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Abstract 

Background: Attenuation correction is crucial in quantitative positron emission tomography-magnetic resonance 
(PET-MRI) imaging. We evaluated three methods to improve the segmentation and modelling of the attenuation coef-
ficients in the nasal sinus region. Two methods (cuboid and template method) included a MRI-CT conversion model 
for assigning the attenuation coefficients in the nasal sinus region, whereas one used fixed attenuation coefficient 
assignment (bulk method).

Methods: The study population consisted of data of 10 subjects which had undergone PET-CT and PET-MRI. PET 
images were reconstructed with and without time-of-flight (TOF) using CT-based attenuation correction (CTAC) as 
reference. Comparison was done visually, using DICE coefficients, correlation, analyzing attenuation coefficients, and 
quantitative analysis of PET and bias atlas images.

Results: The median DICE coefficients were 0.824, 0.853, 0.849 for the bulk, cuboid and template method, respec-
tively. The median attenuation coefficients were 0.0841  cm−1, 0.0876  cm−1, 0.0861  cm−1 and 0.0852  cm−1, for CTAC, 
bulk, cuboid and template method, respectively. The cuboid and template methods showed error of less than 2.5% in 
attenuation coefficients. An increased correlation to CTAC was shown with the cuboid and template methods. In the 
regional analysis, improvement in at least 49% and 80% of VOI was seen with non-TOF and TOF imaging. All methods 
showed errors less than 2.5% in non-TOF and less than 2% in TOF reconstructions.

Conclusions: We evaluated two proof-of-concept methods for improving quantitative accuracy in PET/MRI imaging 
and showed that bias can be further reduced by inclusion of TOF. Largest improvements were seen in the regions of 
olfactory bulb, Heschl’s gyri, lingual gyrus and cerebellar vermis. However, the overall effect of inclusion of the sinus 
region as separate class in MRAC to PET quantification in the brain was considered modest.
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Background
Attenuation correction (AC) of the bone is of paramount 
importance for the quantitative accuracy of positron 
emission tomography (PET), especially in the brain. 
Transmission-based attenuation correction (TXAC) with 
a rotating 68Ge rod source can be considered as a “gold 
standard” method for attenuation correction, allowing to 
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measure the attenuation coefficients directly. Whereas, 
computed tomography (CT)-based attenuation correc-
tion (CTAC) could be considered as a “silver standard” 
[1], where bilinear scaling method of CT Hounsfield 
Units (HU) to attenuation correction factors is used to 
derive an attenuation map (µ-map).

Contrary to TXAC or CTAC, magnetic resonance 
based attenuation correction (MRAC) does not allow a 
direct measurement of electron density information. This 
is because magnetic resonance (MR) images represent 
the tissue proton densities and tissue relaxation values, 
which cannot be directly translated to electron density 
information. For accurate attenuation correction on PET-
MRI systems, several methods have been introduced, 
where the advanced methods have achieved an accuracy 
of ± 5% in quantitative accuracy of PET when compared 
to CTAC [2]. These methods can be roughly divided into 
atlas-based, emission-based and segmentation-based 
methods. These methodologies and the physical basis 
of attenuation correction have been discussed in review 
articles [3–6].

To shortly summarize the main methods for MRAC, 
atlas and template-based methods allow to calculate a 
pseudo-CT, or a synthetic-CT image, which can be cre-
ated by, for example, co-registering a single CT or a 
database of CT images to the individual anatomy of a 
subject presented by the MR image [7–9]. Recently, sev-
eral methods based on machine learning have also been 
introduced [10]. Emission-based methods use raw PET 
data to mathematically reconstruct the attenuation sino-
gram for MRAC [4, 11–13]. Furthermore, on time-of-
flight (TOF) compatible PET-MRI systems, incorporating 
TOF data in the image reconstruction might bring fur-
ther increases in quantitative accuracy [14, 15].

In addition to these approaches, the MR images can 
be segmented into different tissue classes. When using 
conventional T1/T2-weighted MRI sequences, the accu-
rate delineation of bone becomes challenging, as bone 
has a similar T2* relaxation time as air. However, with 
advanced segmentation methods, such as probabilistic 
atlas-based segmentation [16], bone can be segmented 
also with conventional MRI sequences. In addition, ultra-
short echo time (UTE) sequences and zero echo time 
(ZTE) sequences allow to visualize and segment bone 
directly from MR images [17, 18]. Advanced segmen-
tation-based methods have shown very good accuracy 
when compared to emission- and atlas-based meth-
ods [2]. However, there are a few remaining challenges 
in segmentation-based MRAC, which still need to be 
addressed.

One of the remaining challenges is to accurately seg-
ment and assign attenuation coefficients to regions such 
as the nasal sinuses, which contain a mixture of bone, 

air and soft tissue [19]. Manual contouring of the nasal 
sinus region has been suggested [20, 21], but preferably, 
the subject-specific mixtures of different tissues should 
be accounted on an individual basis in an automated way. 
Previously, regional masks and templates have been sug-
gested to improve the segmentation accuracy in these 
regions [22–24]. In addition, inclusion of TOF in image 
reconstruction may further reduce inaccuracies in these 
regions [14]. Thus, it is important to study alternative 
approaches to accurately delineate and to implement 
methods to accurately estimate the attenuation coef-
ficients in this region. Furthermore, the accuracy of the 
methodology should be investigated with and without 
TOF.

