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Abstract
Attenuation correction (AC) is a critical step in the reconstruction of
quantitatively accurate positron emission tomography (PET) and single photon
emission computed tomography (SPECT) images. Several groups have
proposed magnetic resonance (MR)-based AC algorithms for application in
hybrid PET/MR systems. However, none of these approaches have been tested
on SPECT data. Since SPECT/MR systems are under active development, it
is important to ascertain whether MR-based AC algorithms validated for PET
can be applied to SPECT. To investigate this issue, two imaging experiments
were performed: one with an anthropomorphic chest phantom and one with two
groups of canines. Both groups of canines were imaged from neck to abdomen,
one with PET/CT and MR (n = 4) and the other with SPECT/CT and MR
(n = 4), while the phantom was imaged with all modalities. The quality of
the nuclear medicine reconstructions using MR-based attenuation maps was
compared between PET and SPECT on global and local scales. In addition,
the sensitivity of these reconstructions to variations in the attenuation map was
ascertained. On both scales, it was found that the SPECT reconstructions were
of higher fidelity than the PET reconstructions. Further, they were less sensitive
to changes to the MR-based attenuation map. Thus, MR-based AC algorithms
that have been designed for PET/MR can be expected to demonstrate improved
performance when used for SPECT/MR.

1. Introduction

The idea of combining positron emission tomography (PET) and magnetic resonance (MR)
imaging systems is not a new one. In fact, early work on hybrid PET/MR (Shao et al 1997,
Pichler et al 1997) preceded the completion of PET/CT (Beyer et al 2000). Although it took
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several years to overcome the technical challenges that constrained PET/MR to the pre-clinical
arena (Wehrl et al 2009), the combined efforts of several groups have made human PET/MR a
reality. Several commercial vendors have recently unveiled whole-body platforms. PET/MR’s
unprecedented capacity to combine anatomical, functional and molecular information has
implications across multiple fields including neurology (Heiss 2009), oncology (Sauter et al
2010) and cardiology (Nekolla et al 2009).

Like PET, single photon emission computed tomography (SPECT) has been combined
with MR (Goetz et al 2008, Hamamura et al 2010). Research on SPECT/MR has
lagged behind PET/MR, possibly due to challenges associated with moving parts and MR-
compatible collimator design (Cherry 2009). Nevertheless, the potential applications of
SPECT/MR are exciting, especially given SPECT’s ability to simultaneously image multiple
radiopharmaceuticals. Accordingly, it is probable that human SPECT/MR systems will come
to fruition within the foreseeable future.

Of the multiple corrections that must be applied to reliably reconstruct PET and
SPECT images, attenuation correction (AC) is among the most important. Without AC,
gross deviations from the true radiopharmaceutical distribution are observed and accurate
quantitation becomes impossible. Traditional methods of obtaining attenuation maps (μ-maps)
such as radionuclide transmission imaging or x-ray computed tomography (CT) are generally
not possible in PET/MR or SPECT/MR due to space and cost restrictions. The obvious
alternative is to use MR images for AC, but this is non-trivial since the signal in MR arises
from proton density, whereas photon attenuation is dictated by electron density. In spite of
this, multiple innovative MR-based AC algorithms have been proposed for application in the
brain (Hofmann et al 2008, Schreibmann et al 2010, Keereman et al 2010, Catana et al 2010)
and body (Schulz et al 2010, Steinberg et al 2010, Martinez-Möller et al 2009, Delso et al
2010). Although the details of the approaches differ, they share a common feature: they
were all validated for PET reconstructions. This is unsurprising given the relatively advanced
state of PET/MR compared to SPECT/MR, but it does give rise to a natural question. Can
an MR-based AC algorithm that has been designed for PET/MR be successfully applied
to SPECT/MR as well? The answer depends on several fundamental differences between
PET and SPECT, including the amount of attenuation that takes place and the complexity of
applying a correction.

In this work, this question is investigated in detail. A whole-body, MR-based AC algorithm
representative of trends in the literature is described and used to reconstruct both phantom
and in vivo canine PET and SPECT images. The deviation of these reconstructions from the
truth (obtained via ‘silver standard’ CT-based AC) is compared between PET and SPECT. The
comparisons are done both globally and locally to capture differences in the PET and SPECT
reconstruction quality over a wide range of physical scales. Finally, a sensitivity analysis is
conducted to assess the impact of variations in the μ-map on the reconstructions’ fidelity.

2. Imaging protocol

2.1. Animals

Eight adult female mongrel canines (mass 22–24 kg) were included in this study using a
protocol approved by The University of Western Ontario animal care committee. Each canine
received either PET/CT and MR imaging (n = 4) or SPECT/CT and MR imaging (n = 4).
Particular members of the former experimental group will be referred to as canines P1 through
P4, and the latter as canines S1 through S4. The canines in both groups were essentially
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identical in terms of body size and weight. No canines exhibited any indication of lung
pathology which, if present, could compromise the MR-based AC as discussed in section 6.

