I0P Publishing

@ CrossMark

RECEIVED
11 August 2017

REVISED
11 December 2017

ACCEPTED FOR PUBLICATION
18 January 2018

PUBLISHED
12 February 2018

Phys. Med. Biol. 63 (2018) 045006 (16pp) https://doi.org/10.1088/1361-6560/aaa8a6
Physics in Medicine & Biology 7 IPEM S

PAPER

Joint estimation of activity and attenuation for PET using pragmatic
MR-based prior: application to clinical TOF PET/MR whole-body
data for FDG and non-FDG tracers

Sangtae Ahn'’, Lishui Cheng', Dattesh D Shanbhag’, Hua Qian', Sandeep S Kaushik?, Floris P Jansen’ and
Florian Wiesinger*

! GE Global Research, Niskayuna, NY, United States of America
> GE Global Research, Bangalore, India

3 GE Healthcare, Waukesha, W1, United States of America

*  GE Healthcare, Munich, Germany

°>  Author to whom any correspondence should be addressed.

E-mail: ahns@ge.com
Keywords: PET/MR, TOF, attenuation correction, joint estimation, MLAA

Supplementary material for this article is available online

Abstract

Accurate and robust attenuation correction remains challenging in hybrid PET/MR particularly
for torsos because it is difficult to segment bones, lungs and internal air in MR images. Additionally,
MR suffers from susceptibility artifacts when a metallic implant is present. Recently, joint
estimation (JE) of activity and attenuation based on PET data, also known as maximum likelihood
reconstruction of activity and attenuation, has gained considerable interest because of (1) its
promise to address the challenges in MR-based attenuation correction (MRAC), and (2) recent
advances in time-of-flight (TOF) technology, which is known to be the key to the success of JE. In
this paper, we implement a JE algorithm using an MR-based prior and evaluate the algorithm using
whole-body PET/MR patient data, for both FDG and non-FDG tracers, acquired from GE SIGNA
PET/MR scanners with TOF capability. The weight of the MR-based prior is spatially modulated,
based on MR signal strength, to control the balance between MRAC and JE. Large prior weights

are used in strong MR signal regions such as soft tissue and fat (i.e. MR tissue classification with

a high degree of certainty) and small weights are used in low MR signal regions (i.e. MR tissue
classification with alow degree of certainty). The MR-based prior is pragmatic in the sense that it

is convex and does not require training or population statistics while exploiting synergies between
MRAC and JE. We demonstrate the JE algorithm has the potential to improve the robustness and
accuracy of MRAC by recovering the attenuation of metallic implants, internal air and some bones
and by better delineating lung boundaries, not only for FDG but also for more specific non-FDG
tracers such as ®*Ga-DOTATOC and '*F-Fluoride.

1. Introduction

Simultaneous PET/MR (Vandenberghe and Marsden 2015) is an emerging hybrid imaging modality, which
enables simultaneous acquisition of complementary information from PET and MR with simplified workflow
and high throughput, providing new opportunities in neurology (Heiss 2016), oncology (Fraum et al 2015,
Samarin et al 2015) and cardiology (Nekolla and Rischpler 2016).

PET provides quantitative information for applications including tumor treatment response monitoring
(Wahl et al 2009), prognosis (Berghmans et al 2008), and brain function study (Tai and Piccini 2004). Attenua-
tion correction is one of the primary data correction steps critical to accurate quantitation. In PET/CT, bi-linear
or tri-linear scaling of CT images is a clinical standard for attenuation correction (Kinahan et al 2003). In PET/
MR, accurate and robust attenuation correction remains challenging because of distinct imaging physics of PET
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and MR, and substantial efforts are currently being put into MR-based attenuation correction (MRAC) (Keereman
etal2013,Vandenberghe and Marsden 2015).

The most common approach to MRAC is to segment MR images into certain classes such as fat, water, lung
and air, and generate an attenuation map by assigning a pre-determined attenuation coefficient to each class
(Hofmann et al 2009, Martinez-Moller et al 2009, Schulz et al 2011). MR is well known for its excellent soft tissue
contrast but the imaging modality has difficulty in distinguishing between bone and air, which produce simi-
larly low MR signals despite substantially different attenuation coefficients. In addition, magnetic susceptibility
effects of metallic implants cause large signal voids in surrounding tissues (Schneck 1996). Therefore, segmenta-
tion-based MRAC has challenges in areas such as bone, air and metallic implants. To address the issues, dedicated
MRI sequences such as ultrashort echo time (UTE) (Catana et al 2010, Keereman et al 2010) and zero echo time
(ZTE) (Sekine et al 2016, Wiesinger et al 2016, 2018) that facilitate bone depiction have been investigated. The
MRI sequences have successfully been applied to brain imaging and recently shown promise for pelvic imaging
(Leynes et al 2017). Other approaches to MRAC include atlas-based and template-based methods (Rota Kops
and Herzog 2007, Hofmann et al 2008, Burgos et al 2014). These methods have been successful for brain imag-
ing but less so for whole-body imaging because of considerable anatomical variations in the patient population
(Martinez-Moller et al 2012, Vandenberghe and Marsden 2015).

An alternative approach is based on joint estimation (JE) of activity and attenuation from PET emission data,
which is also known as maximum likelihood reconstruction of activity and attenuation (MLAA) (Nuyts et al
1999). JE has a long history in emission tomography (Censor et al 1979), and it is well known that a solution to
the JE problem is non-unique and typically suffers from cross-talk artifacts due to inextricable effects of activity
and attenuation on emission scan data. However, Defrise et al (2012) have shown in their milestone paper that
the activity image and the attenuation correction factors can be uniquely determined, by emission data only,
up to a scaling constant if time of flight (TOF) information is available. This implies TOF information removes
cross-talk artifacts in JE solutions, except for scaling, in theory. Because of its applicability to PET/MR and/or
recent developments in TOF technologies, JE methods have recently attracted considerable interest (Cheng et al
2016a,Lietal2017,Mihlinand Levin 2017). For an extensive overview on the subject of JE the interested reader is
referred to the review paper by Berker and Li (2016).