For the basis of evaluation in this paper, we used a 
segmentation-based MRAC method based on Statistical 
Parametric Mapping software (SPM8) introduced in [25, 
26]. The method was modified to use the segmentation 
engine in SPM12 and included three different methods 
for tissue delineation in the sinus region. Two new meth-
ods were developed to provide a proof of concept for 
accounting the subject-specific variation of the attenu-
ation coefficients in the sinus region. The method accu-
racy across the brain were evaluated with and without 
TOF reconstruction, in regard to the activity recovery in 
PET.

Materials and methods
Clinical subject data
The data consisted of 10 subjects (three males, seven 
females), suspected of memory disorders, which had 
undergone a PET-CT and PET-MRI scan, were used in 
this retrospective study. The subjects had undergone 
both PET-CT and PET-MRI during the same imaging 
session (seven subjects) or PET-CT and PET-MRI per-
formed on separate days (9 days, 6 months 19 days and 
7 months 3 days apart). The mean and standard deviation 
of subject age, weight, and injected dose of  [18F]-FDG 
were: 53 ± 14  years, 73 ± 19  kg, and 277 ± 47  MBq. The 
mean ± standard deviations of the scan start times were 
80 ± 20 min after the injection for the group which had 
undergone imaging during subsequent sessions. All PET-
CT and PET-MRI acquisitions were performed using the 
standard protocol for neurological imaging.

The study was conducted as a retrospective registry 
study at Turku PET Centre (study number: T7/2021). 
The need to acquire an active informed consent from 
the individuals included in the study was waived and 
the study protocol was approved by Turku University 
Hospital Research Board and the legislative team. The 
requirements for ethical review in Finland are stipu-
lated primarily in the Medical Research Act (488/1999, 
as amended) and the Act of the Medical Use of Human 



Page 3 of 14Lindén et al. BMC Medical Imaging           (2022) 22:48  

Organs, Tissues and Cells (101/2001 as amended). Ethical 
review is statutorily required for interventional medical 
research and some circumstances for studies on human 
organs, tissues or cells. According to Finnish legisla-
tion, no ethical assessment or approval by an independ-
ent review board is mandatory for registry studies. The 
study was conducted in accordance with the Declaration 
of Helsinki.

PET‑MRI system
The MRI and PET acquisitions were performed sequen-
tially with the Philips Ingenuity TF PET-MRI (Philips 
Healthcare, Cleveland, OH, USA). Ingenuity TF is a com-
bination of a PET subsystem (Gemini TF with TOF capa-
bilities) and an MRI system (Achieva 3 T X-series). The 
PET system has 4 mm × 4 mm × 22 mm lutetium oxyor-
thosilicate crystals arranged in 28 detector modules. The 
PET system has a 180 mm axial field of view (FOV) and 
a coincidence window of 6  ns with an energy window 
of 460–665 keV. The maximum gradient strength of the 
MRI system is 40 mT/M and the slew rate is 200 T/m/s. 
The performance of the system is evaluated in more 
detail in [27].

MRI and PET image acquisition
Anatomical MRI (atMR) from the vendor-based MRAC 
acquisition was used to derive all MRI-based μ-maps. 
The atMR is a T1-weighted 3-D fast field echo (FFE) 
sequence with 2  mm isotropic voxel size. The acquisi-
tion parameters were: echo time (TE) of 2.16  ms, FOV 
320 × 320  mm2, flip angle (FA) of 10°, repetition time 
(TR) of 4.18  ms, and an acquisition time of 84  s. The 
geometry correction on the MRI system was applied with 
the option value set as "default”. The SENSE 8-channel 
head coil was used for all PET-MRI imaging. For PET, a 
15-min acquisition was performed in list-mode over one 
bed position covering the head region with transaxial 
acquisition FOV of 256 × 256  mm2.

CT and PET image acquisition
For reference measurement for attenuation correction, 
CTAC data from the PET-CT examination was used. 
The Discovery 690 PET-CT (General Electric Healthcare, 
Milwaukee, WI, USA) was used to perform the CTAC 
acquisitions. The CT system is a LightSpeed volume 
computed tomography with 64 slices. All CTAC maps 
were acquired with a low-dose CT acquisition protocol 
using a tube voltage of 120  kV and 10 mAs with dose 
modulation. The physical performance of the PET system 
can be found in [28].

MR image segmentation and tissue classification
The method in this paper is based on the one described 
in [25, 26, 29]. The method uses tissue probability maps 
from SPM8 to create MR-based attenuation maps. The 
probability maps are segmented from T1-weighted MR 
images by use of the New Segment function in SPM8 
(Wellcome Trust Centre for Neuroimaging, University 
College London, UK).

In this paper, we implemented the following modifi-
cations in the original method. First, the method was 
updated to use the Segment function in SPM12. As 
SPM12 introduces two new parameters for post-pro-
cessing of the tissue probability maps and alters one 
parameter, adjustment of the segmentation settings 
in SPM12 was needed for optimal bone delineation. 
The final parameters used for the Segment function in 
SPM12 were very light (0.0001) for bias regularization 
(2, 2, 2, 3, 4, 2) for number of gaussians, 0 for strength 
of the Markov random field (MRF) cleanup, no cleanup, 
(0, 0.001, 0.5, 0.05, 0.2) for warping regularization and 
0  mm for the smoothness parameter. These parameters 
were then used to segment the T1-weighted MR images 
to grey matter, white matter, cerebrospinal fluid, scalp, 
skull, and air.

Thereafter, separate binary masks for each tissue class 
were created, which were then combined and given dis-
crete attenuation coefficients. The threshold values for 
segmenting tissues were set to: 0.25 for air, 0.50 for soft 
tissue, 0.25 for bone, and 0.5 for brain tissues. The final 
attenuation map consisted of four tissue classes with 
attenuation coefficients of 0.0  cm−1 for air, 0.096  cm−1 for 
soft tissue, 0.985   cm−1 for brain tissue, and 0.151   cm−1 
for bone, as specified in [25, 30]. All of the processing 
is performed in an automated MATLAB 2018b pipe-
line to derive MRI-based μ-maps for PET-MR image 
reconstruction.

