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Abstract
To reliably interpret and perform quantitative analysis, attenuation correction for cardiac single-photon emission computed 
tomography (SPECT) is fundamental. Thus, knowledge of the patient-specific attenuation map for accurate correction is 
required in SPECT quantitative imaging. The aim of this systematic review is to present general principles of attenuation 
correction and provide a structured summary of the approaches that have been proposed for generating the attenuation map 
for cardiac SPECT. We identified relevant articles published in English pertaining to the attenuation map (AM) determina-
tion using SPECT emission data only by searching PubMed, EMBASE, Scopus, and Web of Science databases. Moreover, 
other articles were hand searched. The protocol of this systematic review was registered in PROSPERO and the code given 
is CRD42017060512. Transmissionless techniques of determining attenuation map including calculated methods, statistical 
modeling for simultaneous estimation of attenuation and emission, consistency conditions criteria, using scattered data and 
other methods were reviewed. Methods for performing attenuation map for cardiac SPECT are developing and the progresses 
made are promising. However, much work is needed to assess the efficacy of the correction schemes in the clinical routine.

Keywords Attenuation correction · Attenuation map · Cardiac · SPECT · Emission data

Introduction

Nuclear medicine is one of the most widely used non-
invasive techniques for the assessment of coronary artery 
disease and other cardiovascular conditions. Single-photon 
emission computed tomography (SPECT) is a radionuclide 
imaging technique based on the principle of injecting a 
small quantity of a radiopharmaceutics into the body to 
monitor patient’s physiologic function [1]. In a clini-
cal routine, the physiologic function of human body is 
assessed by interpreting visually the result of radionu-
clide images. Myocardial perfusion imaging (MPI) using 
SPECT is a well-established non-invasive diagnostic 
method in the evaluation and risk stratification of coro-
nary artery disease (CAD) [2]. Therefore, the improvement 
of dedicated cardiac SPECT directed to enhanced assess-
ments of myocardial perfusion, precise measurements of 
ventricular motion, ejection fraction, and ventricular vol-
umes was made possible using electrocardiographic gat-
ing [3]. However, several factors degrade the quality and 
diagnostic accuracy of emission tomography, including: 
attenuation of photons, scattered photons, the finite spatial 
resolution of the imaging system, the limited number of 
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counts, physiological as well as patient motion, and noise 
due to the random nature of the detection processes [4, 5]. 
Although these factors could limit the quantitative accu-
racy and quality of emission tomography, attenuation of 
photons is the most important factor that results in a lower 
diagnostic accuracy and lower specificity of detection of 
perfusion defects in MPI SPECT imaging [6, 7].

In quantitative cardiac SPECT, it is intended to provide a 
reconstructed image with one to one correspondence of the 
value of activity in each pixel with an area of patient’s organ. 
Even though, it is not possible to eradicate completely the 
effects of soft-tissue attenuation which degrades quantifying 
SPECT images, minimizing those effects is important. To 
overcome this soft-tissue attenuation artifact: planar imaging 
(helpful in removing overlapping of inferior wall of heart 
with hemidiaphragm), supine plus prone imaging (used to 
overcome inferior wall attenuation artifact), ECG gating 
(helpful in distinguishing attenuation artifact from coronary 
disease) and image quantification were used [8, 9]. How-
ever, these indirect approaches were not able to overcome 
the problem of attenuation artifact which led to the develop-
ing of various algorithms to directly address the problem. 
Before any attenuation correction methods are applied for 
emission tomography image reconstruction, determination 
of an attenuation map which is the spatial distribution of 
linear attenuation coefficients is fundamental [10].

Generally, the methods for generating the attenuation 
map for SPECT can be categorized as either transmission-
less or the transmission scanning which include an external 
radionuclide or X-ray computed tomography (CT). How-
ever, using transmission method to develop an attenuation 
map has the following limitation. CT-based attenuation cor-
rection (CTAC) systems result in increased radiation dose 
to the patient and the majority of systems used for cardiac 
imaging is SPECT standalone due to the fact SPECT/CT 
is expensive. Moreover, in some cases the nuclear medi-
cine physicians believe that CTAC overestimate the activity. 
Using external radionuclide or line source has the limitation 
of increasing imaging time, and reducing the field of view 
(FOV), because they use a fan or cone beam, spillover, com-
plicated data acquisition and processing, increase radiation 
to technologist and nonhomogeneous flux. Therefore, find-
ing an easy, safety and low-cost solution for AC in SPECT 
is paramount.

Therefore, studies on attenuation correction methods 
which depend greatly on the accuracy of determining attenu-
ation map using emission data only help to minimize the dif-
ficulties and attain the aim of a more accurate quantification. 
It is thus an opportune moment to systematically review the 
basic principles of attenuation correction and to synthesize 
the approaches that have been proposed for performing an 
attenuation map. This review presents the physical and meth-
odological basis of attenuation correction and summarizes 

the recent developments in algorithms used to compute the 
attenuation map in emission computed tomography (ECT).

Materials and methods

This systematic review was performed using a pre-specified 
protocol with the aim of reviewing the techniques that deter-
mine the attenuation map using cardiac SPECT emission 
data for appropriate attenuation correction. The statement of 
preferred reporting items for systematic reviews and meta-
analyses (PRISMA) has been followed for reporting of this 
study [11].

