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Abstract—Quantitative accuracy of PET is influenced by the
partial volume effect. Different MR-based partial volume correction (PVC) methods have been proposed to tackle this issue.
Early methods like geometric-transfer matrix (GTM) require
segmentation of MR images into different regions and also make
the strong assumption that activity distribution in each region
is constant. Though they have shown good performance with
perfect MR guidance, imperfect MR information may degrade
their performance. Our hypothesis is methods that make subtle
usage of MRI images can prove more advantageous and depict
greater feasibility and strength for translation to routine usage. In
this work, we compared different MR-guided post-reconstruction
PVC methods with perfect and imperfect MR guidance due to
errors in registration and segmentation. We considered PVC
methods that perform subtle MR guidance, including our two
recently proposed methods: anatomical-guided non-local mean
(NLMA) and split Bregman based parallel level set (SBPLS),
which solves PLS with non-smooth optimization technique and
shows advantages compared to ordinary smooth optimization
framework, as well as symmetric (sBowsher) and asymmetric
Bowsher (aBowsher), and PLS solved with smooth optimization
technique. Region-based voxel-wise (RBV) method, a GTM-based
method, was also taken for comparison. Reblurred Van Citter
(VC) deconvolution method was chosen as a reference method that
does not use MR information at all. These methods were evaluated
with realistic simulation experiments based on the BrainWeb
phantom. PET-MR registration mismatches were additionally
modeled. Imperfect segmentation was obtained by segmenting
MR images with SPM12. Bias and coefficient of variability (COV)
were computed for quantitative comparison. Results indicated
PVC methods with subtle use of MR guidance to show stronger
resilience to imperfect MR information compared to methods with
stronger assumptions invoked in MR-guided PVC.

I. I NTRODUCTION

P

OSITRON emission tomography (PET) is a powerful
imaging tool which performs quantitative measurement of
tracer concentrations. At the same time, quantitative accuracy
of PET is degraded by partial volume effect (PVE) due to
its limited spatial resolution. Different methods have been
proposed for partial volume effect correction (PVC). High
resolution MR images provide anatomical guidance that can
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be potentially used to improve the performance of PVC. Early
methods such as geometric-transfer matrix (GTM) require
segmentation of MR images into different regions and also
make the strong assumption that activity distribution in each
region is constant [1]. Though these methods have shown good
performance when perfect guidance is available, mismatch between PET images and MR guidance may degrade performance
of these methods.
Our hypothesis is that methods that make subtle usage
of MRI images can prove more advantageous and depict
greater feasibility and strength for translation to routine usage.
Recently, we proposed anatomically-guided non-local means
(NLMA) which makes usage of segmented MR images only
to restrict the search space in non-local means framework
without making any assumption for PET activity distributions
in segmented MR regions [2], [3]. We also focus on the parallel
level sets (PLS) framework, which has been developed for
PET reconstruction in [4], while we push this method from
its ordinary smooth optimization framework to a non-smooth
optimization framework with some advantages. The Bowsher
prior can also be considered as a method that makes subtle
usage of MRI images. The latter two frameworks (PLS and
Bowsher) are also potentially advantageous in that they do not
require segmentation of MR images [4], [5], [6].
In this work, we compare different MR-guided postreconstruction PVC methods. Specifically, we pursue our two
recently proposed methods, namely NLMA and split Bregman
based PLS (SBPLS) methods, as well as symmetric (sBowsher)
and asymmetric Bowsher (aBowsher), and ordinary PLS solved
with smooth optimization technique. We also include the
region-based voxel-wise (RBV) method, a GTM-based method
that works at the voxel level [7]. Reblurred Van Citter (VC)
deconvolution method is also included as reference method
which does not employ MR information at all [8]. These PVC
methods are evaluated with both perfect and imperfect MR
guidance due to mismatches in segmentation and registration.
II. M ETHODS AND M ATERIALS
A. PVC methods
The implementation of RBV and reblurred VC are described
in [7], [8]. For other PVC methods, we describe with respect
to the following regularized deconvolution problem:
f = arg min kg − h ∗ fk22 + λR(f),

(1)

f

where g and f are uncorrected and corrected PET images,
respectively, h denotes system point spread function (PSF),
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Fig. 1: (a) Simulated PET phantom. (b) MR image. (c) Tissue map with perfect
segmentation. (d) Imperfect tissue map segmented with SPM12.