Image processing and modelling workflow for the sinus 
cavity
As there is no separate class for the sinus region in the 
Segment function of SPM12, it is mostly classified as 
bone. However, this region is anatomically a mix of air, 
soft tissue and fine bone. To take this challenging region 
into account, we modified the image processing pipeline 
to include three alternative methods for sinus deline-
ation. The first method is called the bulk method and it 
was implemented directly as described in [29].

In short, the bulk method is based on registration of a 
CT template, to create a specific mask in the sinus region 
to assign a fixed attenuation coefficient of 0.100   cm−1 
for that region. The drawback of the method is that it 
needs an additional registration of a CT-based template 
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to delineate the sinuses, assuming that the subject has 
normal anatomy. Another drawback is the use of a bulk 
assignment of an attenuation coefficient.

Two new methods presented in this study are called 
the cuboid method and the template method. The cuboid 
method is based on matching a cuboid-shaped mask to 
the individual anatomy of the subject. In the template 
method, the cuboid is inverse transformed from a tem-
plate in Montreal Neurological Institute (MNI) space to 
subject anatomy by using the vector fields from SPM12 
Segment function. Finally, the voxels within the cuboids 
are converted into air and soft tissue using a MRI-CT 
conversion model. The processing pipelines are described 
in detail below.

Processing pipeline for the cuboid method
First, an initial binary mask of the air inside the sinus cav-
ity is created by intersection of air and soft tissue masks. 
The initial mask includes the throat, large air cavities in 
the sinus, and voxels that do not match with anatomi-
cal locations of air cavities. To delineate the air cavities 
only, the mask was summed across all slices, and the slice 
sums were made into a line plot. An initial search for the 
largest air cavities was performed using the largest local 
maximum preceding the largest drop in the inside air 
as a criteria for finding the optimal slice. Air cavities in 
this slice were then chosen by a center of mass method. 
Thereafter, a region-growing algorithm was applied to 
delineate all air cavities. The entire air cavity segmenta-
tion process is described in detail in Appendix A. After 
air delineation, a cuboid is fitted to the resulting mask to 
delineate the region applied for the conversion model.

To get an anatomically fitting cuboid, a set of cuboids 
are fitted around the air cavities. A detailed description of 
this method can be found in Appendix B. A large cuboid 
is placed initially in the front half of the head extend-
ing above and below the air cavities. Then sub-cuboids 
within the maximum cuboid are fitted and evaluated. 
The best cuboid is a tradeoff between the amount of bone 
segment covered, and the size of the cuboid, where the 
final cuboid is selected based on the following criteria:

where CG is the value of the cuboid goodness, C is the 
cuboid being tested, c is the perimeter of the cuboid and 
pi is the bone segment probability value for the voxel i. In 
this way, the more voxels with considerable bone proba-
bility there are within the cuboid, the higher its goodness 
CG will be. The sub-cuboid with the largest CG is then 
selected as basis for further processing.

(1)CG =

∑

i∈C pi
(

c
4

)2
,

Processing pipeline for the template method
An alternative method for delineating the sinus cavities 
was evaluated based on matching a cuboid template to 
an individual anatomy by inverse transformation. This 
method is based on a cuboid template in MNI space, 
similarly to the regional masks used in [23]. The inverse 
transformation fields from the Segment function in 
SPM12 are used to transform the cuboid template back 
to the individual space of the subject. The resulting mask 
may no longer strictly be a square cuboid since the sub-
jects’ heads can be slightly tilted and morphed in various 
directions. The inverse transformed cuboid is then used 
as a basis for further processing.

MRI‑CT conversion model for the sinus region
Once the cuboid location was fixed for either of the 
methods, all bone segment voxels were converted to air, 
soft tissue, or a mix of both using an MRI-CT conversion 
model. The model was derived based on the 10 subjects 
as follows. The data scatter plot (Fig. 1; Additional file 1: 
Fig. S2) of the MRI and CT values in the bone segment 
voxels within the cuboid masks showed that there are 
concentration points around − 1000 and 0 HU values 
on a wide range of MRI values and a smaller amount of 
points scattered around these two lines. Thus, a three-
step conversion model was implemented which followed 
a horizontal line at − 1000 HU (corresponding to air), a 
diagonal line from − 1000 to 0 HU (corresponding to mix 
of different tissues), and a horizontal line at 0 HU (corre-
sponding to soft tissue).

The start and end points from − 1000 to 0 HU were 
estimated from the data. By using randomly selected 
100 voxels in the MRI images from an sinus mask of 

Fig. 1 An example of a conversion curve with MRI intensities (x-axis) 
and corresponding CT HU values (y-axis) for one subject. The average 
of all the sampled conversion curves from all subjects used as the 
final model for MRI-CT conversion
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one subject, possible combinations for MRI-CT values 
were fitted, where a square sum of the shortest dis-
tance between the MRI value at − 1000 HU and MRI 
value at 0 HU was used for optimization criteria. This 
randomization and fitting process was repeated 100 
times for each subject, effectively creating a bootstrap 
estimate. For the final MRI-CT conversion model, the 
average over all 100 randomized estimates for MRI 
values at − 1000 HU and 0 HU were selected as final 
conversion points.