Literature search

We identified relevant articles published in English per-
taining to the methods of attenuation map determination in 
SPECT imaging using emission data only. The databases 
searched were PubMed, EMBASE, Scopus, and Web of 
Science. A core strategy was developed in PubMed and 
then translated for each database. All search strategies were 
developed using a combination of controlled vocabulary and 
keyword terms to define the concepts of attenuation correc-
tion and attenuation map in SPECT imaging. The following 
search algorithm was used for keywords: ((((((attenuation 
correction [tiab]) OR attenuation map [tiab])) AND ((((car-
diac [tiab]) OR cardiac[MeSH Terms]) OR myocardial[tiab]) 
OR myocardial[MeSH Terms])) AND (((single photon emis-
sion tomography[tiab]) OR single photon emission com-
puted tomography[MeSH Terms]) OR SPECT[tiab])) AND 
((emission data[tiab]) OR scattered data[tiab])). A hand 
search was also done for additional relevant studies using 
references from retrieved articles. Conference abstracts and 
unpublished studies were excluded. The first searches were 
run on March 19, 2017 and the second searches were run 
again on March 17, 2018 to include recently published arti-
cles. However, there was no new article found which fit the 
selection criteria. The result of the first search was combined 
with the second search result and duplicates were removed. 
Then, the articles were downloaded to Endnote (version X7, 
for Windows operating system, Thomson Reuters, Philadel-
phia, PA, USA) to maintain and manage citation and facili-
tate the review process. All citations were imported into a 
reference management system and duplicates were removed.

Identification and selection of studies

Studies comprised any published articles that assessed 
determination of attenuation map of cardiac SPECT using 
emission data were retained. The included articles in our 
analysis had to meet the selection criteria given as follows: 
(a) evaluating attenuation correction of cardiac SPECT using 

Author's personal copy
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emission data; (b) generating attenuation map from emission 
data or scattered data; (c) when the data appeared in more 
than one article, the article with most details or recently 
published was considered.

Exclusion criteria

We excluded the articles based on the following criteria: 
(a) non-SPECT studies; (b) non-emission data (c) Reviews, 
case reports, conference proceedings and letters; (d) non-
English studies; (e) studies that were conducted on trans-
mission data; (f) repeatedly published literatures or similar 
literatures. Studies with different methods or algorithms for 
attenuation correction by generating attenuation map for car-
diac SPECT using only emission data were all considered 
and were not excluded.

Selection of articles

Two independent reviewers (GFT and EMT) screened all 
articles returned by the search strategy by reading the title 
and abstract for their eligibility based on inclusion and exclu-
sion criteria mentioned above. If the abstract is line with the 
subject at hand, a full-text assessment was done. Then, the 
full text of appropriate articles retrieved was retained and 
screening list was filled to select the final articles for review.

Result

Literature search

Search results are summarized in Fig. 1. In the initial search, 
we found 652 records in total, PubMed [20], Scopus [284], 
Web of Science [332] and Embase [16]. From the 652 
records, 403 remained after removing duplication. By read-
ing the title and abstract of each article, according to the 
inclusion and exclusion criteria, we excluded 298 articles 
and then 89 articles by reading the full text. Reasons for the 
exclusion of the other 89 articles were as follows: articles not 
reporting methods for generating attenuation map (n = 70); 
besides those concerned transmission-based attenuation map 
determination using computed tomography (CT), and trans-
mission line source (n = 19). Finally, a total of 19 articles [1, 
12–29] including 3 articles identified by hand search selec-
tion were used in this systematic review.

Methods for generating SPECT attenuation map

By now, the methods for generating the attenuation map for 
SPECT generally can be categorized as either transmission-
less or the transmission scanning.

Transmission approach

For emission tomography, the spatial distribution of attenu-
ation coefficient and its impact on the projection images is 
unknown and therefore additional information is needed to 
correct for these effects. These information can be generated 
utilizing an external radionuclide source [1, 8, 30–32]; or 
X-ray CT [7, 8, 10, 33–35], or segmented magnetic reso-
nance images (MRI) [5]. However, except MRI segmenta-
tion technique, transmission-based attenuation correction 
obviously increases the patient’s dose.

The CT-based attenuation correction (CTAC) results in 
increased radiation dose, which is a cause of distress for 
the patients’ health [36, 37], as a study conducted in the 
United States shows about 0.4% of all cancers may be caused 
by radiation from CT studies [38]; increased cost, metal-
induced or beam-hardening artifact, and misregistration of 
emission and transmission scans [39, 40]. However, it has 
wide application in nuclear medicine imaging as it performs 
high-quality attenuation correction for the radiopharmaceuti-
cal distribution in addition to improved anatomic localiza-
tion. Many institutions currently use this technique and pro-
duce a high-quality image of tissue attenuation coefficients 
representing body anatomy. To standardize the data and pro-
vide a sufficient gray scale for display, the data are typically 
converted to CT numbers (Hounsfield units), by normalizing 
to the attenuation coefficient of water using Eq. (1):

where the CT numbers of air and water are − 1000 and 
0, respectively.

The CT data can then be used to correct for tissue attenu-
ation in the SPECT scans on a slice-by-slice basis [41]. CT 
values cannot directly used to correct the emission data for 
photon attenuation. There are three methods for conversion 
of CT values to correct emission data: segmentation, scaling, 
and dual-energy CT scans [42].