Fig. 2: Difference image between perfect MR guidance and imperfect MR
guidance with registration mismatch ranging from 0 mm (left), 1 mm (middle)
and 2 mm (right).

R(f) is the particular MR-guided regularization, and λ denotes the regularization parameter. Regularization models for
sBowsher, aBowsher, and PLS were described in [4], [5], [6].
The corresponding minimization problems were solved with
limited-memory BFGS method. For our proposed SBPLS, we
developed a non-smooth optimization technique based on split
Bregman method to solve PLS regularization problem without
adding a smoothness parameter [9]. The model of NLMA
has been described in [2], [3]. Similar as [3], we solved the
minimization problem using the Gauss-Seidel algorithm.
B. Experiments
Realistic PET simulation phantom was generated using
the BrainWeb phantom [10]. The PET phantom was further
processed to create non-uniform activity distributions in gray
matter, as shown in Fig. 1(a). Realistic simulations were performed, setting system PSF to 4.5 mm and including Poisson
noise in sinogram data, followed by OSEM reconstructions
with 10 subsets and 24 iterations. Reconstructed images were
then used as input for different PVC methods. Fig. 1(b)
shows MR image directly used as guidance in segmentationfree methods. For RBV and NLMA, segmented tissue maps
were provided as guidance. In order to study the influence
of imperfect MR guidance, we simulated mismatches in segmentation and registration. For segmentation, we took both a
perfect tissue map (referred to as perfect seg) which is the
same as the one we used to generate simulated PET phantom,
and an imperfect tissue map (referred to as imperfect seg)

Fig. 3: Results of different PVC methods with perfect MR guidance. (a)
Ground truth. (b) Uncorrected. (c) Reblurred VC. (d) sBowsher. (e) aBowsher.
(f) smooth PLS. (g) SBPLS. (h) RBV. (i) NLMA

obtained by segmenting the corresponding MR image with
SPM12, as shown in Fig. 1(c) and Fig. 1(d). For registration,
different extents of registration mismatches were simulated
by shifting anatomical images. Fig. 2 shows difference image
between perfect MR guidance and imperfect MR guidance with
registration mismatch ranging from 0 to 2 mm. To evaluate
quantitative performance of different PVC methods, mean
percentage bias and coefficient of variability (COV) based on
20 noise realizations were computed. Bias-COV curves were
obtained by changing regularization strength λ.
III. R ESULTS AND D ISCUSSION
Fig. 3 depicts results of different PVC methods with perfect
MR guidance (no errors in registration and segmentation). We
observed all MR-guided PVC methods show improvements
compared to uncorrected image and reblurred VC method.
Among different MR-guided PVC methods, smooth PLS and
sBowsher generated images with blurry edges, while other
PVC methods were able to preserve sharp edges.
Fig. 4 shows bias-noise (COV) curves for these methods in
gray matter and white matter when registration error ranges
from 0 mm to 2 mm. With perfect segmentation and no
registration mismatch, the two segmentation-based methods,
RBV and NLMA show better performance compared to other
methods. Amongst the segmentation-free methods, aBowsher
and SBPLS outperformed sBowsher and PLS with smoothing,
with SBPLS slightly outperforming aBowsher. With imperfect
segmentation, performances of NLMA and RBV degraded. In
this case, NLMA and RBV showed similar performance as
SBPLS and aBowsher.
As registration mismatch increases, all MR-guided PVC
methods degraded in performance. We observed in white
matter, where uniform activity distribution was assigned in
simulated PET phantom, performance of RBV was similar
as NLMA for both perfect MR segmentation and imperfect
MR segmentation. However, in gray matter, where non-uniform
PET activity distribution was assigned, we notice faster degra-
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Fig. 4: Bias-noise trade-off curves for different PVC methods with registration
error of 0 mm (top row), 1 mm (middle row) and 2 mm(bottom row) in gray
matter (left column) and white matter (right column)
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