PET image reconstruction
Three sets of MRI-based attenuation maps were cre-
ated for each subject. The only difference between 
the maps was the method used to delineate the sinus 
region. CTAC data was used as the reference method 
for attenuation correction. CTAC data was converted 
from HU to linear attenuation coefficients using the 
bilinear transform described in [31]. In cases where 
the attenuation map in CTAC did not cover the entire 
head of the subject, the attenuation map was comple-
mented by soft tissue from MRAC.

To ensure accurate anatomical alignment, all CTAC 
and MRAC images were realigned and co-registered 
to non-attenuation corrected PET images. Co-regis-
tration was performed using rigid image registration 
with normalized mutual information as implemented 
in SPM12. The images were then resliced to the same 
voxel dimensions as used for the clinical MRAC. All 
images were smoothed into PET resolution of 5 mm to 
match the PET-MRI intrinsic resolution.

Thereafter, the MRAC and CTAC images were 
imported with the raw PET data to the PET-MRI 
reconstruction system and PET images were recon-
structed using TOF and non-TOF reconstruction algo-
rithms. For non-TOF reconstruction, a LOR-RAMLA 
with two iterations and 33 subsets, matrix size of 
128 × 128 × 90 and isotropic voxel size of 2  mm was 
used. The reconstruction parameters used were 
alpha = 6.3716, radius = 2.8, blob increment = 2.0375, 
and relaxation parameter = 0.035. For TOF reconstruc-
tion, a TOF-BLOB-OSEM algorithm with 3 iterations 
and 33 subsets, matrix size of 128 × 128x90 and a voxel 
size of 2 mm was applied. The reconstruction parame-
ters used were alpha = 4.1338, radius = 2.3, blob incre-
ment = 2.0375 and relaxation parameter = 1.0.

All reconstructions included the necessary cor-
rections for image quantification, including random 
events, scatter, dead time, decay, and normalization. 
The head coil template and patient table were inserted 
automatically by the reconstruction software.

MR‑based attenuation map and PET evaluation
DICE analysis
DICE coefficients were calculated from the sinus region 
and from the entire image stack. The sinus region was 
defined as slices ranging from 50 to 70, which corre-
sponds to 4.2 cm in size. Estimating the DICE coefficients 
over the sinus region allows to estimate bone delineation 
accuracy in that region. Whereas, measurement over 
image volume is indicative of the accuracy in skull bone 
delineation. DICE coefficients for CTAC (A) and MRAC 
(B) were calculated in Eq. 2:

where |X | denotes the number of voxels in the binary 
mask X. Voxels where HU > 157 were included in the 
masks.

An HU threshold of 157 HU was used throughout 
DICE analysis, which corresponds to attenuation coeffi-
cient of 0.105  cm−1, which is higher than soft tissue, but 
slightly lower than the reported attenuation coefficient 
for spongy bone at 0.11   cm−1 [32]. This threshold value 
was selected as it has been used previously as a bound-
ary value between bone and non-bone tissue [33]. We 
report the change in the DICE coefficients as percent-
ages between cuboid and template methods compared to 
the bulk method. To indicate the general trend, median 
change is also presented.

Correlation analysis
Correlation analysis was performed to investigate the 
accuracy of the skull bone delineation with each of the 
methods. Correlation data was sampled from each sub-
ject separately. Again, voxels with HU value > 157 were 
included in the analysis. Each subject was sampled 100 
times for 200 random voxel pairs. Due to the sample size, 
Pearson correlation was used. These correlations were 
then plotted in a boxplot for each method to evaluate the 
distribution of the values.

Attenuation coefficient analysis
The average attenuation coefficient in the sinus region 
was calculated for all attenuation maps. For the analysis, 
a volume of interest (VOI) consisting of the nasal sinuses 
was delineated manually over CTAC in Carimas 2.9 
(Turku PET Centre, Turku, Finland). The same VOI was 
then applied on the three MRAC methods.

A leave-one-out method to test out-of-sample accuracy 
of the MRI-CT conversion model was performed. In the 
leave-one-out validation, data for a single subject was 
removed and the conversion model was calculated for the 

(2)DICE =
2|(A ∩ B)|

|A| + |B|
,
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remaining nine subjects. The resulting model would then 
be used to perform MRI-CT conversion for the removed 
subject. This process was then repeated for all subjects.

VOI analysis of PET images
In quantitative evaluation of reconstructed PET images, 
automatic VOI analysis was employed using a well-estab-
lished anatomical atlas provided in automated anatomi-
cal labeling software [34], using in total 35 anatomical 
VOI from the grey matter. Individualization of the atlas 
was based on the spatial mapping from the MNI space to 
individual space using the vector fields extracted by the 
Segment function in SPM12. The atlas image was masked 
in the individual space with a grey matter mask with a 
lower threshold of 0.8.

In the analysis, we calculated the relative difference of 
the total mean activity in each VOI between CTAC and 
MRAC reconstructed PET images. The mean relative dif-
ference was calculated for each VOI using Eq. 3:

where PETMRAC denotes the VOI activity measured 
from MRAC reconstructed PET with different MRI-
based μ-maps, while PETCTAC denotes the VOI activity 
measured from CTAC reconstructed PET. We report the 
median of the average relative differences over all sub-
jects per VOI.

Visual evaluation of PET Atlas and bias Atlas images
Atlas PET images representing the mean and stand-
ard deviation of PET uptake (kBq/mL) across the sub-
ject group were calculated with all MRAC methods and 
CTAC. In the evaluation of global bias distribution, mean 
bias atlas images were calculated as described by [25, 35]. 
All atlas images were masked with a mask covering the 
entire brain of the subject.