Segmentation

This is the method of separating CT image into regions 
equivalent to different tissue types (e.g., soft tissue, lung, 
bone). The generated CT image values for each tissue type 
are then replaced with appropriate attenuation coefficients 
at the gamma ray energy of the radionuclide used in the 
SPECT acquisitions. However, the main problem for this 
method is, the densities of some tissue regions are not uni-
form that may not be correctly represented by a separate set 
of segmented values. In pulmonary regions, for example, the 
density of lung tissue varies by as much as 30% [42].

(1)CTnumber = 1000

(

�(x, y)

�water

− 1

)

,
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Scaling

As the linear attenuation coefficient varies by photon energy, it 
is necessary to convert the attenuation data acquired with CT 
to match the energy of the radionuclide used in the SPECT 
acquisitions. This is done by applying a bilinear model relating 
attenuation coefficients at the desired energy to CT numbers 
measured at the effective energy of the CT beam of X-rays, 
as shown in Fig. 2. For CT values < 0, the measured tissue is 
expected to be a mixture of air and water, and the attenuation 
coefficient at the desired energy (e.g., 140 keV) can be cal-
culated from the CT number by the following equation [41]: 

(2)�tissue,140 keV =
CT# ×

(

�water,140 keV − �air,140 keV

)

1000
.

This equation describes the first component of the bilin-
ear curve in Fig. 2 which is the linear scaling that leads to 
proper attenuation coefficients for low-Z materials [42]. For 
CT values > 0, the conversion became more difficult because 
the measured tissue is a combination of water and bone. In 
this case, the attenuation coefficient at the desired energy 
(e.g., 140 keV) can be calculated from the CT number by 
the following equation [41]:

This equation describes the second component of the 
bilinear curve in Fig. 2.

(3)

�tissue,140 keV = �water,140 keV

+
CT# × �water,keVoff ×

(

�bone,140 keV × −�water,140 keV

)

1000 ×
(

�bone,keVoff − �water,keVoff

) .

+ 

Embase 
(n = 16)

Sc
re
en

in
g

In
cl
ud

ed
El
ig
ib
ili
ty

Id
en

�fi
ca
�o

n
Scopus

(n = 284)

403 abstracts and titles 
for assessment 

298 excluded because they 
were irrelevant.

Full-text articles assessed 
for eligibility 

(n = 105)

Full-text articles excluded, 
with reasons (n = 89) 

Because do not report 
methods for generating 

attenuation map

19 Articles included in the 
systematic review 

Web of Science 
(n = 332)

PubMed 
(n = 20)

Manual search 
(n = 3)

Published Articles identified through database search
(n = 652)

Duplicates removed (n =249)

Fig. 1  PRISMA flow diagram for the systematic review
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Hybrid method

It is an alternative approach for converting CT images to 
attenuation map which combines segmentation and scal-
ing [43]. The attenuation map is generated by first using 
a threshold to separate out the bone component of the CT 
image, and then separate scaling factors used for the mass 
attenuation coefficients of the bone and non-bone compo-
nents. The threshold for differentiating bone from non-bone 
regions was selected to be 300 HU, based on heuristic argu-
ments which are in contrast with the bilinear scaling method. 
Bilinear method can be considered as combining an air/water 
mixture model for −1000 < H < 0 and a water/bone mixture 
model for H > 0 , the hybrid method can also be considered 
as an air/water mixture model for −1000 < H < 300 and an 
air/bone mixture model for H > 300 . This can be seen by 
extrapolating the H > 300 segment to H = 0 [42].

Although hybrid SPECT/CT provides an accurate attenu-
ation correction, this system can be used only to produce 
an attenuation map for radionuclides emitting gamma rays 
of a single energy (e.g., 99mTc at 140 keV). Therefore, this 
technique must be modified to calculate an attenuation map 
for dual energy windows (e.g., Tl-201 and In-111). Seo et al. 
[44, 45] has reported the way of calculating attenuation map 
for dual energy-emitting radionuclides in which the effective 
attenuation coefficient for photons of two different energies 
from a single radionuclide is expressed by Eq. (4):

where �1 and �2 are attenuation coefficients for each 
gamma energy, � is the ratio of the branching ratios, and x 

(4)�eff =
ln
(

exp[−�1x] + � exp[−�2x]
)

− ln(1 + �)

−x
,

is the thickness of the medium through which the gamma 
rays pass.�1 and �2 can be obtained from tabulated val-
ues [46] with � calculated from the branching ratios (i.e., 
94, 90.2%) of the 171and 245 keV gamma rays (i.e., � 
= 94%/90.2%=1.042) for In-111 and for Tl-201, � cal-
culated from branching ratios (i.e., 90.22, 9.78%) of the 
70 keV X-ray and 167 keV gamma ray (i.e., � = 90.22% / 
9.78% = 9.22).

It has been reported that, myocardial images of dual 
energy window using low-energy high resolution (LEHR) 
collimator has the utility for adding myocardial counts and 
improving inferior attenuation artifact [47, 48]. Therefore, 
dual energy images of Tl-201 myocardial SPECT have sev-
eral advantages in clinical routine.

Drawbacks of using an external radionuclide source 
for generating attenuation map are described as follows: 
increases the time required to treat a patient, contamination 
of emission photons with transmission photons and misreg-
istration between the transmission dataset with the emission 
dataset. Moreover, patients may not tolerate longer scan time 
if multiple imaging sessions are needed, and this leads to the 
registration problem in emission image reconstruction [49].