Anaesthesia was initiated with propofol and maintained with 2.0–2.5% isofluorane. After
anaesthesia and subsequent intubation, artificial ventilation was conducted with a Veterinary
ADS 1000 system (Engler Engineering Co., FL, USA).

To facilitate registration of the MR to PET/CT or SPECT/CT images, the canines were
immobilized on a rigid board for the duration of the experiment. The field of view (FoV) was
from the neck to the lower abdomen for all modalities.

2.2. Phantom

In addition to the animal data, imaging of an anthropomorphic torso phantom (model
ECT/TOR/P) with a cardiac insert (model ECT/CAR/I) produced by Data Spectrum Co.
(NC, USA) was carried out. This phantom simulates several anatomical structures including
the lungs, heart, liver and spine. Further, it accurately simulates the attenuating properties of
the human body. When imaged with MR, the phantom approximates the signals generated
by tissues in vivo, but certain effects are not reproduced (e.g. very short T2* in the lungs owing
to magnetic susceptibility).

Imaging was done with PET/CT, SPECT/CT and MRI using the same protocol
as the canine experiments, although the radioisotopes were not bound to biologically
active molecules. The concentration of radioactivity was varied according to anatomical
compartment in a ratio of 1:3:12:12 for the lungs, soft tissue, heart and liver respectively. A
total of 400 MBq 99mTc was used for the SPECT/CT and 800 MBq 18F for the PET/CT.

2.3. PET/CT

The PET/CT imaging was conducted on a Discovery VCT system (GE Healthcare). For the
canine studies, 18F-fluorodeoxyglucose (FDG) was selected as the radiotracer. Following an
8 h fast and an intervenous (IV) glucose infusion to promote cardiac uptake, approximately
250 MBq of FDG was administered. One hour was allotted for uptake to occur. During
the 3D PET acquisition, coincidence rates were generally around 400 kcps prior to applying
any corrections. Each table position was maintained for 5 min. The PET reconstruction
was performed using ordered subset expectation maximization (OSEM) with three iterations
and eight groups. The reconstructed volumes’ in-plane resolution was 5.47 mm × 5.47 mm
(matrix size 128 × 128) with a slice thickness of 3.27 mm.

The CT acquisition was collected on exhalation with a kVp of 140 and mAs of 30. The
in-plane resolution was 1.37 mm × 1.37 mm (matrix size 512 × 512) with a slice thickness
of 3.75 mm.

2.4. SPECT/CT

The SPECT/CT imaging was conducted on a Symbia T6 system (Siemens Medical). For the
canine studies, 99mTc sestamibi (MIBI) was selected as the radiotracer. Following an 8 h fast,
approximately 300 MBq of MIBI was administered. Three hours were allotted for uptake to
occur. The time per SPECT projection was 30 s and a total of 180 projections were collected.
The SPECT reconstruction was performed in the same manner as the PET reconstruction,
i.e. OSEM with three iterations and eight groups. The reconstructed volume had an isotropic
resolution of 4.8 mm (in-plane matrix size 128 × 128).

The CT acquisition was collected on exhalation with a kVp of 130 and mAs of 20. The
in-plane resolution was 0.98 mm × 0.98 mm with a slice thickness of 5 mm.
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Table 1. μ-coefficients assigned to materials by MR-based AC algorithm.

Attenuation coefficient (cm−1)

Energy (keV) Air Lung Soft tissue

140 0 0.031 0.149
511 0 0.026 0.096

2.5. MR

The MR imaging was conducted on a Verio 3 Tesla system (Siemens Medical). Data collection
was carried out using a RARE pulse sequence (TE = 13 ms, TR = 1910 ms) with end-expiration
respiratory gating for the canine experiments via a respiratory bellows. RF transmission was
through the whole-body coil, while both the spine array and body matrix coils were used for
reception. The MR images had an in-plane resolution of 3.13 mm × 3.13 mm with a slice
thickness of 5 mm. The FoV was 400 mm in each dimension (matrix size 128 × 128 × 80).
The flip angle was 150◦, the bandwidth per pixel was 130 Hz and averages = 1. Total imaging
time was approximately 5 min.

3. Image processing

3.1. μ-map generation

3.1.1. CT-based. The CT images from both PET/CT and SPECT/CT were resampled to
match the voxel size of the PET and SPECT reconstructions, respectively. The voxel intensities
were subsequently converted from Hounsfield units to attenuation coefficients (μ-coefficients)
via a bilinear scaling approach (Brown et al 2008, Burger et al 2002). The CT associated with
the SPECT scan was mapped to μ-coefficients at 140 keV, while the CT associated with the
PET scan was mapped to μ-coefficients at 511 keV. The slopes and y-intercept used in the
mappings were calibrated specifically for each scanner.