Results
Visual inspection
Figure 2 shows a visual inspection of CTAC and MRAC 
images. The air pathways and regions with mixture of tis-
sue are better delineated with cuboid and template meth-
ods. Of note is that these regions are often mapped as 
bone in the bulk method, resulting in overestimation of 
attenuation.

Figures  3 and 4 show the mean and standard devia-
tion PET atlas images using CTAC and different MRAC 
methods. The PET uptake values are very similar between 
the methods. Very slight differences can be noted visu-
ally in the cerebellum, in the mid-brain region and in 
the regions of the occipital and parietal lobes in both the 
mean and standard deviation images.

(3)VOIDiffrel =
PETMRAC − PETCTAC

PETCTAC
,

DICE analysis
The DICE values from the sinus region are in Table 1. 
The DICE coefficients increased with the cuboid and 
template methods, although the total changes were 
small, given the size of the region. The DICE values in 
the entire image were in the similar range with average 
values of 0.846 ± 0.038 (mean ± standard deviation) for 
the bulk, 0.847 ± 0.042 for cuboid and 0.845 ± 0.041 
and template method.

Correlation analysis
Figure  5 shows the correlation between CTAC and 
MRAC with all methods. Increased correlation between 
CTAC and MRAC with the cuboid and template meth-
ods were seen.

Attenuation coefficient analysis
The attenuation coefficients from the sinus region using 
leave-one-out validation with CTAC and MRAC are in 
Table 2. Attenuation coefficients in the bulk method are 
systematically higher than other methods and CTAC, 
indicating overestimation.

The absolute relative difference of the attenua-
tion coefficients between CTAC and MRAC from all 
leave-one-out models are plotted in Fig. 6. The cuboid 
and template methods can reach near parity with the 
CTAC, whereas the bulk method again overestimates 
the attenuation coefficients. The difference in attenu-
ation coefficients between the methods is 5% at maxi-
mum within subjects.

PET image analysis
VOI analysis
The median errors (Eq. 3) from the VOI level analysis are 
given in Table 3. The proposed methods show improve-
ment over the bulk method for both non-TOF and TOF 
reconstruction, although the changes are small. For non-
TOF reconstruction, 17 of VOIs (49%) show improve-
ment for both the cuboid and template method. For TOF 
reconstruction, both methods show higher improvement 
of 28 VOIs (80%). Of note is that the difference between 
the methods is smaller when using TOF.

The magnitude of the error in the VOI analysis was low, 
where majority of the regions show errors of less than 2%. 
The largest bias measured was in the gyrys rectus with 
the non-TOF reconstructions with 2.32% with the bulk 
method, reduced to below 2% with the cuboid and tem-
plate methods. With TOF reconstructions, all regions 
produced a bias of less than 2%, with largest errors in 
the putamen (1.54%) and insula (1.53%). The cuboid and 
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template methods had increased error in the cerebellum 
region from 1% to 1.5%.

Bias Atlas images
The atlas images showing the bias distribution across 
the brain are shown in Fig.  7. The bias distribution fol-
lows the findings from the VOI analysis, where the 
cuboid and template methods show improved accuracy 
in the brain regions near the sinus area. The bulk method 
shows overestimations in the regions near the sinus area 
and regions near the ventricles. The bias is distributed 
more uniformly in the cerebellum area with the cuboid 
and template methods, whereas there are both over- and 
underestimations with the bulk method.

The TOF reconstructions using the same attenuation 
maps show a similar trend with a slightly lower magni-
tude in absolute bias level. The overestimations seen 
in the regions near the sinus cavities are also reduced 
in the TOF reconstructed images. Performance of the 
cuboid and template methods is improved, resulting to 

reduction of bias near the sinus region, near the skull and 
in the cerebellum.

Discussion
We introduced two new methods as a proof-of-concept 
for accurate delineation and modelling of the attenuation 
coefficients in the nasal sinus region and assessed their 
accuracy in a combined PET-MRI system. In addition, we 
investigated if TOF improves the regional accuracy in dif-
ferent anatomical regions of the brain using the proposed 
methods.

There are some minor differences between the cuboid 
and the template method. The cuboid method is more 
computationally demanding, as it tries to fit an opti-
mal cuboid into each subject’s individual anatomy using 
the bone probability map. Fitting might not be optimal 
should the MR images of a subject be severely deformed, 
as no tilting is implemented in the fitting of the cuboid 
due to computational demands and fit time. This could 
be addressed by modifying the search algorithm by add-
ing tilts.

Fig. 2 Comparison of attenuation maps using a CTAC, b bulk, c cuboid and d template method from subject 10. In this subject, the cuboid 
provided the best delineation of the air cavities compared to CTAC 
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Fig. 3 Atlas images representing mean PET images with non-TOF and TOF reconstructions. Non-TOF reconstructions are represented with: a CTAC, 
c bulk, e cuboid and g template method. TOF reconstructions are represented with b CTAC, d bulk, f cuboid and h template method. Very slight 
differences between the methods can be noted in the region of cerebellum, occipital lobe, frontal lobe and in the mid-brain. These are highlighted 
with red arrows in subfigures a and b 

Fig. 4 Atlas images representing standard deviation PET images with non-TOF and TOF reconstructions. Non-TOF reconstructions are represented 
with: a CTAC, c bulk, e cuboid and g template method. TOF reconstructions are represented with b CTAC, d bulk, f cuboid and h template method. 
Very slight differences between the methods can be noted in the region of cerebellum, occipital lobe, frontal lobe and in the mid-brain. These are 
highlighted with red arrows in subfigures a and b 
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The template method circumvents this by using each 
subject’s deformation fields which allow the cuboid to 
be translated to the individual anatomy. However, if the 
subject’s anatomy has details that do not translate prop-
erly into MNI space, this can cause problems, as a normal 
anatomy is assumed. Also, the template method does not 
use the bone probability maps to aid the cuboid fitting 
and thus it’s accuracy is dependent on the quality of the 
template registration.