Transmissionless approach

Researchers are attempting to generate an attenuation coeffi-
cient map without adding a separate transmission scan from 
the emission data to avoid the difficulties of transmission 
acquisition. Algorithms presented in this review methods 
either assume a uniform distribution of attenuation coef-
ficients assigned to segmented body area or determining 
attenuation map directly from emission data. The idea of 
using transmissionless method to generate attenuation map 
for the attenuation correction in SPECT has had a long 
history, starting with the innovative work of Censor et al. 
[14]. The techniques that have been proposed to date can be 
divided in to: calculated methods [1]; simultaneous recon-
struction [14, 16, 19, 23, 26] ; consistency conditions criteria 
[12, 15, 21, 25, 28, 29]; techniques using scattered data [13, 
17, 20, 24, 27] and other methods [22, 50, 51].

Calculated methods

In the region with uniform attenuation such as brain and 
abdominal area, the body outline can be determined from 
emission data, then the spatial distribution of linear attenu-
ation coefficient value can be assigned to the defined region 
based on the type of tissue to create the corresponding atten-
uation map [1]. The body outline can be determined either 
manually, or automatically using edge detections methods. 
However, determination of patient contour from emission 
data alone without the use of any transmission data is not 
an easy task.

Fig. 2  Bilinear model commonly used for converting measured CT 
numbers to attenuation coefficients for specific radionuclide such as 
Tc-99m (140 keV gamma energy) [41]
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Methods based on consistency conditions

Another method for obtaining the attenuation maps for car-
diac SPECT was the direct approximation from the emission 
data, without transmission imaging, based on consistency 
conditions of the attenuated Radon transform. The first con-
sistency method to estimate attenuation distribution from 
emission data assumes that the true attenuation distribution 
is approximately an affine distortion of a known prototype 
attenuation distribution as proposed by Natterer [21] in 
1993. In this study, a uniform circle with a given constant 
attenuation coefficient was used. As the attenuation map 
is a distortion of the initial uniform attenuation map, the 
modified projection will only depend on the values of the 
affine transformation. This method has been shown to work 
using simulated images, but it is not accurate when applied 
to emission data acquired by a gamma camera, due to the 
geometric response of the collimator and the scatter.

The two-dimensional attenuated radon transform should 
satisfy a set of consistency conditions, derived from the Hel-
gason–Ludwig conditions described by the Eq. (5): [15, 16, 
21, 28, 29].

where s is the detector bin; � is the angle projection where 
� = (cos� , sin�)T; m is the moment order and k is an inte-
ger, with 0 ≤ m < k; g(� , s) represents the measured data or 
emission sinogram (attenuated Radon transform of activity 
distribution); T(� , s) represents the transmission sinogram 
(non-attenuated Radon transform of the attenuation distri-
bution); H represents the Hilbert transform operator that 
acts on T(� , s) as a function of s.. If g(� , s) is supplied by 
the measured emission data of a SPECT system, then the 
consistency conditions become a set of nonlinear equations 
for the unknown transmission data T(� , s). Using iterative 
reconstruction algorithm transmission data T(� , s) can be 
reconstructed to obtain the attenuation distribution. Because 
of the association of transmission sinogram with the emis-
sion sinogram in consistency conditions, they have become 
tremendously useful in the case of SPECT where an attenu-
ated radon transform estimated the measured data.

Welch et al. [28] used the consistency conditions to define 
the transmission data in SPECT as consistency transmis-
sion SPECT (ConTraSPECT) to find the uniform elliptical 
attenuation object which was consistent with the SPECT 
projection data. During the reconstruction of emission data, 
in fact, this object is used for attenuation correction. Some 
of the physical factors which degrades the SPECT data are 
geometric: the response of the collimator and Compton scat-
ter. Welch et al. succeeded to estimate the boundary of a 

(5)

2�

∫
0

eik�

∞

∫
−∞

Sme
1

2
(T(�,s)+iHT(�,s))g(s, �)dsd� = 0,

uniform attenuation distribution by simulating the effect of 
collimator geometric response and scatter with simulated 
Monte Carlo method and experimentally acquired projec-
tion data. The method was tested using both experimental 
and simulation studies. The results of the experimental study 
show that ConTraSPECT method can be used to estimate the 
attenuation distribution from real cardiac SPECT data for 
attenuation correction. However, the consistency conditions 
were not sufficient to accurately optimize an attenuation map 
where both the organ contours and attenuation are unknown 
and reconstructions were not converging to an acceptable 
solution [52].

Bronnikov et al. [12] has attempted to apply discrete 
consistency conditions which strengthen the model of the 
consistency conditions, using a matrix representation in 
place of the continuous transform. This approach is help-
ful to determine the attenuation map without reconstruct-
ing the activity distribution by solving the problem reduced 
to a set of nonlinear algebraic equation. Such an approach 
confirms a natural regularization of the problem, letting one 
to use the well-known method of Tikhonov regularization. 
The algorithm was also tested using real data acquired of a 
physical torso phantom. The resulting reconstruction proven 
to be acceptable corresponding to the spine was incorrectly 
located in the reconstruction, appearing significantly closer 
to the center of the body than in the true phantom. Moreo-
ver, the main advantage of this method over the continu-
ous description is that it can easily be applied in various 
scanning configurations. This method takes into account the 
influence of various physical factors, such as finite detector 
resolution, system response, and scatter, which may con-
siderably improve the accuracy of the modeling and can 
avoid crosstalk between the attenuation map and the source 
distribution.