Even if TOF data are available, the scaling constant for JE cannot be determined from emission data only
(Defrise et al 2012), and cross-talk artifacts still exist in the real world although less severe than those in a non-
TOF case (Rezaei et al 2012, Boellaard et al 2014). Furthermore, JE problems are ill-conditioned and vulnerable
to modeling and data correction errors, and statistical noise. To address the issues, various types of prior infor-
mation have been incorporated into JE. The third quartile (Rezaei er al 2012) and the mode (Boellaard et al 2014)
of attenuation coefficients within the body, and the total activity in the image volume (Rezaei et al 2014) and in
each image plane (Bal et al 2017) are constrained. A multimodal prior for attenuation coefficients is used (Nuyts
etal2013).Lietal (2015) show that boundary conditions combined with consistency conditions ensure the solu-
tion uniqueness. Salomon et al (2011) use geometrical information obtained from MR image segmentation to
parameterize the attenuation map using piecewise uniform regional basis functions.

In PET/MR attenuation correction, a sensible way of fully exploiting available information will be to (1)
rely on MR-based information in regions of high MR signal response (i.e. soft-tissue) and (2) let JE determine
the attenuation in uncertain, low MR-signal regions (e.g. implants, bone and air). For example, an uncertain
region in MR images, likely to include bone, air cavities, metallic implants and lungs, can be identified by seg-
menting low MR signal regions (Ahn et al 2013, 2015, 2016, Ahn and Manjeshwar 2015, Mehranian and Zaidi
2015b,2015d, Heufer et al 2016, Mehranian et al 2016), by using a bone probability map (Mehranian and Zaidi
2015b, 2015d), or by thresholding posterior probabilities (Wang et al 2012). Alternatively, the uncertain region
can include the following: the outside of the MR field of view (FOV'), which is usually smaller than PET FOV, to
complete the truncated region (Nuyts et al 2013); MR signal voids due to metal susceptibility artifacts to recover
implant attenuation (Fuin ef al 2017); lung regions to address patient-specific and/or spatially-varying lung den-
sities (Berker et al 2012, Mehranian and Zaidi 2015c¢); and the outside of the body to estimate the attenuation of
headphones and RF coils (Heufer er al 2017). In a PET/CT application, high attenuation coefficient regions in a
CT-based attenuation map have been considered as an uncertain region to distinguish between iodine-contain-
ing CT contrast agents and bone (Laymon et al 2003, Laymon and Bowsher 2013). In the selective JE approach
where an uncertain region is identified and the attenuation of the uncertain region is determined by JE, the fol-
lowing priors for the attenuation coefficients of the uncertain region have been used: a multimodal prior (Nuyts
etal 2013, Mehranian and Zaidi 2015b, 2015d, Heuf8er et al 2016, 2017, Mehranian et al 2016), a unimodal prior
(Ahneral2015,2016,Mehranian and Zaidi 2015c¢),and a uniform prior (Fuin eral 2017). Berker et al (2012) have
used a regional basis function to represent the uncertain region of the attenuation map asin Salomon etal (2011).
For the attenuation coefficients outside the uncertain region, unimodal priors (Wang et al 2012, Ahn et al 2015,
2016, Mehranian and Zaidi 2015b, 2015d, 2016, HeufSer et al 2016) can be used, or the attenuation coefficients
can be fixed as determined based on MR or CT (Laymon et al 2003, Berker et al 2012, Ahn et al 2013, Laymon and
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Bowsher 2013, Nuyts et al 2013, Mehranian and Zaidi 2015c, Fuin et al 2017, Heuf3er et al 2017). Alternatively, Li
etal (2013) used MR-based joint entropy priors for the attenuation map, and Benoit et al (2016) have used UTE
and T1-weighted MR images to control the step size of a JE algorithm.

In this paper, we implement a JE algorithm using an MR-based prior, which is unimodal Gaussian based on
the MR-segmentation based attenuation map. The prior weight is spatially modulated such that the weight is
large in strong MR signal regions, which are likely to consist of soft tissue, and the weight is small in low MR signal
regions, whose tissue class is uncertain, and which may include bones, internal air, metallic implants and lungs.
The prior weight is further modulated to address remaining JE artifacts such as cross-talk artifacts. The MR-
based prior is simple and pragmatic; they are convex, beneficial to numerical optimization, and do not require
any training or population statistics.

The JE algorithm with the MR-based prior is demonstrated on whole-body clinical TOF PET/MR data
acquired on a clinical PET/MR scanner with TOF capability (Levin et al 2016), focusing on challenging regions
such as metallic implants, internal air, lungs and bone. Whole-body clinical results are reported here including
thoracic, abdomen and pelvic regions whereas JE results in the literature have been shown mostly for specific
anatomical regions. In addition to FDG, we also include non-FDG patient data to examine the effects of specific
uptake and low background activity of non-FDG tracers on JE results, which have rarely been evaluated for
whole-body imaging in the literature.

Some preliminary results have been presented in IEEE Nuclear Science Symposium (NSS) and Medical Imag-
ing Conference (MIC) (Ahn et al 2015, Cheng et al 2016b) and International Society for Magnetic Resonance in
Medicine (ISMRM) Annual Meeting (Ahn et al 2016).

2. Methods

2.1. Clinical PET/MR data

Whole-body PET/MR scans were acquired for thirteen patients using GE SIGNA PET/MR scanner (GE
Healthcare, Waukesha, WI, USA), whose TOF timing resolution is <400 ps (Levinefal2016). The average patient
weightwas 78.7 + 19.2kg (mean = standard deviation) and the average body mass index was 25.8 4 5.2kgm 2.
Patients 1-9 were injected with '*F-FDG, patients 1012 with ®*Ga-DOTATOC (Hofmann et al 2001) and patient
13 with "®F-Fluoride tracers (Grant et al 2008). The average injected activity was 252.3 + 66.7 MBq. For MR, a
dedicated 3D gradient echo (GRE) scan with Dixon-type fat-water separation was acquired (flip angle 5°, scan
time 18, FOV 50 x 50 x 31.2cm’, and image matrix 256 x 256 x 120 for each bed position) (Wollenweber
et al 2013a,2013b). For PET, TOF emission data were acquired with transaxial FOV of 60 cm and axial FOV of
25 cm (for each bed position).