Of note is that none of the subjects showed worse per-
formance with the two new methods compared to the 
bulk method, in majority of the brain regions, especially 
after inclusion of TOF information. The results also show 
improvement in terms of bone delineation accuracy, 
accuracy of the modeled attenuation coefficients, and 
improvement of quantitative accuracy in PET with the 
proposed methods. Finally, the results indicate that the 

Table 1 DICE coefficients between different methods for slices 50–70 with precentage difference to the reference

Subject number Bulk Cuboid Template Difference cuboid—bulk 
(%)

Difference 
template—bulk 
(%)

1 0.845 0.852 0.856 0.88 1.37

2 0.826 0.853 0.853 3.26 3.24

3 0.843 0.872 0.872 3.43 3.49

4 0.725 0.771 0.768 6.32 5.99

5 0.820 0.856 0.846 4.47 3.26

6 0.737 0.748 0.751 1.49 1.79

7 0.751 0.771 0.766 2.74 2.05

8 0.868 0.882 0.882 1.59 1.57

9 0.823 0.859 0.853 4.31 3.56

10 0.825 0.832 0.829 0.92 0.52

Median 0.824 0.853 0.849 3.00 2.65

Fig. 5 Correlations between CTAC and MRAC images. The data 
points in the box plots are correlations between all sampled points in 
a subject. Asterisks (*) are outlier observations

Table 2 Average attenuation coefficients  (cm−1) measured from the sinus region using leave-one-out validation

The values for cuboid and template methods have been converted using leave-one-out validation

Subject number CTAC Bulk method Cuboid method Template method

1 0.0841 0.0893 0.0856 0.0865

2 0.0888 0.0916 0.0867 0.0886

3 0.0929 0.0945 0.0928 0.0931

4 0.0781 0.0849 0.0824 0.0824

5 0.0944 0.0970 0.0948 0.0948

6 0.0761 0.0827 0.0799 0.0798

7 0.0840 0.0859 0.0865 0.0833

8 0.0769 0.0842 0.0801 0.0839

9 0.0861 0.0899 0.0875 0.0892

10 0.0759 0.0811 0.0776 0.0794

Median 0.0840 0.0876 0.0860 0.0852
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cuboid method has a slight performance edge over the 
template method.

Visual comparison
Local improvements were seen using the cuboid and 
template method over the bulk method in MRAC images 
(Fig.  2). The PET image analysis showed very minor 
changes when inspecting the images visually (Figs. 3 and 
4). TOF showed a reduced standard deviation in all of the 
proposed methods.

DICE and correlation analysis
The cuboid and template methods had increased DICE 
values in the nasal sinus region by 3% (Table  1) with 
higher correlations (Fig. 5) compared to the bulk method. 
The effect is small but consistent. As the sinus region is 
only a small part of the image and the skull is modeled 
equally in all methods, it is expected that the differences 
are regionally concentrated. The whole image DICE val-
ues are also of the same magnitude, indicating that the 
skull delineation accuracy is not affected by the new 
methods.

In comparison, using SPM12 for processing of the tis-
sue probability maps resulted in increased DICE values 
in the skull region 0.85 ± 0.04, compared to 0.76 ± 0.05 
reported previously using SPM8 [25]. Thus, using 
SPM12-based MRAC pipeline also improved the bone 
delineation accuracy.

Attenuation coefficient analysis
The cuboid and template methods had the smallest error 
compared to CTAC in the sinus area (Table  2; Fig.  6). 
The bulk method had the worst performance in nine out 
of 10 subjects. The error for the bulk method is 5.4% on 
average compared to an average error of 2.6% and 3.2% 
on the cuboid and template method. The cuboid method 
had slightly better performance compared in four sub-
jects and equal performance in four subjects. This would 
indicate that accounting for individual anatomy in the 
cuboid method allows us to delineate the region better 
than using a template.

VOI analysis
In general, the level of error in regional analysis was very 
small, with errors less than 2.5% in non-TOF reconstruc-
tions and less than 2% in TOF reconstructions (Table 3). 
However, some regional differences could be noted. The 
method performance was improved slightly from the 
previous [25], and is in the similar range as the recent 
state-of-the-art MRAC methods [6]. Currently, the accu-
racy of our method is close to the method in [36], where 
the authors reported an average error of 3.31%.

The error in the Cerebellum increased with the cuboid 
and template methods with approximately 1% to 1.5% 
in non-TOF and TOF reconstructions (Table  3). This 
is caused by two factors. First, the bulk method over-
estimates attenuation in the sinus region. Second, this 

Fig. 6 Absolute relative difference of the attenuation coefficients between CTAC and MRAC in the sinus region per subject. The values for the 
cuboid and template methods are calculated using leave-one-out method. Smaller numbers indicate a better match between MRAC and CTAC 
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overestimation results in both over- and underestima-
tions in the cerebellum region which cancel each other 
out in VOI analysis, producing a lower bias compared to 
the proposed methods.

There is some variability between the methods and 
non-TOF and TOF reconstructions on which brain 

regions improve the most. The best performing regions 
were olfactory bulb, Heschl’s gyri, lingual gyrus, and cer-
ebellar vermis, while cerebellum and cerebellum crus 
performed generally worst. Thus, these regions benefit 
the most by the inclusion of separate class of the nasal 
sinus region and addition of TOF in reconstruction.