Another approach for obtaining the non-uniform attenu-
ation map with regions of different attenuation from the 
emission data using the data consistency conditions of the 
attenuated Radon transform was proposed by Yan and Zeng 
[29]. The method was based on deriving boundaries of the 
constant regions of the true attenuation map using an itera-
tive algorithm. Using the exist crosstalk effects between 
attenuation map and activity images, the boundaries of the 
constant regions of the attenuation map were then derived 
and automatic segmentation can be performed for regions 
with sharp boundaries. The crosstalk effects are as a result of 
the negative attenuation map which is superimposed on the 
activity reconstruction, and the negative activity distribution 
which is superimposed on the attenuation map reconstruc-
tion. The crosstalk effects are illustrated in Fig. 3 [29].

Finally, by assigning a constant linear attenuation coef-
ficient in each segmented region, the attenuation map for 
cardiac SPECT data can be obtained. The method was tested 
using the Monte Carlo simulated data for a non-uniform 
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attenuation map. The resulting simulation has been shown 
to work effectively for non-uniform attenuators providing 
the exact boundaries of the constant regions of the attenu-
ation map; however, the algorithm failed in high noisy and 
blurry images.

Simultaneous reconstruction

Recent methods aim to simultaneously reconstruct correc-
tion factors for both estimated activity and attenuation. This 
can be obtained by solving the nonlinear equation relating to 
the attenuation map and activity distribution using an itera-
tive technique. This approach was first proposed by Censor 
et al. [14] in the late 1970s in which alternating iterations of 
the reconstruction algorithm was used to reconstruct emis-
sion tomograms and attenuation maps from a set of emis-
sion projections alone which has been explored after then 
by many studies [14, 16, 19, 23, 26].

Nutys et al. [23] formulated a maximum-likelihood recon-
struction of attenuation and activity (MLAA) method for 
SPECT and positron emission tomography (PET) incorpo-
rating some prior knowledge to compute attenuation map 
directly from the emission sinogram without transmission 
scan. The prior knowledge incorporated into the algorithm 
are the probability distribution of attenuation coefficients 
and Gibbs distribution to encourage local smoothness. The 
algorithm was tested using simulations and clinical stud-
ies. Good results were obtained in the case of uniform 

attenuation in attenuating body and a good agreement 
was shown between MLAA reconstruction and the image 
obtained with attenuation correction from a transmission 
scan.

Krol et al. [19] have developed the techniques of joint 
estimation of the attenuation and activity from SPECT 
emission sinograms using maximum-likelihood optimiza-
tion. Since the algorithm used activities within the patient 
(intrinsically) as transmission sources to estimate attenuation 
coefficients, it is called expectation maximization intrinsic 
transmission SPECT (EMIS). Similar to Nuyts’s algorithm, 
it is based on a Poisson noise model for the projection data. 
In the case of determining the linear attenuation coefficients, 
they applied two methods: the attenuation parameters were 
estimated with the emission intensities fixed at their true 
value. The result was an accurate reconstruction of attenu-
ation. The second method was simultaneous estimation of 
activity and attenuation parameters from the emission data 
alone. To evaluate this technique, simulation and physical 
phantom studies were performed. The result of the study 
have shown that there was crosstalk between estimates of 
activity and attenuation distribution which limits the abil-
ity of the algorithm to distinguish higher attenuation com-
bined with higher activity from lower attenuation combined 
with lower activity. Furthermore, the result of comparison 
of EMIS with conventional MLEM assuming a fix attenu-
ation map has shown that EMIS demonstrates less contrast 
between soft tissue and heart, lungs, and spine. However, 
EMIS approximations of activity and attenuation distribu-
tion in the heart, spine, lungs and soft tissue were well-out-
lined and correctly located [53, 54].

Gourion et al. [16] proposed an approach in which simul-
taneous estimation of the unknown attenuation coefficient 
and the emission source using only the emission data was 
performed based on nonlinear optimization techniques. 
Similar crosstalk effects are seen in a regularized nonlin-
ear optimization technique. The method was evaluated 
using simulation in which several optimization strategies 
have been compared and phantom experiment. The phan-
tom experimental result has shown that relative quantitative 
attenuation correction was improved over the ConTraSPECT 
and the contour method.

The main challenge of estimating simultaneous attenu-
ation parameters and emission parameters was the image 
artifact caused by crosstalk between the estimated attenu-
ation and activity distribution. To reduce the extent of the 
problem, Salomon et al. [26] formulated the simultaneous 
reconstruction method to effectively avoid these crosstalk 
artifacts using a priori knowledge from anatomical atlas 
information. A 3D organ is coarsely registered to the SPECT 
data via anatomical landmark detection. Based on the patient 
history, each organ structure is then identified with its typical 
attenuation coefficient to develop an initial estimate for the 

Fig. 3  Crosstalk effects: a the original activity image, b the origi-
nal attenuation map, c the reconstructed activity image, the region 
marked by star comes from the attenuation map due to the cross-
talk. d The reconstructed attenuation map, the region marked by star 
comes from the activity due to the crosstalk [29]
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attenuation map. The performance analysis of the algorithm 
was done by simulation and patient SPECT data. The results 
demonstrated have shown that there was a good agreement 
of attenuation map derived from the algorithm with the data 
generated from the transmission scan.