2.2. MR-based attenuation correction (MRAC)

An MR-based attenuation map was generated using 4-class (water, fat, lung and air) segmentation of MR images
(Wollenweber et al 2013b, Shanbhag ef al 2015) where N4 bias field correction (Tustison et al 2010) was applied
to MR images prior to segmentation; and truncation completion was performed using a skin mask derived from
an image reconstructed based on TOF data without attenuation correction. Hardware attenuation for table and
rigid RF coils with known locations (e.g. brain, head and neck, and posterior body array coils) was obtained
from pre-acquired templates; and attenuation for flexible coils was ignored. For the head, an atlas-based method
(Wollenweber et al 2013a) was used although our focus in this paper is on the body. The MR-based attenuation
map was generated using in-house software based on MATLAB (MathWorks, Natick, MA, USA) and ITK
(Kitware, Clifton Park, NY, USA), which does not match the scanner-provided attenuation map when signal
voids are present, as the scanner algorithm performs certain post-processing steps to detect and correct for voids.
Our goal here is not to optimize MRAC and reduce artifacts occurring in MR data processing; instead, we choose
to preserve such artifacts in order to examine how our JE algorithm works in their presence.

2.3. JEalgorithm using MR-based prior

2.3.1. Uncertain MR-region segmentation

Uncertain regions with low MR signals, likely to include bone, air, lungs and metallic implants, were segmented
in bias-corrected MR images using ITK and MATLAB. In lung and abdomen regions, a vertebra region was first
identified (Shanbhag et al 2015). In the vertebra region, the multi Otsu method was applied to the in-phase
MR image with four levels (Liao et al 2001) and two darkest classes (with weak MR signals) were considered as
uncertain regions. In the non-vertebra region, multi-step thresholding and region growing were used as follows.
Huang’s fuzzy thresholding method (Huang and Wang 1995) and Otsu’s method (Otsu 1979) were applied to
the in-phase MR image for binary image segmentation. Segmented lung and air regions obtained from MRAC
(section 2.2) were used as seed points for 2D region growing on the binary mask from Huang’s thresholding
method and then the updated regions were used as seed points for 3D region growing on the binary mask from
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Figure 1. Example coronalslices of (a) in-phase MR image, (b) uncertain regions (represented by white regions), and (c) MR-based
prior weight map where the range is between 0.002 (white) and 2 (black).

Otsu’s method to obtain uncertain regions in the non-vertebra regions. In pelvic regions, a histogram based
thresholding was applied to the in-phase MR image to obtain uncertain regions and small isolated components
in the uncertain regions were collated together. Figure 1(b) shows example uncertain regions.

2.3.2. MR-based prior
We use the following regularization function for the attenuation map p:

ﬂMRZ wMR < M] ) ﬂsmooth Z Z Wsmooth luk)
2

j kEN;

where the first term on the right-hand is the MR-based prior and the second term is the conventional roughness
penalty that encourages image smoothness by penalizing differences between neighboring voxels. Here MR
denotes the MR-based attenuation map (section 2.2), y; and M}VIR represent the attenuation coefficient of the
jth voxel for p and MR, respectively, BMR and 35t are parameters that control the global strength of the
MR-based prior and the roughness penalty, respectively, w MR are prior weights that control the local strength
of the MR-based prior, Nj denotes a set of voxels that are ad]acent to voxel j, and Wsm""th are typically chosen
from 1,1/+/2 and 1/+/3 depending on the distance between voxels j and k. In this paper, BMR =5 % 10° and
gemeoth — 5 % 10* were empirically chosen.

A small prior weight (e.g. WJMR =2 x 107%) was used in the uncertain regions (section 2.3.1), and a large
prior weight (e.g. W;VIR = 1) was used outside the uncertain regions. The prior weights were further modulated,
motivated by empirical observations, as follows. We often observe overestimated attenuation coefficients near
the skin, particularly in arms, in JE reconstructed attenuation maps (e.g. figure 3(c), and figures S1(c), S3(c),
S6(c) and S7(c) (stacks.iop.org/PMB/63/045006/mmedia) of supplementary data). The reason for the artifacts
is believed to be that lines of response (LORs) passing through the regions near the body boundary do not have
enough activity and attenuation projections and therefore those regions are sensitive to noise and modeling
errors. To reduce such artifacts, regions close to the body boundary (e.g. <35mm) were excluded from the
uncertain regions. In addition, sometimes, we would still observe cross-talk artifacts in JE reconstructed attenu-
ation maps even with TOF data for high activity regions such as heart (e.g. figure 5(c)) and bladder (e.g. fig-
ure 2(c),and figure S9(c) of supplementary data). From an activity image reconstructed with 1 iteration of TOF
OSEM with MRAC, which by default is calculated as part of JE iterations (section 2.3.3), we segmented a sizeable
high activity region (e.g. such that its activity exceeds five times the mean activity and its volume is >50 cm?),and
then assigned a large prior weight (e.g. w}‘/IR = 2) to the high activity region. The MR-based prior weight map was
filtered with 2 cm full-width at half-maximum (FWHM) Gaussian in-plane filter and a three-point axial filter 1,
2,1]/4. Figure 1(c) shows example prior weight maps.

2.3.3. Update of activity and attenuation

The activity image A and the attenuation map p were alternatively updated as in MLAA (Nuyts et al 1999). The
MR-based attenuation map (section 2.2) was used as the initial attenuation map x(”) and a uniform image was
used as the initial activity image A(%),
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Figure 2. Example coronalslice containing a hip endoprosthesis, for patient 1 with '*F-FDG, of (a) in-phase MR image; attenuation
maps (b) MR based on MR, (¢) j/F°MR based on JE without MR-based priors,and (d) 17 based on JE with MR-based priors;
differences in the attenuation maps, () /MR — MR and (f) 1/ — MR; TOF OSEM reconstructed activity images (g) AMR based
on pMR, (h) NEOMR based on B°MR and (i) NVE based on 1/F; and relative differences in the TOF OSEM reconstructed images, (j)
(NEnoMR _ AMRY) /AMR ‘and (k) (VE — AMR) /AMR The yellow arrow indicates the recovered metallic implant in the JE reconstructed
attenuation map in (d), and the red arrow indicates the overestimated attenuation region corresponding to the bladder in p/EnoMR,

For the kthiteration (fork = 1, 2, ...),thekth iterate \(¥) of the activity image was calculated updating the
previous iterate A1) by TOF OSEM (Hudson and Larkin 1994) with 1 iteration and 28 subsets where attenua-
tion correction was based on the previous iterate 1¥~1) of the attenuation map:

)\(km 1)

)\(k,m _ ZZ a Cz (M(k 1)))/1
' Zzesnzr“ o () & >y apci (ntk= DY AR 4t

form=1,...,M with )\j(k’o) = )\j(k_l) and )\}k) = A}k’M) where afj represent the probability that a photon pair
emitted from voxel j is detected and recorded for LOR i and TOF bin ¢ in the absence of attenuation, y! are
measured PET data, rf denote estimated background events including scatters and randoms, S,, represents
the mth subset of LORs, M is the number of subsets (e.g. M = 28), and ¢; are attenuation factors expressed by
¢i (1) = exp(=3_; lipj) with I;; being the length of the intersection between LOR i and voxel j. Here af; includes

normalization factors as well as geometric forward projection.