3.1.2. MR-based. A simple MR-based AC method designed to produce similar μ-maps
as multiple approaches described in the literature (Schulz et al 2010, Steinberg et al
2010, Martinez-Möller et al 2009) was developed and implemented in Matlab v7.4.0 (The
MathWorks, MA, USA). This algorithm was used for both phantom and animal experiments,
which was only possible because the phantom was anthropomorphic. The algorithm was based
on image segmentation, and in particular, classified each voxel in the MR image as either
air, lung or soft tissue. Subsequently, each material was assigned a constant μ-coefficient
(table 1).

Image segmentation commenced by separating foreground from background air using
a single, empirically derived threshold. ‘Holes’ in the foreground mask (e.g. from air in
the lungs falling below the threshold) were automatically filled in. All voxels outside the
foreground mask were classified as air. The MR image then was normalized by setting the
mean foreground signal intensity of each axial slice to 1.

The lungs were identified using a level set algorithm implemented in ITK-SNAP
(Yushkevich et al 2006). The seed voxels used to initiate the level set were automatically
extracted in Matlab. In particular, regions of low signal intensity within the subject were
identified by applying a second empirically derived threshold to MR voxels within the
foreground mask. Low-signal regions residing outside the lungs were excluded using
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connected-component analysis. Specifically, only the largest 3D, 26-connected region was
retained for use as seed voxels for the level set.

To complete the lung segmentation, the MR image and lung seed voxels were exported
to ITK-SNAP. The MR image was preprocessed using an intensity region filter that mapped
low-signal regions to a value of 1 and high-signal regions to a value of 0 with a sigmoidal
transition centred at 0.6. Following pre-processing, the sparse field level set algorithm was
initiated. The propagation and curvature terms were set to 1 and 0.2, respectively. The level
set was run until convergence was achieved, and the resulting lung segmentation was imported
back into Matlab.

The last step in the segmentation was soft tissue identification. All voxels contained in
the foreground mask that had not been designated as lung were deemed to be soft tissue.

Finally, the MR-based μ-map (MR μ-map) was registered to the CT-based μ-map (CT μ-
map). The registration procedure is described in section 3.2. Once the μ-maps were aligned,
the patient bed present in the CT μ-map was added to the MR μ-map.

3.2. Registration

Although the purpose of the image registration was to align the MR μ-map with the CT
μ-map, the spatial transform relating the two was obtained by registering the original MR image
to the CT μ-map. This prevented the registration algorithm from inadvertently ‘correcting’
segmentation errors in the MR μ-map by forcing poorly segmented regions into alignment
with the silver standard.

The registration algorithm was implemented using the Insight Segmentation and
Registration Toolkit (ITK) (Ibanez et al 2005), an open source software available at
www.itk.org. Since the registration was intermodality in nature, Mattes mutual information
(Mattes et al 2003) was selected as the similarity measure. For the phantom, a rigid
transformation model was used. However, for the canine studies, the transformation model
was hierarchical, evolving sequentially from rigid to affine to non-rigid. The non-rigid
transformation model was originally described by Rueckert et al (1999). Each transform
model was iteratively optimized using a gradient descent scheme prior to evolution to the
next model. The final deformation field was applied to the MR μ-map, and the registration’s
fidelity was assessed visually.

4. Assessment of MR-based AC quality

4.1. Error analysis

4.1.1. Global. The SPECT and PET projections were reconstructed twice, once with the
silver standard CT μ-map, and once with the derived MR μ-map. These nuclear medicine
images will be denoted SPECTCT, SPECTMR, PETCT and PETMR. This notation is extended
in section 4.2. For reference, reconstructions without any AC were also created and will be
denoted SPECTnone and PETnone.

Global errors in the SPECTMR and PETMR images were assessed in a tissue-specific
fashion. By manually thresholding the CT μ-maps, lung, soft tissue and bone voxels were
extracted. For the phantom and each subject, three voxel-by-voxel scatter plots of approximate
versus true activities were created, one per tissue type. The activities were normalized by
expressing them as a fraction of the maximal tissue and subject-specific true activity. Linear
regression was performed on each scatter plot to obtain a line of best fit (LOBF). Systematic

file:www.itk.org
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(a) (b)

(c) (d)

Figure 1. Sample placement of several VOIs superimposed on CT μ-map (canine S2). Only 11 of
the 14 VOIs are shown. (a) Lungs, humeri and adjacent to humeri. (b) Thoracic spine and adjacent
soft tissue. (c) Myocardium. (d) Liver.

bias of the SPECTMR and PETMR images was reflected in the LOBF’s slope (m) and y-intercept
(b), while precision was reflected in the correlation coefficient (R2).