Scattered data method

There are other algorithms that use scattered data to recon-
struct the attenuation map since attenuation is a direct conse-
quence of Compton scattering. If the attenuation parameters 
can be obtained from scattered data, the additional trans-
mission scan instrument for the attenuation correction may 
not be required. To determine a segmented attenuation map, 
scattered data is used to highlight the boundaries between 
different tissues and the predefined attenuation coefficients 
are assigned to the segmented region. Jha et al. [17] inves-
tigated the possibility of joint reconstruction of the activ-
ity and attenuation map using list mode (LM) SPECT data, 
including the scattered-photon data. List mode refers to a 
special scanning mode in which each event and its precise 
time of occurrence is recorded sequentially. A path-based 
formalism to study the information content of LM scattered-
photon data was proposed. As photoelectric and Compton 
scatterings are the main photon interaction mechanisms 
within the tissue of SPECT imaging energies, it is expected 
that the scattered-photon data should provide information 
about the attenuation map of the tissue. Moreover, acquiring 
data using LM format has its own advantage over the con-
vectional detection systems by avoiding the loss of informa-
tion due to the binning process.

Sitek et al. [27] have developed an approach which uti-
lizes image information recorded in several scatter windows 
below the principal photopeak window, assuming that all 
photons were only scattered once. They have shown the 
linearity between detected counts in the scatter windows 
and voxel attenuation coefficients. The probability of the 
number of photons detected in each scatter window and the 
voxel attenuation coefficient were modeled using statisti-
cal techniques and prior knowledge of Compton scattering 
angles with respect to its energy. The algorithm was tested 
by acquiring projection datasets of a torso phantom using 
a Siemens SPECT scanner. The result was good for torso 
phantom; however, the regions of the lungs were not well-
defined in the boundaries.

Cade et al. [13] developed the scatter model to estimate 
attenuation map from the scattered photons. For estimation 
of both attenuation coefficient map and activity distribu-
tion, they have been developed an iterative algorithm with 
the maximum-likelihood expectation maximization algo-
rithm to iteratively update attenuation map for attenua-
tion correction and source distribution based on the scatter 

photon. The algorithm was tested using simulated data 
showing good results with photons limited to single scat-
tering event. The reconstruction has been further improved 
when both algorithms, scatter-based maximum-likelihood 
gradient ascent (SMLGA) algorithm and MLAA algorithm 
were combined.

Pan et al. [24] estimated the regions of the lungs and 
non-pulmonary tissues of the chest by segmenting the pho-
topeak and Compton scatter window images to identify 
the outline of the lung and soft tissues and then assigning 
predefined attenuation coefficients to the segmented lung 
and soft-tissue regions. This approach was assessed by 
both phantom and patient studies, and comparison was 
made using transmission imaging with a slant-hole col-
limator. Despite some errors in the estimate of the lung 
volume, the resulting segmentation provided good agree-
ment and acceptable accuracy in the reconstruction of the 
body outline and lung regions using only emission images 
of the phantom and patient data. In both studies, attenua-
tion correction using MLEM was performed and uniform-
ity within the heart walls was observed over the images 
without attenuation correction and scatter correction.

Likewise, Maeda et al. [20] also developed a new tech-
nique to generate a non-uniform attenuation coefficient 
which is called segmentation of scatter and photopeak 
window data for attenuation correction (SSPAC). SSPAC 
method requires the following main ideas for developing 
attenuation map. First, segmenting body lines and lung 
contours using reconstructed scatter image. Second, seg-
menting myocardium and liver using photopeak image. 
Third, obtaining average models of the mediastinum and 
thoracic spine by X-ray computed tomography. Fourth, 
generating attenuation coefficient map and assigning 
attenuation values for bone, soft tissue, and lung. Finally, 
applying a Gaussian filter to the Attenuation map for the 
system resolution compensation. The processes for con-
structing segmentation with of SSPAC and non-correction 
images are shown in Fig. 4 [55].

The clinical feasibility of SSPAC for the detection of 
coronary artery disease [55] and in normal subjects [56] 
were evaluated and the sensitivity, specificity, and accu-
racy of this new correction method with that of conven-
tional non-attenuation corrected myocardial perfusion 
were compared. The results demonstrated that the SSPAC 
improved detection ability in the left anterior ascending 
(LAD) and right coronary artery (RCA) territories, sig-
nificantly higher sensitivity and negative predictive value 
(NPV) in the LAD territory as well as significantly higher 
specificity, accuracy, and positive predictive value (PPV) 
in the RCA territory. Currently, the application of this 
technique has been commercially available from Canon 
Medical Systems (Tokyo, Japan) for clinical routine.

Author's personal copy



Annals of Nuclear Medicine 

1 3

Others methods

Another approach, which did not receive considerable atten-
tion, was formulated by Noumeir and El-Daccache [22]. 
They determined the boundary of the uniform attenuation 
map by detecting the surface of the patient body from the 
emission data. To minimize the image noise and define the 
body outline correctly, they have developed the 3D generali-
zation active counter model known as snakes. The algorithm 
was applied to reconstructed emission volume to determine 
the outline of the heart for attenuation correction. Moreover, 
uniform attenuation was corrected using body segmentation 
obtained by the active counter and non-uniform attenuation 
was corrected using transmission attenuation map, where the 
difference revealed was insignificant.

