl Med, vol 32, 1991, pp 161–
165.

[13] H. Zaidi, M. Diaz-Gomez, A. Boudraa, and D. O. Slosman, Fuzzy
Clustering-Based Segmented Attenuation Correction in Whole-Body
PET Imaging, Phys. Med. Biol., vol 47, 2002, pp 1143–1160.

[14] J.M.M. Anderson, R. Srinivasan, B.A. Mair, and J. Votaw, Hidden
Markov Model Based Attenuation Correction for Positron Emission
Tomography, IEEE Trans. Nucl. Sci, vol. 49, 2002, pp 2103–2111.

1080


	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print


<<
  /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 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for export to IEEE PDF eXpress. May 2005. PaperCept.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