In the animal experiments, m, b and R2 were compared statistically between the SPECT
and PET scatter plots. In total, nine comparisons were conducted (3 tissue types × 3 LOBF
parameters). The comparisons were conducted using two-tailed, two sample t-tests. The
variances of the samples being compared were not assumed to be equal. The level of
statistical significance was set at α = 0.05, which was adjusted to α = 0.0055 by the
Bonferroni correction for multiple comparisons.

4.1.2. Local. An approach based on volumes of interest (VOIs) was used to analyse errors
localized to particular spatial positions. Five 3D VOIs (3 voxels × 3 voxels × 3 voxels) were
defined for the phantom and fourteen VOIs were defined for each canine using the CT μ-map
to determine position (figure 1). A complete list of the VOIs can be found in tables 4 and
5. The mean activity in each VOI was calculated for each nuclear medicine reconstruction.
The error in each SPECTMR or PETMR VOI was calculated and expressed as a percentage of
the true activity in the corresponding SPECTCT or PETCT VOI. These per cent errors were
compared, one VOI at a time, between the SPECTMR and PETMR images using the same
statistical technique described in section 4.1.1. Since 14 comparisons were made, α = 0.0035
with the Bonferroni correction.
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(a) (b) (c)

Figure 2. Example of an MR μ-map after image registration. The images are derived from canine
S1. (a) Coronal slice through MR image. (b) Corresponding slice through the MR μ-map. (c)
Corresponding slice through the silver standard CT μ-map.

4.2. Sensitivity analysis

Since multiple MR-based AC methods are available, each yielding different MR μ-maps,
it is valuable to ascertain the sensitivity of SPECTMR and PETMR reconstructions to slight
variations in the MR μ-maps used to create them. To this end, four variants of the original
canine MR μ-maps were created (the phantom was not included in this portion of the analysis).
This was done by enlarging (dilating) or shrinking (eroding) the lungs or outer body surface via
morphological operations. The erosion/dilation structuring element was composed of a centre
voxel with a single voxel extending from each face. Five SPECTMR or PETMR images were
generated per subject, one for the original MR μ-map and one for each of the four derivative
MR μ-maps. To refer to the reconstructions made by particular variants of the MR μ-map, the
SPECTMR/PETMR notation is extended by allowing the MR subscript to have the following
secondary subscripts: MR0, MRdl, MRel, MRdb, and MReb representing the original, dilated
lung, eroded lung, dilated body and eroded body MR μ-maps, respectively.

Error images expressed as a percentage of true activity were derived from each
reconstruction. The standard deviation of the errors was computed voxel by voxel as a
metric of sensitivity to variations in the MR μ-map. This metric was averaged over three
tissue types (lung, soft tissue and bone) for each subject. The tissue-specific mean standard
deviations of the error were compared between the SPECTMR and PETMR reconstructions
using the statistical technique described in section 4.1.1. One comparison was made for each
tissue type, so α = 0.016 with the Bonferroni correction.

5. Results

The MR-based AC algorithm was applied to the phantom and animal MR images, and the
resulting MR μ-maps were registered to the corresponding CT μ-maps. Visual inspection of
each registered MR μ-map confirmed the absence of major segmentation or registration errors
that could interfere with subsequent analysis. A typical canine MR image, MR μ-map and
CT μ-map are shown in figure 2.

Each μ-map was applied to projection data which was then processed by the OSEM
reconstruction algorithm to yield a nuclear medicine image. Examples (drawn from the canine
experiments) of each class of reconstruction (SPECTCT, SPECTMR0 , PETCT and PETMR0 ) are
presented in figure 3, as are reconstructions without AC for comparison (SPECTnone and
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j)

Figure 3. Comparison of SPECT and PET reconstructions. The data presented are typical. The
top row corresponds to SPECT (canine S4) and the middle row to PET (canine P1). The slices are
axial and pass through the heart, which is the source of the high-activity regions. Profiles through
the reconstructions are presented in the bottom row. (a) CT μ-map corresponding to slices in the
top row. The red line indicates the position of the profiles in (i). (b) SPECTnone. (c) SPECTCT. (d)
SPECTMR0 . (e) CT μ-map corresponding to the slices in the middle row. The red line indicates
the position of the profiles in (j). (f) PETnone. (g) PETCT. (h) PETMR0 . (i) Profiles through the
SPECT reconstructions. (j) Profiles through the PET reconstructions. For both (i) and (j), the solid
line is through the reconstruction with CT-based AC, the dashed line is through the reconstruction
with MR-based AC and the dotted line is through the reconstruction without AC.

PETnone). For a more quantitative perspective, profiles through the images are also provided.
SPECTCT and PETCT reconstructions of the phantom are provided in figure 4.