Kaplan et al. [50] have developed a method to determine 
attenuation from differential attenuation information (DAI) 
in which SPECT emission data were produced from multiple 
energy emission isotopes. It was shown that the attenuation 
along each projection line is proportional to the difference 
in attenuation for two emissions at separate energies. The 
feasibility of attenuation compensation using DAI was inves-
tigated using synthesized scatter-free data from an anthro-
pomorphic digital phantom. The results show an improved 
accuracy of the reconstructed images when using DAI as 

compared to non-attenuation correction or using a uniform 
attenuation correction. However, it has not been tested with 
data including scatter which would have a significant effect 
on the accuracy of the reconstruction.

Madsen et al. [52] proposed a method to generate attenu-
ation map based on determining boundaries of the lung and 
the subject’s body contour and assigning appropriate attenu-
ation coefficient for the photon energy used in the study. To 
overcome the problem of determining the lung region accu-
rately from emission photons, because of the low density of 
the lungs which creates nonhomogeneous tissue attenuation, 
they have administrated a small amount of 99mTc macroag-
gregated albumin (MAA). However, this method requires the 
injection of an additional radiopharmaceutical agent, which 
may interfere with imaging of the perfusion agent and gives 
more exposure to the patient.

Discussion

Systematic reviews of literature show that many of the 
researchers have attempted to determine an attenuation 
map for SPECT imaging using emission data only. They 
mainly focused on solving the impact of soft-tissue attenua-
tion on apparent tracer distribution, because of the fact that 

Fig. 4  The processes for constructing segmentation with scatter and photopeak window data for attenuation correction (SSPAC) images and 
non-correction images [58]. TEW triple-energy window

Author's personal copy



 Annals of Nuclear Medicine

1 3

Table 1  Summary of determination of attenuation map methods using emission data only

Class of transmissionless methods Authors Publication year Ways of generating attenuation map

Calculated methods Zaidi and Hasegawa [1] 2003 In the region of uniform attenuation such as brain and 
abdominal area, the body contour can be determined from 
emission data, then the region within the counter can be 
assigned a uniform linear attenuation coefficient value. 
Body counter can be determined either manually or with 
automatic edge detections methods

Consistency condition Natterer [21] 1993 A method for computing the attenuation distribution from 
the emission data by assuming that the true attenuation 
distribution is approximately an affine distortion of a known 
prototype attenuation distribution is described

Bronnikov [12] 2000 The discrete consistency conditions provide a relatively 
simple algorithm, whose stability can be controlled by the 
well-established method of Tikhonov regularization was 
shown

Welch et al. [28] 1997 Consistency conditions were used to find the uniform ellipti-
cal attenuation object which is most consistent with the 
measured emission data. The method consists of finding the 
uniform elliptical attenuation distribution most consistent 
with SPECT data

Gourion et al. [16] 2002 An approach which simultaneously estimates the unknown 
attenuation coefficient and the emission source using the 
emission data only were considered. A regularization 
approach based on nonlinear optimization techniques was 
used. Two programs P and G, based on a Poisson and 
a Gaussian likelihood function are compared and their 
viability is substantiated using a simulated case study and a 
phantom experiment

Yan and Zeng [29] 2009 A new method to estimate the attenuation map using the data 
consistency conditions of the attenuated Radon transform 
which based on deriving boundaries of the constant regions 
of the true attenuation map using an iterative algorithm 
was proposed. This new method is tested by Monte Carlo 
simulations with the attenuation and scattering effects

Panin et al. [25] 2001 An iterative algorithm that reconstructs the attenuation map 
and emission activity distribution from SPECT emission 
data is proposed. The algorithm is based on the quasi-
linearized attenuated Radon transform. They proposed 
obtaining the attenuation map based on a ‘‘knowledge set’’ 
and the unknowns were the coefficients of the principle 
components in a singular value decomposition

Simultaneous reconstruction Censor et al. [14] 1979 Alternating iterations of the reconstruction algorithm were 
used to reconstruct emission tomograms and attenuation 
maps from a set of emission projections alone

Nuyts et al. [23] 1999 A new maximum-likelihood method was derived for simul-
taneous reconstruction of the activity distribution and 
attenuation map in PET and SPECT and the performance of 
the algorithm was evaluated using simulations and clinical 
studies

Salomon et al. [26] 2009 With the simultaneous reconstruction method presented, 
effectively preventing the typical cross-talk artifacts using 
a priori known atlas information of a human body was 
proposed

Krol et al. [19] 2001 EM algorithm to optimize the likelihood for simultaneous 
reconstruction of attenuation and activity from SPECT 
emission sinograms was derived

Gourion et al. [16] 2002 A regularization approach based on nonlinear optimization 
techniques was used. Two programs P and G, based on a 
Poisson and a Gaussian possibility function are compared 
and their viability is substantiated using a simulated case 
study and a phantom experiment
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soft-tissue attenuation reduces SPECT image quality, which 
in turn results in decreasing the possibility of detection of 
the lesion.

From the methods which have been developed to solve the 
problems of non-uniform attenuation transmission emission-
based methods are clinically implemented. However, attenu-
ation map which is generated from SPECT transmission pro-
jections is relentlessly incomplete because the transmission 
data cover only a part of the field of view. Moreover, the 
transmission data may contain high noise level and scat-
ter which lead to severe artifacts in image reconstruction. 
Due to this fact, several studies have been conducted for 
attenuation correction without transmission measurements 
using only emission data (see Table 1). Calculated methods, 
statistical modeling for simultaneous estimation of attenu-
ation and emission, consistency conditions criteria, using 
scattered data and other methods such as differential attenu-
ation map technique, and patient body surface detection are 
among the methods proposed by the researchers in the field.