The kth iterate 1 of the attenuation map was calculated using ordered subsets transmission (OSTR)
(Erdogan and Fessler 1999a, Ahn et al 2012) with 5 iterations and 28 subsets where the regularization function
R (p)asdescribed in section 2.3.2 was used:

| : i - OR (k1)
5 — median 4 0, U, p "D+ L IMS™ 1 (A0 ¢ (&m0 1 - » -
I me 1an{ Hj + ) Z ij0i ( ) Ci (/1 ) b; (/\(k)) ¢ (H(k,m—l)) +r ou;

i€Sy
where yi =Yt 1= 2,11, bi(A\) = X4 with @ = >_,aj,

median{-} is the median of a given set,U > 01is the upper bound imposed on attenuation coefficients, for which

(k0) _  (k—=1)

with w = (M)

and ,u(k) 1

we used 1 cm ™! (we have not observed any case where the upper bound constraint becomes active), and

dj — max Z l]Z ll] ,BMRWMR + 2ﬁsm00th Z smooth’

iy >ryi>0 Vi keN;

with a small constant € > 0, for which we used 10~!2. Note median{0, U, x} for x € R is equivalent to the
projection of x onto the closed interval [0, U]. A derivation of the update equation above is given in appendix. We
also show the relationship between OSTR and maximum likelihood for transmission tomography (MLTR) used
in MLAA (Rezaei et al 2012) in the appendix. Since d; is constant in A and y, it can be precomputed for a given
data set and does not need to be recomputed. The € term prevents d; from being zero. Usually, the regularization
term, SMRyy MR + 2psmooth N SmOO‘h , keeps d; well away from bemg too small. Even in an unregularized case
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( ﬂMRWJMR + 2pmooth S W]?ino"th = 0) with low counts (y; = 0) and/or high scatter and random fractions
)

(r; > yi),although d; can be as small as €, imposing the constraint 0 < p; < U by the median operator prevents
(k,m

the iterates /u; from diverging.

In this paper, we used 5 outer iterations, each of which consists of 1 iteration of TOF OSEM with 28 subsets,
and 5 iterations of OSTR with 28 subsets. The activity image was initialized with a uniform image only for the
first outer iteration. After JE iterations, a final activity image was reconstructed using 2 iterations of TOF OSEM
with 28 subsets where attenuation correction was based on the JE reconstructed attenuation map, and point
spread functions in sinogram space (Alessio et al 2010) were used; the reconstructed activity image was post-
filtered with 6.4 mm FWHM Gaussian in-plane filter and a three-point axial filter [1,4, 1]/6.

To examine the impact of TOF information on JE results, in addition to the JE algorithm using TOF data as
described above, we ran a non-TOF version of JE where TOF OSEM was replaced with non-TOF OSEM when
updating the activity image in JE iterations and reconstructing the final activity image, and then compared the
results from TOF and non-TOF JE. When non-TOF OSEM was used, the final activity image was post-filtered
with 4.0 mm FWHM Gaussian in-plane filter and a three-point axial filter [1, 6, 1]/8. Because TOF information
accelerates convergence (Surti and Karp 2015), TOF OSEM images are usually noisier than non-TOF OSEM
images with the same number of iterations. Therefore, we applied heavier filtering to TOF OSEM images than to
non-TOF OSEM images, to make the image noise levels more comparable.

To study the impact of scatter estimation on JE results (Laymon et al 2006), we compared JE results for the
cases where scatters were re-estimated every outer iteration and where scatters estimated based on the initial
MR-based attenuation map were used throughout JE iterations. Here we used a model-based method for scatter
estimation (Watson 2000, Qian et al 2010).

3. Results

Figures 2—7 (and figures S1-S11 of supplementary data) show example coronal slices of in-phase MR image;
MR-based attenuation map MR (section 2.2); JE reconstructed attenuation maps, WEOMR tvith no MR-based
prior (i.e. SMR = 0yet 7ot = 2 x 10%as in section 2.3.2), and /¥ with the MR-based prior (MR = 5 x 10°
and 5ot = 2 x 10%as in section 2.3.2); and TOF OSEM reconstructed activity images, \MR with attenuation
correctionbased on the MR-based attenuation map pM®, NEROMR haged on (/MR and NEbased on p4/F. To better
visualize the differences between the attenuation maps and between the activity images, the figures also show the
difference between the JE reconstructed attenuation maps and the MR-based attenuation map, p/En°MR — /MR
and p//F — uMR; and the relative difference between the activity images reconstructed based on the MR-based
attenuation map and the JE reconstructed attenuation maps, (MEROMR — \MR) /AMR 5 q (\JE _ \MR) /AMR The
JE reconstructed attenuation maps were calculated bed-wise, and the bed-wise attenuation maps for each patient
were stitched to form a whole-body attenuation map as shown in the figures. When the relative difference of the
activity images was calculated, the activity images were filtered using a 3 X 3 x 3 moving average filter before
calculating the difference. Note JE with no MR-based prior (u/*"°MR and NErOMR yyith gMR — 0) js similar to
MLAA (Nuyts et al 1999).

Patient 1 had a hip endoprosthesis and pedicle screws. JE algorithms recovered the attenuation of the metal
implants (figures 2(c), (d) and 3(c), (d)). The metal implants produced susceptibility artifacts, that is, signal
voids in MR (figures 2(a) and 3(a)), which in turn resulted in misclassification as internal air in the MR-based
attenuation maps (figures 2(b) and 3(b)).