The global error analysis was based on scatter plots and properties of their LOBFs.
Representative scatter plots are displayed in figure 5, one for SPECT and one for PET. Both
are specific to voxels in soft tissue.

The results of the global analysis are tabulated in tables 2 and 3 for the animal and
phantom experiments, respectively. In the animal experiments, R2 was significantly higher for
SPECT than PET in both lung and soft tissue. The trend was similar in bone but did not reach
statistical significance (p = 0.03). For both modalities, m tended to be less than its ideal value
of 1, excepting soft tissue in SPECT. However, there was a trend for m to be closer to 1 in
SPECT than PET for each tissue type, with p < 0.025 in all cases. Finally, b was generally
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(a) (b)

Figure 4. Coronal slices of (a) SPECTCT and (b) PETCT phantom reconstructions. The lungs,
liver and heart are all visible amongst the background soft tissue.

(a) (b)

Figure 5. Scatter plots comparing the ‘true’ activities in soft tissue voxels to those obtained
with MR-based AC. Each scatter plot comes from a single canine. All the activities have been
normalized by expressing them as a fraction of the maximal tissue and subject specific true activity.
Note that although the normalized activities can assume any value between 0 and 1, the plots focus
on regions where most of the data reside, although insets showing the complete datasets are
provided in the top-left corner of each plot. In particular, the axes of the SPECT plot run from 0
to 0.05, while the axes of the PET plot run from 0 to 0.3, the discrepancy owing to the different
uptake characteristics of MIBI and FDG. The LOBF is superimposed on each scatter plot. (a) Soft
tissue scatter plot for a SPECT reconstruction (canine S3). The equation of the LOBF (calculated
using all the data, not just that in the truncated plots) is y = 1.02x − 1 × 10−4 with R2 = 0.998.
(b) Soft tissue scatter plot for a PET reconstruction (canine P2). The equation of the LOBF is
y = 0.92x + 5 × 10−3 with R2 = 0.985.

very close to 0, except for lung tissue in PET. The results in the phantom were similar, with
the exception that PET demonstrated a notably higher R2 in bone than did SPECT.

To inspect errors on a smaller scale and within particular structures, a local error analysis
based on VOIs was conducted. The results are presented in tables 4 and 5 for the canines and
phantom, respectively. In the animal experiments, only one comparison reached statistical
significance. However, the mean magnitude of the error was less for SPECT than PET in 12
of the 14 VOIs. The errors were generally acceptable in soft tissue structures, sometimes even
if the VOI was adjacent to bone. Large errors were observed in VOIs within bony anatomy.
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Table 2. Results from global error analysis. The (dimensionless) LOBF metrics averaged across
all canines are displayed for both SPECT (n = 4) and PET (n = 4) for three tissue types. Mean
values are presented ± standard deviation. Statistically significant differences between SPECT
and PET are bolded. p-values are provided.

Mean ± SD

Tissue Metric SPECT PET p

Lung R2 0.90 ± 0.10 0.21 ± 0.19 0.0019
Lung m 0.90 ± 0.09 0.30 ± 0.23 0.0094
Lung b 0.01 ± 0.01 0.15 ± 0.09 0.0577
Soft tissue R2 0.998 ± 0.001 0.979 ± 0.005 0.0043
Soft tissue m 1.01 ± 0.04 0.93 ± 0.03 0.025
Soft tissue b −5 × 10−5 ± 8 × 10−5 0.008 ± 0.004 0.032
Bone R2 0.96 ± 0.02 0.87 ± 0.05 0.030
Bone m 0.91 ± 0.01 0.83 ± 0.04 0.021
Bone b −0.004 ± 0.002 −0.03 ± 0.03 0.17

Table 3. Results from global error analysis on phantom. The (dimensionless) LOBF metrics are
displayed for both SPECT and PET for three tissue types.

Tissue Metric SPECT PET

Lung R2 0.917 0.840
Lung m 1.114 1.027
Lung b −0.027 0.032
Soft tissue R2 0.999 0.995
Soft tissue m 0.998 0.959
Soft tissue b −0.001 0.003
Bone R2 0.751 0.915
Bone m 0.751 0.726
Bone b −0.122 −0.068

Surprisingly, even more severe errors were observed in the lung VOIs, especially in PET.
Similarly, the errors in the phantom were least severe in the soft tissue, worse in the lungs
and most severe in bone. The absolute values of the errors in SPECT were smaller than those
in PET in three VOIs, approximately the same in one (the myocardium), and larger in the
remaining VOI (the spine).