Each method has own advantages and limitations. For 
calculation method which was applied for the uniform atten-
uation areas such as brain and abdominal areas where soft 

tissues are the dominant constituent, a uniform linear attenu-
ation value is applied to the corresponding region. However, 
this method is not effective for heterogeneous regions, such 
as the thorax. Because it is generally difficult to define the 
patient contour from emission data alone without the use of 
transmission data. Therefore, transmissionless techniques 
have had a limited clinical application.

The consistency conditions are helpful in the case of 
SPECT where the measured data approximate an attenuated 
Radon transform since they link the transmission sinogram 
with the emission sinogram. Therefore, the consistency con-
ditions only contain one unknown quantity (the transmission 
sinogram) as opposed to the imaging equations where both 
the emission and attenuation distributions are unknown. 
Natterer [57] was able to derive the so-called consistency 
conditions, to provide a mathematical framework that verify 
a given estimate for the underlying attenuation and activity 
distribution with some limitations to identify a perfect match 
for 360° scan trajectories. The drawback of this method is 
that they are inefficient computationally and, moreover, 
most of these methods demand some additional knowledge 
of the problem to linearize and to stabilize it which needs 

Table 1  (continued)

Class of transmissionless methods Authors Publication year Ways of generating attenuation map

Using scattered data Jha et al. [17] 2013 Joint reconstruction of the activity and attenuation map 
using list mode (LM) SPECT emission data, including the 
scattered-photon data was investigated

Pan et al. [24] 1993 Estimation of patient-specific attenuation maps using the 
photopeak and scatter window slices from 16 consecutive 
99mTc-labeled sestamibi perfusion studies were segmented 
interactively

Sitek et al. [27] 2007 An approach which utilizes image information recorded in 
several scatter windows below the principal photopeak 
window to estimate an additional set of projections whose 
values are linearly related to line integrals of attenuation 
coefficients across the object was developed

Cade et al. [13] 2010 A scatter model to estimate attenuation map from scattered 
photon

Maeda et al. [20] 2002 A new technique to generate a non-uniform attenuation coef-
ficient which is called segmentation of scatter and photo 
peak window data for attenuation correction (SSPAC)

Others methods Noumeir and El-Daccache [22] 1998 An approach which determines the boundary of the uniform 
attenuation map by detecting the surface of the patient body 
from the emission data was formulated. An active surface 
model which is a three-dimensional generalization of the 
active contour model known as snakes was used

Kaplan et al. [50] 1999 A method to estimate attenuation from differential attenuation 
information (DAI) contained solely in SPECT emission 
data produced by 201T1 or other multiple emission isotopes 
was proposed

Madsen et al. [52] 1993 A method to generate attenuation map based on determin-
ing boundaries of the lung using small amount of 99mTc 
macroaggregated albumin (MAA) and the subject’s body 
contour and assigning appropriate attenuation coefficient 
for the photon energy
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further improvement [12]. The consistency conditions can 
hardly prove useful for attenuation compensation with non-
uniform attenuators and this limits clinical applications of 
these methods for cardiac imaging.

Another approach, receiving considerable attention is to 
compute the attenuation map directly from the emission data 
and eliminating the transmission scan from the acquisition 
protocol in a simultaneous reconstruction algorithm. The 
major limitation of most simultaneous methods is the inher-
ent cross-dependency between activity and attenuation dis-
tribution, leading to noticeable artifacts. Compared to other 
simultaneous reconstruction approaches, the inclusion of a 
priori information such as typical attenuation coefficients 
and predefined anatomic structures inherently avoids typical 
cross-talk effects between the estimated activity and attenu-
ation distribution [58].

Currently, a promising method to provide an alternative to 
transmission-based attenuation maps for quantitative SPECT 
imaging is using scattered data to estimate attenuation coef-
ficient distribution in a patient. The interesting thing is that 
does not need additional acquisition time. Scatter window 
which is used for scatter correction can be used for estimat-
ing attenuation map as well. However, the potential limita-
tions on the accuracy of correction inherent in the method, 
due to the estimation of the regions and assignment of the 
attenuation coefficients, need to be determined further, and 
the method needs to be further automated before it can be 
considered for routine clinical use.

Conclusion

Attenuation correction improves physician interpretation 
and quantification with attenuated corrected cardiac SPECT 
images and increases the importance of photons arising from 
a source located in the deep area of the patient’s body, as tre-
mendously decreased by attenuation. Thus, accurate correc-
tion for non-uniform attenuation in cardiac SPECT requires 
data of the patient-specific attenuation map for quantita-
tive imaging. Transmissionless techniques of determining 
attenuation map which used for attenuation correction were 
reviewed and presented in this paper. Methods for perform-
ing attenuation map for cardiac SPECT are developing rap-
idly and its progress is promising. However, more work is 
needed to assess the routine clinical efficacy of the correc-
tion schemes.

Limitations

There are some limitations in our systematic review. The 
number of relevant studies was limited, the literature search 

was confined to English publications and incomplete 
retrieval of researches done so far, such as works in other 
language or unpublished works.
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