Table 3 Median errors for different methods between MRAC and CTAC 

The cuboid and template methods provide at least equal or better performance than the bulk method, although cerebellum notably worsens in both TOF and non-
TOF reconstruction. This effect is caused by the overestimation of attenuation in the bulk method. Improvement denotes the average change from bulk to cuboid and 
template methods. Four largest and smallest improvements are noted in bold and italics respectively

NON TOF reconstruction TOF reconstruction

Bulk (%) Cuboid (%) Template (%) Improvement (%) Bulk (%) Cuboid (%) Template (%) Improvement (%)

Precentral  − 0.13  − 0.22  − 0.24 0.10 0.16 0.06 0.08  − 0.09

Rolandic_Oper 0.54 0.40 0.38  − 0.15 0.75 0.63 0.64  − 0.12

Supp_Motor Area 0.20 0.14 0.15  − 0.06 0.22 0.14 0.16  − 0.07

Olfactory 0.36 0.11 0.10  − 0.26 0.49 0.32 0.34  − 0.16

Region #5  − 0.12  − 0.34  − 0.39 0.24 0.24 0.09 0.08  − 0.15

Frontal_Sup  − 1.21  − 1.28  − 1.31 0.09  − 0.26  − 0.28  − 0.30 0.03

Frontal_Mied  − 0.60  − 0.64  − 0.65 0.05  − 0.14  − 0.17  − 0.16 0.03

Frontal_Inf 0.49 0.32 0.28  − 0.19 0.60 0.58 0.57  − 0.02

Rectus 2.32 1.70 1.88  − 0.53 1.30 1.23 1.19  − 0.09

Insula 1.27 1.10 1.16  − 0.14 1.53 1.48 1.46  − 0.06

Cingulum_Ant 1.06 1.02 1.00  − 0.06 1.20 1.04 1.04  − 0.16

Cingulum_Mid 0.92 0.85 0.85  − 0.06 0.72 0.65 0.65  − 0.07

Cingulum_Post 0.44 0.29 0.27  − 0.16 1.17 0.91 0.85  − 0.29

Hippocampus/ 
ParaHippocampal

0.11  − 0.15  − 0.19 0.07 0.90 0.34 0.27  − 0.60

Amygdala 0.11  − 0.02  − 0.03  − 0.09 0.77 0.41 0.34  − 0.39

Calcarine  − 0.20  − 0.27  − 0.27 0.07 0.83 0.52 0.49  − 0.33

Cuneus  − 0.54  − 0.62  − 0.61 0.07 0.17  − 0.01 0.02  − 0.15

Lingual  − 0.28  − 0.37  − 0.38 0.09 0.71 0.09 0.11  − 0.60
Occipital  − 1.16  − 1.22  − 1.23 0.07  − 0.49  − 0.72  − 0.70 0.22

Fusiform  − 0.86  − 1.07  − 1.08 0.22  − 0.05  − 0.73  − 0.77 0.71

Postcentral 0.16 0.11 0.12  − 0.05 0.34 0.21 0.23  − 0.12

SupraMarginal 0.25 0.05 0.05  − 0.20 0.73 0.30 0.34  − 0.41
Angular 0.73 0.65 0.65  − 0.08 0.56 0.42 0.45  − 0.12

Precuneus  − 0.25  − 0.31  − 0.33 0.07 0.33 0.22 0.20  − 0.12

Paracentral Lobule  − 0.29  − 0.34  − 0.33 0.05 0.18  − 0.05  − 0.02  − 0.14

Caudate  − 0.05  − 0.17  − 0.16 0.12 0.48 0.25 0.29  − 0.21

Putamen 1.25 1.22 1.22  − 0.03 1.54 1.35 1.34  − 0.20

Pallidum 0.80 0.73 0.77  − 0.05 0.86 0.70 0.69  − 0.16

Thalamus  − 0.25  − 0.46  − 0.43 0.19 0.28  − 0.16  − 0.11  − 0.14

Heschl 0.26 0.04 0.07  − 0.20 0.74 0.34 0.36  − 0.39

Parietal  − 0.23  − 0.43  − 0.42 0.20 0.40  − 0.07  − 0.03  − 0.35

Temporal  − 0.40  − 0.47  − 0.45 0.06  − 0.39  − 0.52  − 0.50 0.12

Vermis 0.37 0.22 0.18  − 0.17 0.98 0.23 0.20  − 0.77
Cerebellum Crus  − 0.50  − 1.59  − 1.37 0.98  − 0.40  − 1.91  − 1.92 1.52

Cerebellum  − 0.73  − 1.59  − 1.36 0.74  − 0.36  − 1.83  − 1.37 1.24

Error minimum  − 1.21  − 1.59  − 1.37  − 0.49  − 1.91  − 1.92

Error maximum 2.32 1.70 1.88 1.54 1.48 1.46
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Previous studies have reported an improvement on 
quantification accuracy in the cerebellum region when 
the sinus region was accounted in the attenuation maps 
[19], which is in contrary to our study. However, the 
method in [19] implements continuous attenuation coef-
ficients for the skull bone, resulting in reduction of bias 
in the cerebellum which contains typically very dense 
bone [23], whereas our method implements a single value 
for the skull bone.

Bias Atlas images
The non-TOF bias atlas images show improvement with 
the cuboid and template methods over the bulk method 
(Fig.  7). The bulk method shows both over- and under-
estimations in the region of the cerebellum. In addition, 
the regions near the sinuses are overestimated. With the 
cuboid and template methods, overestimation is reduced 
in the ventral and medial parts of the brain, regions near 
the sinuses, and the error distribution in the cerebellum 
is more uniform, although it is underestimated compared 
to the bulk method. This is again due to the bulk method 
causing local over- and underestimations due to system-
atically higher attenuation coefficients.