To assess the sensitivity of reconstructions to variations in the MR μ-map, multiple
reconstructions were generated using the original canine MR μ-map and four derivatives.
Referring to figure 6, one can see both how the MR μ-map was modified and how the PET
reconstructions were influenced as a result. Figure 7 is analogous but presents data from a
SPECT scan. The reconstructed activity at a voxel is linearly related to its error, and thus
figures 6(d) and (e) provide some insight into the origin of the metric used in the sensitivity
analysis. In particular, a pronounced dependence of activity on the MR μ-map implies the
same of the error, and consequently a high standard deviation of the error taken across all five
reconstructions.

The results of the sensitivity analysis, broken down by tissue type, are presented in
figure 8. In both lung and soft tissue, PET was more sensitive to changes in the MR μ-map
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Table 4. Results from local error analysis. The mean percent errors in fourteen VOIs are presented
± standard deviation for both SPECT and PET images. Statistically significant differences between
SPECT and PET are bolded. p-values are provided.

Mean error ± SD (%)

VOI SPECT PET p

Left lung −5.1 ± 17.5 −25.7 ± 11.6 0.10
Right lung −8.9 ± 14.3 −45.2 ± 25.7 0.060
Rostral liver 0.1 ± 9.6 −6.8 ± 1.5 0.25
Caudal liver −3.2 ± 2.6 −5.6 ± 0.9 0.17
Medial left ventricle −3.6 ± 5.3 −4.1 ± 1.4 0.88
Lateral left ventricle 2.6 ± 4.2 −10.6 ± 11.4 0.099
Thoracic vertebra −8.9 ± 2.6 −16.9 ± 6.0 0.069
Lumbar vertebra −28.3 ± 7.6 −23.4 ± 5.8 0.35
Left humerus −9.2 ± 1.9 −14.5 ± 5.8 0.17
Right humerus −13.4 ± 1.6 −19.6 ± 6.0 0.13
Near thoracic vertebra −5.7 ± 1.5 −10.7 ± 1.1 0.0022
Near lumbar vertebra −21.8 ± 7.0 −13.8 ± 7.3 0.16
Near left humerus −4.3 ± 5.4 −8.0 ± 2.5 0.28
Near right humerus −4.3 ± 0.9 −5.0 ± 2.4 0.063

Table 5. Results from local error analysis on phantom. The percent errors in five VOIs are
presented for both SPECT and PET images.

VOI SPECT PET

Left lung 12.8 17.0
Right lung 5.3 10.4
Liver −0.1 −3.6
Myocardium 1.7 −1.4
Spine −51.8 −44.4

than was SPECT. For both modalities, the lung was the most sensitive tissue, while bone was
the least.

6. Discussion

The goal of this study was to compare the fidelity of MR-based AC in SPECT versus PET. The
issue was investigated using a three part analysis identifying global quality, local quality and a
sensitivity to MR μ-map variations. Each component of the analysis points towards the same
conclusion: SPECTMR approximates SPECTCT better than PETMR approximates PETCT.

A suggestion of SPECTMR’s superiority over PETMR can be readily observed in figure 3.
Visually, it is difficult to identify any differences between the SPECTMR0 and SPECTCT

images. In contrast, although the PETMR0 image does closely resemble its PETCT counterpart,
some discrepancies are obvious. Notably, PETMR0 exhibits reduced activity in parts of the
lungs and both humeri. Further, deviations are present in soft tissue. These are made most
apparent by examining the profiles through the PET reconstructions from −120 to −40 mm
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(a) (b) (c)

(d) (e)

Figure 6. Example of the variations induced in a PET reconstruction (canine P3) by alterations
in the MR μ-map. (a) and (b) Visual depictions of how the MR μ-map was modified. Either
the lung (a) or the body contour (b) segmentation was altered. The colours indicate the border
of the structure when it was eroded (yellow), left unchanged (green) or dilated (blue). The PET
reconstruction corresponding to the unchanged MR μ-map is presented in (c). Profiles were taken
through the blue line. (d) Profiles from reconstructions produced by altering the lungs (i.e. PETMRel

and PETMRdl , with PETMR0 for reference). (e) Profiles from reconstructions produced by altering
the body contour (i.e. PETMReb and PETMRdb , with PETMR0 for reference).

(a) (b) (c)

Figure 7. Example of the variations induced in a SPECT reconstruction (canine S1) by alterations
in the MR μ-map. The SPECT reconstruction corresponding to the unchanged MR μ-map is
presented in (a). Profiles were taken through the blue line. (b) Profiles from reconstructions
produced by altering the lungs (i.e. SPECTMRel and SPECTMRdl , with SPECTMR0 for reference).
(c) Profiles from reconstructions produced by altering the body contour (i.e. SPECTMReb and
SPECTMRdb , with SPECTMR0 for reference).
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Figure 8. Results of the sensitivity analysis broken down by tissue type. The dark bars correspond
to SPECT and the white bars to PET. The asterisks denote statistically significant differences. The
error bars represent the standard deviation of the sample.

and from 60 to 75 mm. In both regions, PETMR0 overestimates the true activity. In comparison,
the profile through the SPECTMR0 image is a near-perfect match with SPECTCT.