Lung boundaries in JE reconstructed attenuation maps (figures 2(c) and (d)) for patient 1, when compared
to the MR image (figure 2(a)), appear more accurately delineated than those in the MR-based attenuation map
(figure 2(b)). Better lung delineation of JE can also be observed in figures S1,S6, 57,59 and S11 of supplementary
data (for patients 2, 8,9, 12 and 13, respectively). The results imply JE algorithms can correct for lung segmenta-
tion errors, if exist,in MRAC.

In figures 4-7 (for patients 4, 6, 11 and 13, respectively), the JE reconstructed attenuation maps (figures 4(c),
5(c), 6(c) and 7(c), 4(d), 5(d), 6(d) and 7(d)) show better recovery of internal air in abdomen regions than the
MR-based attenuation maps (figures 4(b), 5(b), 6(b) and 7(b)) (see MR in-phase images in figures 4(a), 5(a),
6(a)and 7(a)).JE’s better recovery of abdominal internal air can also be seen in figures S4 (for patient 7), S5 and
S6 (for patient 8), S8 (for patient 10),and S9 and S10 (for patient 12) of supplementary data (see also figures S21
and S22, compared to figures S6 and S8, respectively, of supplementary data); some internal air is still missing in
JE reconstructed attenuation maps, though (figures 7 and S9). The results imply JE algorithms can better recover
abdominal internal air than MRAC when MR image segmentation of internal air fails.

In general, bone attenuation was not well recovered by the JE algorithms. However, some leg bones were
recovered in JE reconstructed attenuation maps (figures 4 and 5 for patients 4 and 6; and figures S1,S2 and S11, of
supplementary data, for patients 2,3 and 13).




I0P Publishing

Phys. Med. Biol. 63 (2018) 045006 (16pp) SAhnetal

0.2/cm 2 »n 0.1/cm
0.1/cm | 0
| % : & -
0 { ‘, b H -0.1/cm
| P L
(e) (f)
6 g/mL X x 100%.
PO . - a 2
a ¥ »
3 g/mL 0
- | /-
0 B/ -100%

(@ (h) U] ] (k)

Figure 3. Example coronal slice containing pedicle screws, for patient 1 with '®F-FDG, of (a) in-phase MR image; attenuation

maps (b) pMR based on MR, (c) /E"°MR based on JE without MR-based priors, and (d) 1/E based on JE with MR-based priors;
differences in the attenuation maps, () /E°MR — MR and (f) 1/ — MR; TOF OSEM reconstructed activity images (g) AMR based
on MR (h) NVEOMR bhased on p/E"MR [and (i) VE based on 1/E; and relative differences in the TOF OSEM reconstructed images,

(j) (NErMR _ AMR) /AMR and (k) (ME — AMR) /AMR The yellow arrow indicates recovered metal implants in the JE reconstructed
attenuation map in (d), and the red arrow indicates the overestimated attenuation region close to the arm boundary in z//Er°MR,
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Figure4. Example coronalslice, for patient 4 with BE-FDG, of (a) in-phase MR image; attenuation maps (b) MR based on MR,

(c) p'ErMR based on JE without MR-based priors, and (d) ¢/E based on JE with MR-based priors; differences in the attenuation
maps, (&) /EOMR — MR ‘and () p/E — MR TOF OSEM reconstructed activity images (g) AMR based on MR, (h) NEPMR based on
WEOMR and (i) ME based on p/E; and relative differences in the TOF OSEM reconstructed images, (j) (WEOMR — \MR) /AMR ‘4104
(k) (VE — \MR) /AMR The yellow arrows indicates abdominal internal air in the MR image (a) and leg bone in the JE reconstructed
attenuation map in (d), and the red arrow indicates the overestimated attenuation region close to the body boundary in /EnoMR

Overall, attenuation maps reconstructed by the JE algorithm without MR-based priors in figures 2—-5(c) and
7(c), and figures S1-S11(c) of supplementary data, were noisier than those reconstructed by the JE algorithm
with the MR-based prior in figures 2-5(d) and 7(d), and figures S1-S11(d) of supplementary data. In addition,
the attenuation coefficients in background soft tissue regions of the JE reconstructed attenuation maps without
MR-based priors were, by and large, smaller than those of the MR-based attenuation maps (see figures 2—5(e)
and 7(e), and figures S1-S11(e) of supplementary data). Given that the MR-based attenuation maps are reason-
ably accurate in the soft tissue regions, the difference between the MR-based attenuation maps and the JE recon-
structed attenuation maps in the background is ascribed to the non-unique scaling of a JE solution. Using the
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Figure 5. Example coronalslice, for patient 6 with BE-FDG, of (a) in-phase MR image; attenuation maps (b) MR based on MR,

(c) p'E"MR based on JE without MR-based priors, and (d) ¢/E based on JE with MR-based priors; differences in the attenuation
maps, (&) EOMR — MR ‘and () 1B — MR TOF OSEM reconstructed activity images (g) AMR based on MR, (h) NEPMR based on
WEOMR and (i) ME based on p/t; and relative differences in the TOF OSEM reconstructed images, (j) (WEOMR — \MR) /AMR ‘4104
(k) (NVE — AMR) /AMR The yellow arrows indicate abdominal internal air in the MR image (a) and leg bone in the JE reconstructed
attenuation map in (d), and the red arrow indicates the overestimated attenuation region corresponding to the heart in z/E°MR,
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Figure 6. Example coronalslice, for patient 11 with ®*Ga-DOTATOC, of (a) in-phase MR image; attenuation maps (b) MR based on
MR, (c) /E"MR hased on JE without MR-based priors, and (d) p/F based on JE with MR-based priors; differences in the attenuation

maps, (e) /EOMR — MR ‘and (f) (/B — MR; TOF OSEM reconstructed activity images (g) AMR based on MR, (h) MEPOMR based on

JEROMR and (i) ME based on p/B; and relative differences in the TOF OSEM reconstructed images, (j) (WFOMR — \MR) /AMR ‘4104 (k)
(NE — AMR) /AMR The yellow arrow indicates internal air in the MR image (a).

MR-based prior for JE reduced the difference between the MR-based attenuation maps and the JE reconstructed
attenuation maps in the background soft tissue regions (see figures 2—5(f) and 7(f), and figures S1-S11(f) of
supplementary data).

In the JE reconstructed attenuation maps without MR-based priors, overestimated attenuation coeffi-
cients were observed in hot activity regions such as heart (e.g. see figure 5(c)) and bladder (e.g. see figure 2(c),
and figure S9(c) of supplementary data). Such cross-talk artifacts were substantially reduced in the JE recon-
structed attenuation maps with the MR-based prior (e.g. see figures 2(d) and 5(d), and figure S9(d) of sup-
plementary data). In addition, overestimated attenuation coefficients were also observed in regions close to
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Figure7. Example coronalslice, for patient 13 with *F-Fluorine, of (a) in-phase MR image; attenuation maps (b) #MR based on
MR, (c) E"MR hased on JE without MR priors, and (d) 1/ based on JE with MR priors; differences in the attenuation maps, (e)
pIEnoMR MR ‘and (f) W — pMR; TOF OSEM reconstructed activity images (g) AMR based on pMR, (h) NEPOMR baged on g/EnoMR |
and (i) N'E based on 1/%; and relative differences in the TOF OSEM reconstructed images, (j) (NVEPOMR — AMR) /AMR and (k)
(NE — A\MR) /AMR The yellow arrow indicates internal air in the MR image (a).

the body boundary such as arms (figure 3(c), and figures S1(c), S3(c), S6(c) and S7(c) of supplementary data)
and shoulders (figure 4(c), and figure S5(c) of supplementary data) of the JE reconstructed attenuation maps
without MR-based priors. This is believed to be because the regions close to the skin boundary are sensitive
to modeling errors and statistical noise. The JE algorithm with the MR-based prior reduced the artifacts by
weighting MRAC in those regions (figures 3(d) and 4(d), and figures S1(d), S3(d), S5(d), S6(d) and S7(d) of
supplementary data).

Figure 8 shows the impact of TOF information through an example coronal slice for patient 10 scanned with
8Ga-DOTATOC. Internal air adjacent to the bladder (see figure S22 of supplementary data), which is missing
in the MR-based attenuation map (figure 8(b)), is recovered in the attenuation map reconstructed by JE using
the MR-based prior and TOF data (figure 8(d)) whereas it is not well recovered by JE using non-TOF data (figure
8(c)). In the activity images (figures 8(e) and (f)) reconstructed by non-TOF OSEM based on the MR-based
attenuation map (figure 8(b)) and the non-TOF JE reconstructed attenuation map (figure 8(c)), respectively,
it can be observed that the activity of the bladder in adjacent coronal slices was spilled over to the internal air
region, which was misclassified as soft tissue in the attenuation maps. Figure 8(g), TOF OSEM reconstruction
with MRAC (figure 8(b)), shows TOF data reduced the spill-over although not completely. Figure 8(h) shows the
JE algorithm using TOF data with the MR-based prior substantially reduced the spill-over artifact. TOF informa-
tion was also found to help the JE algorithm better recover (compared to JE with non-TOF data) metal implants
(figure S12), internal air (figures S14-S20) and leg bones (figures S13 and S15).

We compared the JE reconstructed attenuation maps with the MR-based prior using the following scatter
estimation approaches: (1) using fixed scatter estimates based on MRAC throughout JE iterations and (2) re-
estimating scatters every JE outer iteration. For patients 2—13, the voxel-wise difference in JE estimated attenu-
ation coefficients for those cases (with and without scatter re-estimation) was smaller than 0.0012cm ™. For
patient 1 having metallic implants, the difference was up to 0.005cm ™. Figure 9 shows a comparison of fixing
scatter estimates (figure 9(a)) and re-calculating scatter estimates (figure 9(b)) for patient 1. The difference in JE
reconstructed attenuation maps occurs mostly around the hip implant (figure 9(c)), and scatter re-estimation
produced less blurred implant recovery.

4. Discussion

We implemented a JE algorithm using a pragmatic MR-based prior, which is convex and does not require training
or population statistics, with a prior weight spatially modulated to synergistically combine MR and TOF PET
based JE. One of the contributions of this paper is that the JE algorithm was demonstrated on clinical PET/MR
data, acquired by a simultaneous PET/MR scanner with TOF capability, focusing on the body (the results for
heads not shown in this paper) whereas JE algorithms in the literature were evaluated mostly on phantom data
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Figure 8. Example coronal slice, for patient 10 with ®*Ga-DOTATOC, of (a) in-phase MR image; attenuation maps (b) ™~ based
on MR, (c) p/EnonTOF based on JE with MR-based priors and non-TOF data, and (d) 1/F based on JE with MR-based priors and TOF
data; non-TOF OSEM reconstructed images (e) AMRnonTOF baed on MR and (£) VERO"TOF hased on p/E20TOF; and TOF OSEM
reconstructed images (g) AMRbased on pMR and (h) MVE based on 1. The yellow arrow indicates internal air in the MR image (a)
(see also figure S22 of supplementary data).
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Figure9. Coronalslice containing the hip endoprosthesis for patient 1 of JE reconstructed attenuation maps with (a) using fixed
scatter estimates based on the MR-based attenuation map (figure 2(b)) and (b) with re-estimating scatters every JE outer iteration,
and (c) the difference of the attenuation maps (a) and (b).

or specific anatomic regions. In addition to FDG scans, we also demonstrated JE on non-FDG data with more
specific uptake patterns and lower background activity.