Another comparison of SPECTMR and PETMR’s performance in soft tissue is presented
in figure 5. These are scatter plots of estimated versus true activity in every soft tissue voxel,
a more comprehensive point of view than profiles, but still limited to individual canines. The
main point to note is that the spread of points about the LOBF in PET is much wider than in
SPECT. This implies that given a particular true activity at a voxel, PETMR is less able to make
a consistent estimate (good or bad) of the truth than SPECTMR. In other words, SPECTMR has
greater precision than PETMR. This trait was quantified by computing R2 of the LOBF.

Tables 2 and 3 summarize the findings of the global analysis. With respect to R2, it was
confirmed that SPECTMR is more precise than PETMR within lung and soft tissue. The same
trend appeared within bone in the animal experiments but was reversed in the phantom. In the
canine studies, the correlation coefficient computed for soft tissue in PET (R2 = 0.979±0.005)
agrees closely with values reported by other groups that validated MR-based AC algorithms
for PET images of the whole body (R2 = 0.985 ± 0.006) (Schulz et al 2010) and brain
(R2 = 0.968 ± 0.011) (Hofmann et al 2008). However, the results reported here are the first
time that R2 has been computed within different tissue types as opposed to over the entire
image.

In both the animal and phantom experiments, precision is better in soft tissue than in
bone or lung. One aspect of the explanation relates to the variation of μ-coefficients within
each tissue type. Although soft tissue does exhibit some variability, it is not as pronounced
as the other two tissues. For instance, not only do the attenuating properties of bone depend
on whether the bone is cortical or cancellous, but on the subject as there are large differences
in bone density between individuals (Lunt et al 1997). The situation is equally complicated
in the lungs because in addition to wide inter-subject variability, the observed μ-coefficient
is a function of inflation and dependence (Verschakelen et al 1993). Further, the presence
of pathology affecting the bones or lungs can cause each tissue’s μ-coefficient distribution
to deviate significantly from healthy population norms. MR-based AC would benefit greatly
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from a means to measure patient-specific μ-coefficients. A potential approach to this end is to
utilize ultrashort-echo-time (UTE) pulse sequences. UTE sequences have already been used
to aid in bone segmentation for MR-based AC (Catana et al 2010, Keereman et al 2010), and
have shown promise inferring the density of both bone (Wehrli et al 2002, Reichert et al 2005)
and lung (Togao et al 2010) tissue. However, if UTE (which can take well over 10 min) is to
be used in addition to conventional sequences, imaging time for AC is lengthened which is
undesirable from a clinical standpoint.

Admittedly, physiological variation within the μ-coefficient distribution cannot
adequately explain why R2 was reduced in the phantom’s simulated bone, which is a
homogenous material. Of importance, there was no true activity in the simulated bone,
so activity localized to this region was due to scatter and the partial volume effect. It is
therefore likely that the reduced R2 is related to these phenomena rather than AC. Indeed,
the simulated spine having a relatively small diameter is susceptible to partial voluming and
presents challenges for scatter correction which struggles at high spatial frequencies.

The other two metrics in the global analysis, m and b, measured systematic bias of the
MR-based reconstructions. Generally, b was approximately nil, indicating that the activity in
SPECTMR/PETMR reconstructions was not over- or underestimated by an additive constant.
With regards to m, the ideal value is 1, and deviations from this value imply a consistent
over- or underestimation of true activity by a constant multiplicative factor. In all cases save
one, m was closer to 1 in SPECTMR than PETMR, indicating SPECTMR has less systematic
error. Although the results were not statistically significant, the trend was strong with
p < 0.025 for each comparison. Generally m < 1, suggesting that activity was systematically
underestimated. One contributor to this bias is that bone was neglected in the MR μ-maps,
leading to underestimated activity both within and in proximity to bony anatomy (table 4).
Similar findings have been reported by several groups (Schulz et al 2010, Steinberg et al 2010,
Martinez-Möller et al 2009).

Another factor leading to systematic underestimates of activity was a mismatch between
the predefined μ-coefficient assigned to lung parenchyma (table 1) and the actual mean lung
μ-coefficient of the canines in the experiment. The numbers used in this work were taken from
the published values (Brown et al 2008, Hubbell 1969), but as previously mentioned, there is
a great deal of variation of μ-coefficients in lungs. The 511 keV μ-coefficients assigned to
lung tissue in other MR-based AC algorithms are diverse, including 0.018 cm−1 (Martinez-
Möller et al 2009), 0.024 cm−1 (Schulz et al 2010) and 0.03 cm−1 (Steinberg et al 2010).
The choice of optimal μ-coefficients for segmented MR μ-maps is non-trivial, depending on
the population under investigation and the efficacy of scatter correction (narrow-beam versus
broad-beam geometry). This will remain an important issue in MR-based AC and warrants
further study.