We observed different types of artifacts in attenuation maps reconstructed by a JE algorithm without MR-
based priors, which is similar to MLAA (Nuyts et al 1999), in section 3. First, the attenuation coefficients in
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soft tissue regions were generally underestimated when compared to MR-based attenuation maps, which are
expected to be reasonably accurate in the soft tissue regions. This seems due to the non-uniqueness of a JE solu-
tion (Defrise et al 2012) (note TOF information does not help resolve the non-unique scaling issue even in an
ideal case). The bias in the estimated attenuation coefficients for soft tissue regions could be reduced if the atten-
uation map p/E"°MR is scaled such that the third quartile (Rezaei et al 2012) or the mode (Boellaard et al 2014)
of the attenuation coefficients within the body or the mean of the attenuation coefficients in a segmented soft
tissue region matches a pre-determined attenuation coefficient of soft tissue. However, because scaling the entire
attenuation map is not optimal (Bal et al 2017), and furthermore, our purpose was a comparison to JE with no
or minimal prior information, we did not scale the attenuation map p/*°°MR in this study. Note using the MR-
based prior does such scaling implicitly. Second, overestimated attenuation coefficients were observed near the
body boundary, e.g. in arms and shoulders. Such artifacts have also been observed in Rezaei et al (2012) and are
thought to be partly due to the non-uniqueness of a JE solution and partly because LORs passing through the
regions close to the skin boundary do not have sufficient activity and attenuation projection (Boellaard et al
2014) and the regions become sensitive to modeling errors and statistical noise, which are inevitable in a real
world. Third, cross-talk artifacts still existed with TOF data (Rezaei et al 2012, Boellaard et al 2014) and appeared
as overestimated attenuation coefficients in hot activity regions such as hearts (Rezaei et al 2012) and bladders.
Note that the cross-talk artifacts appearing in hot (or cold) activity regions are expected to decrease with better
TOF timing resolution (e.g. see figure 3 of Rezaei et al (2012) and figure 2 of Boellaard et al (2014)). By using the
MR-based prior with appropriately modulated prior weights (section 2.3.2), those types of artifacts were sub-
stantially reduced.

We observed the JE algorithm with the MR-based prior recover metallic implants and internal air, and
delineate lung and tissue boundaries reasonably well. A few remarks are as follows. First,implant management
(Schramm et al 2014, Fuin et al 2017) is a unique application of JE in the sense that PET data provide infor-
mation about the attenuation of implants and surrounding activity while MR fails to do so. It will be worth-
while to carry out a dedicated, systematic study to focus on the quantitative performance of JE for recovering
implant attenuation using multiple patients with metallic implants (note the known attenuation coefficients
of implants can be used for evaluation or as prior information). Second, it is an important yet still open ques-
tion whether JE algorithms can estimate patient-specific and spatially-varying lung attenuation coefficients
accurately, besides lung delineation (Rezaei et al 2012). Mehranian and Zaidi (2015c¢) have reported prom-
ising initial results on this front. Third, our JE algorithm using the convex, unimodal MR-based prior did
not recover bones well except for some large leg and pelvic bones. Mehranian and Zaidi (2015b, 2015d) and
Mehranian et al (2016) could recover bone attenuation reasonably well in head and neck, and thoracic regions
by using a nonconvex multimodal prior based on the population statistics in combination with a bone prob-
ability map; extensive clinical evaluation on whether this approach can be applied to whole body in a robust
way would be an interesting study.

In the literature, JE algorithms have been evaluated on clinical data with non-FDG tracers such as '*F-FCH
(Mehranian and Zaidi 2015d), "*F-FET (Benoit et al 2016, Mehranian et al 2016) and 11C-PiB (Benoit et al 2016)
for brain imaging, and "*F-Choline for lung imaging (Mehranian and Zaidi 2015c). However, JE algorithms have
rarely been applied to non-FDG whole-body clinical data. In this study, we applied the JE algorithm with the
MR-based prior to ®*Ga-DOTATOC and "®F-Fluoride whole-body clinical PET/MR data and observed the JE
algorithm recover internal air reasonable well, although not completely, for the non-FDG tracers with specific
and low background uptake.

A limitation of this study is the lack of quantitative evaluation against a ground truth reference such as CT-
based attenuation correction. There are challenges, though, in using CT-based attenuation maps as the ground
truth particularly for whole-body imaging because of respiratory motion and the motion of internal organs and
air occurring between CT and PET/MR scans. CT scan data for the patients used in this study were unavailable;
however, from the clinical PET/MR data, we could still learn alot about and obtain useful insights into the perfor-
mance and limitation of the JE algorithms.

In this paper, the regularization parameters were empirically chosen but they worked reasonably well for dif-
ferent patients and tracers. Figure S23 of supplementary data illustrates the impact of the regularization param-
eters on JE results. As the smoothing parameter Bomooth was reduced from 2 x 10% (figure S23(a)) to 2 x 10°
(figure S23(b)), the reconstructed attenuation map became noisy particularly in the uncertain regions (e.g. lungs

and implant regions) with small W;AR. On the other hand, when 3%°°™ was increased to 2 x 10° (figure S23(c)),
the attenuation map became overly blurred. That is, 35™°°'" controls the image roughness. When the MR-based
prior strength parameter 3MR was decreased to 10°, the reconstructed attenuation map (figure S23(e)) became
similar to the attenuation map reconstructed by JE without MR-based priors (see figure 2(c)). In contrast, when
BMR was increased to 10%, the attenuation map approached the MR-based attenuation map (figure $23(d)).
That is, BMR controls the balance between MRAC and JE (with no prior). Quantitative and systematic tuning of

the regularization parameters requires further investigation.
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It is well-known that TOF information makes PET quantitation robust to errors in attenuation correction
(Conti 2011, Ahn et al 2014, Davison et al 2015, Mehranian and Zaidi 2015a, ter Voert et al 2017) and reduces
cross-talk artifacts in JE (Defrise et al 2012, Rezaei et al 2012, Boellaard et al 2014). In this paper, we demonstrated
TOF information helps improve JE in recovering attenuation of implants, internal air and bones, resulting in
more accurate PET quantitation (e.g. figure 8). There have been a few recent studies to investigate non-TOF JE
methods (Benoit et al 2016, Heuf3er et al 2016). In addition, Heuf3er et al (2017) and Fuin et al (2017) attempted
to estimate the attenuation of non-patient hardware (headphone and RF coil) and metallic implants, respec-
tively, using non-TOF PET data. These studies present promising results particularly for a case when TOF data
is unavailable. If TOF data are available, the results are expected to improve (Defrise et al 2012, Rezaei et al 2012,
Boellaard et al 2014); and as TOF technology further advances (Surti and Karp 2015, Vandenberghe et al 2016),
the benefit for JE from TOF information will increase accordingly.

We observed, for patient 1 with metal implants, re-estimating scatters for every JE outer iteration results
in less blurred implant recovery than using scatter estimates derived based on MRAC. However, for the other
patients where the MR-based attenuation map is not as different from the JE reconstructed attenuation map as
in patient 1, the difference in JE results made by scatter re-estimation was not that significant (voxel-wise dif-
ference <0.0012cm™!). There is a trade-off between computation cost and accuracy. It will be sufficient to re-
estimate scatters only few times (e.g. once after the final JE iteration) for normal patients without metal implants.