The primary result from the local analysis was that the magnitude of the observed errors
was smaller in SPECTMR than in PETMR for twelve of the fourteen canine VOIs and three of
the five phantom VOIs. Admittedly, only one comparison between the canine groups reached
statistical significance. This is best understood by recognizing that distribution of errors at a
single VOI across several canines can be quite wide, owing to differences in local MR μ-map
quality. Likely, the statistical power required to reach significance when comparing these
broad distributions was not met with four canines in each group. Nevertheless, the pattern
remains clear.

The final component of the analysis was the assessment of the sensitivity of
SPECTMR/PETMR reconstructions to variations in the MR μ-map. As exhibited in
figure 8, PETMR was more sensitive than was SPECTMR within lung and soft tissue, although
no difference was seen in bone. When combined with the findings of the global and local
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analyses, this result indicates that not only is SPECTMR more quantitatively accurate than
PETMR, the accuracy is less dependent on the characteristics of the MR μ-map itself.

The sensitivity metric (plotted on the y-axis of figure 8) has an interesting interpretation:
increasing or decreasing the segmented size of the lungs or body by one voxel will change the
estimated activity, on average, by the value of the sensitivity metric. With this in mind, the
results of the sensitivity analysis signify the importance of accurate segmentation in this class
of MR μ-map. Further, they provide some insight into the magnitude of quantification errors
due to misregistration of the CT μ-map and MR μ-map since misregistration makes it appear
that the MR μ-map was segmented erroneously.

With all three components of the analysis indicating that MR-based AC is more reliable in
SPECT than in PET, it is natural to seek an explanation. Indeed, the result is counterintuitive
in that the mechanics of AC in SPECT are more complicated than in PET; the former generally
relies on iterative algorithms with embedded AC, while the latter reduces to pixel-by-pixel
multiplication of two sinograms prior to reconstruction. That said, AC relies on entities called
AC factors derived from line integrals through the μ-map. In SPECT, since one photon is
emitted per radioactive decay, the line integrals traverse from the decay site to the site of
detection. In PET, each decay produces a positron which subsequently annihilates, generating
a pair of photons emitted at 180◦ to one another. As both photons must be detected to register
the decay event, the line integrals pass between the two detectors involved. In short, the line
integrals in SPECT are shorter than those in PET, and thus tend to generate smaller AC factors.
However, SPECT is typically done at lower photon energies than PET, and therefore its μ-maps
are comprised of higher μ-coefficients, tending to generate larger AC factors. Of these two
phenomena, the line integral length generally has more influence, and consequently SPECT
has lower AC factors than PET. (As an illustration, in the profiles presented in figure 3, note
that there is a larger difference between PETnone and PETCT than SPECTnone and SPECTCT.)
Consequently, differences between the MR μ-map and CT μ-map are not magnified in SPECT
to the extent that they are in PET. Thus, MR-based AC is more forgiving in SPECT than in
PET.

This study contains some inherent limitations. For instance, there are several varieties
of MR-based AC algorithms, of which only one is investigated. Although it is plausible
that the results of this experiment hold for related algorithms, this may not be so for other
techniques. Further, the segmentation used to generate MR-based μ-maps was rather simple,
only comprising three tissue types; notably, bone was excluded. However, to the best of our
knowledge, no group has successfully implemented a whole-body MR-based AC algorithm
accounting for bone, and such an endeavour is beyond the scope of this paper.

Another limitation is that due to practical considerations (excessive length of anaesthesia
and concurrent use of two radiotracers thereby interfering with photon detection), different
cohorts of canines were used for SPECT and PET imaging. Imaging the same animals with
both modalities would remove a source of variation in the data and potentially improve the
statistical power of the study. Such an experimental design would be useful to pursue in future
work.

Finally, due to cardiac and respiratory motion, there was a fundamental mismatch between
both the CT- and MR-based μ-maps and the emission data. The μ-maps were acquired at
expiration, whereas the emission data were ungated. The emission data and corresponding
reconstructions were therefore blurred over the respiratory cycle, a phenomenon that was not
reflected in the μ-maps which are more akin to snapshots in time. However, as this effect was
present for both nuclear imaging modalities, it is unlikely that it would significantly alter the
conclusions described in this work.
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In summary, we have demonstrated that MR-based AC in SPECT performs better than
PET. Specifically, it is more precise, more accurate and less sensitive to the particulars of the
MR μ-map. The implication is that if an MR-based AC algorithm has been adequately
validated for application to PET, not only can it be appropriately applied to SPECT,
quantification can be expected to improve.
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