As described in section 2.2, attenuation for tables and rigid RF coils was addressed based on pre-acquired
templates, and flexible RF coils were ignored in attenuation correction. Heufer et al (2017) showed promising
results from using MLAA for recovering attenuation of headphones and RF coils; however, these results are not
as satisfactory as those from applying MLAA to patient bodies with implants. In fact, it is more challenging to
estimate the attenuation of RF coils by MLAA than to reconstruct that of metallic implants because many of
LORs passing through RF coils (outside the patient) have zero activity projection whereas most of LORs passing
through implants (inside the patient) have non-zero activity projection even if both RF coils and implants have
no uptake of activity. Attenuation correction for flexible RF coils was outside the scope of this paper but the task is
worth efforts for future investigation.

We focused on JE of the activity image and the attenuation map, that is, MLAA, in this paper. There is another
approach of JE of the activity image and the attenuation correction factors, also known as maximum likelihood
reconstruction of activity and attenuation correction factors (MLACF) (Rezaei et al 2014) and its simultane-
ous version SMLACF (Salvo and Defrise 2017). The advantage of the MLACF approach when compared to the
MLAA approach is that the computation can be simpler and that normalization factors can also be estimated
as being combined with the attenuation correction factors. However, the number of parameters to estimate
in the MLACF approach is much larger than that in the MLAA approach for fully 3D imaging, and it is not
straightforward how to incorporate prior information about the attenuation map in the image space into the
MLACF approach. In addition, when a pseudo (or substitute) CT image is required, e.g. as in MRI-only radiation
therapy (Edmund and Nyholm 2017), additional transmission tomographic reconstruction of the attenuation
map from the estimated attenuation correction factors is required. Such a trade-off between MLAA and MLACF
approaches should be kept in mind when choosing between them.

5. Conclusion

The JE algorithm using the MR-based prior with spatially modulated prior weights to exploit synergies between
MRAC and JE was shown to recover metallic implants and internal air and delineate the lung boundary in
reconstructed attenuation maps reasonably well for both FDG and non-FDG tracers, addressing the challenges
of MRAC. Future work includes quantitative analysis based on tri-modality PET/MR and CT (or PET/CT) scan
data, extension to other MRI sequences such as ZTE, and further optimization of parameters.
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Appendix

We provide a brief derivation of the OSTR update equation given in section 2.3.3. A cost function sought to
minimize over 0 < u; < Uis
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O (1) = =L (1) + R (1) + R (1)

where —L is the negative log-likelihood function based on independent Poisson noise models, given by

“L(p) =Y ki | Y lin
i j
with
hi(l) = Z bi (\) exp (=) + r; — yilog {b; (A\) exp (=1) + i},

and the regularization functions RMR and R¥™°°™ are, as described in section 2.3.2, given by

MR
(F‘j K )

RMR(p) = 6MRZ WJMR .
i

Bsmooth

Z Z W§m00th (Mj — 'u’k)z
jk 2 :
j keN;

Rsmooth (M) _

An approximate version of a separable paraboloidal surrogate for —L at a current iterate /i with the precom-
puted curvature (Erdogan and Fessler 1999a) is
N d; 2 OL(x) N -
QUu) = 35 (i~ i) — — = — i) p — L(7)
- 2 o,

where d;" is given by equation (23) of Erdogan and Fessler (1999a) as

&= 3 Y zij,myi“).

iyi>r, yi>0 j

(A function f is said to be separable if it can be written as f (n) = >_ fj(p;).) If yi = 0 or 7; > y; then hi(1) is
convex according to Lemma 1 of Erdogan and Fessler (1999b). In this case, a linear function tangent to h;([) is
aminorizing surrogate function for h;(I) according to section 3.2 of Hunter and Lange (2012) and the second
derivative of the linear surrogate function is zero. The is the reason that the terms in d;‘ for yi=0orr =y
are missing. Because RMR is a separable quadratic function, it can be a separable paraboloidal surrogate for
itself:

X IR ()
SMR (15
(a) =Y s

i

p MRWJM : ~\2 -~ MR (- MR
(=) + (1 — ) ¢ + R () = R ().
A separable paraboloidal surrogate for the non-separable quadratic function R*™°°" is given by

28R Y ks Wit (55— 1) + ORI
2 H— H Opj

Ssmooth (u; ,ZZ) — Z (,Uj _ ﬁ])} + Rsmooth (‘a)

j
(see equations (10) and (14) of Erdogan and Fessler (1999a)). The factor 2 in the numerator of the first term on
the right hand side results from deriving the separable surrogate function $™°°th for the non-separable function
Remooth (gee equations (9) and (10) of Erdogan and Fessler (19992)). In contrast, the factor 2 does not appear in

SMR because RMR is separable. Now

d.
& (57) = QU ) + ™ (s a) + ™ (i) = S T (s — )’ + VO (7) (1 — ) + 2(7)
j

is a proper separable surrogate function where

d] _ d]* + ﬂMRW]MR + zﬂsmoothz W]g’x(nooth‘
keN;

To prevent d; from being zero or too small, we consider the following surrogate function, which is also a proper
separable surrogate function for the cost function ® (1) at the current iterate fi:
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where d; = max{d,, €}. The next iterate is obtained minimizing the surrogate function ¢ over 0 < p; < U:

i {_aL @) , OR™ (@) 0R““°°‘h(m}}.

next 3 _
1w = median {0, U, — —
/ ! dj 8Mj (9/1,]' 8,uj

When —0L/0y; is approximated using a subset of the data y;, the update equation above becomes the OSTR
update equation in section 2.3.3 (see equation (24) of Erdogan and Fessler (1999a)).
When

ij/

Z Aexp (=27 L)
]b A)exp (— Dok likﬁk) + 1 7

O*L(n
>

7 6u] 6#]

yi=bi(X)exp (—Zk: likﬁk> +ri

is used for df, the OSTR update equation above becomes the MLTR update equation (see equation (6) of Rezaei
etal (2012)) if the median operator and the regularization functions are ignored. If

yi= b exP Z lzk Mk +

which holds approximately after some iterations, then the OSTR and the MLTR update equations become
equivalent.
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