In comparison to a recent study [37], which detected an 
anterior–posterior located bias in the brain, the bias in 
our study is deviating more from the mid-brain (positive 
bias) to the cortical regions (negative or zero bias), given 
the differences in MRAC approaches in these studies. 
In addition, TOF seems to reduce the error in the PET 
images similarly to [38], regardless of the AC method. 
The methods actually perform much closer to each other 
as the imperfections in the attenuation maps are better 

accounted with TOF, even with the limited time resolu-
tion (525 ps) of our PET-MRI system.

In summary, our CTAC-MRAC and PET analysis con-
firms the hypothesis of Sousa et al., who suspected that 
the effect of attenuation coefficient assignment in the 
sinus region is modest [37], especially after inclusion of 
TOF. However, our methodology provides alternative 
approaches to be applied for more accurate estimation of 
the attenuation coefficients in the sinus region.

Method limitations and applicability across PET‑MRI 
systems
There are some limitations in the proposed methods. In 
general, the cuboid method is reliant on the accurate seg-
mentation of the MR images as air and soft tissue masks 
are to define the initial location of the sinus region. The 
template method is more robust to segmentation errors, 
but is less sensitive for changes in individual anatomy.

Furthermore, the MRI-CT conversion model does not 
currently include bone conversion, even though some 
bone is present in the sinus area. With T1-weighted MRI, 
bone voxels could not be reliably separated by their MRI 
intensity (Appendix C). As the largest volume of voxels 
lay on the 0 HU line, using that as an upper limit mini-
mizes the bias for a random bone voxel. This approxima-
tion did not result in large inaccuracies as Table 2 shows.

There are also prerequisites before applying the meth-
ods to different PET-MRI systems and MRI sequences. 
The first is to ensure an accurate segmentation of the 
probability maps. As the segmentation should be appli-
cable to wide range of MRI sequences, this step is 
needed to be performed only once, followed by visual 
quality assurance. For example, we’ve recently assessed 

Fig. 7 Bias atlas images showing the voxel-by-voxel relative difference between MRAC and CTAC based PET images in non-TOF and TOF 
reconstruction. Non-TOF reconstructions are represented with: a bulk, c cuboid and e template method. TOF reconstructions are represented with 
b bulk, d cuboid and f template method. Local overestimations are seen with the bulk method whereas overestimations are reduced with the 
proposed methods and with TOF
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segmentation quality with Dixon MR images [39]. 
When these methods are applied to more challenging 
applications such as MRI-based radiotherapy (MRI-
RT) planning, the geometric accuracy of the used MRI 
sequence should be also evaluated.

Another prerequisite is the calculation of the model 
parameters for MRI-CT conversion. As the model is 
intensity-based, it needs to be adjusted for different 
MRI contrasts. However, once the parameters for the 
method are fixed using a set of training subjects, the 
method can be reliably applied to further subjects out-
side the training set.

Conclusions
In conclusion, the methods introduced in this proof-
of-concept work provide a basis for further work in 
improving segmentation-based MRAC and show the 
benefit of TOF imaging in reducing the error in PET-
MRI imaging of the brain. The effect of attenuation 
modelling in the sinus region to PET quantification in 
the brain was modest.

Abbreviations
AC: Attenuation correction; atMR: Anatomical MR; CT: Computed tomography; 
CTAC : CT-based attenuation correction; FA: Flip angle; FFE: Fast field echo; 
HU: Hounsfield unit; MNI: Montreal Neurological Institute; MR: Magnetic 
resonance; MRF: Markov random field; MRI: Magnetic resonance imaging; 
MRAC : MR-based attenuation correction; MRI-RT: MRI-based radiotherapy; PET: 
Positron emission tomography; SPM: Statistical Parametric Mapping software; 
TE: Echo time; TOF: Time-of-flight; TR: Repetition time; TXAC: Transmission-
based attenuation correction; UTE: Ultra-short echo time; VOI: Volume of 
interest; ZTE: Zero echo time.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12880- 022- 00770-0.

Additional file 1: Appendix A for detailed description of the methodol-
ogy for air cavity delineation, Appendix B for details of the methodology 
used for summing matrix elements efficiently, and Appendix C for full 
summary of data points used for sinus conversion.

Acknowledgements
The authors would like to thank Philips Healthcare for providing tools to use 
an off-line μ-map in PET-MRI reconstruction. In addition, we’d like to thank 
both Jouni Tuisku and Antti Karlsson for their comments and helpful ideas in 
this project.

Authors’ contributions
Study design: JL, JT, and RK; modeling and methodology JL, JT, and RK; statisti-
cal methods JL, and RK; protocol coding JL, and JT; data curation JT; analysis 
JL, JT, and RK; image visualization JT, project administration and funding acqui-
sition JT, RK, and MT; draft preparation JL, and JT; review and editing, JL, JT, RK, 
and MT. All authors read and approved the final manuscript.

Funding
This study was financially supported by The Finnish Cultural Foundation, Grant 
from Division of Imaging TUCH, the Alfred Kordelin Foundation, The Paulo 
Foundation (Paulon Säätiö) and the Finnish Cultural Foundation, Varsinais-
Suomi Regional Fund. Financial support was also received from State Research 

Funding (the expert responsibility area of TYKS, Turku University Hospital) 
(project numbers 13236, 13720).

Availability of data and materials
Although all data cannot be shared because of patient confidentiality, some 
data generated or used during the study are available from the corresponding 
author by request. The source codes for the methods presented in this paper 
can be downloaded free of charge from the GitLab account (https:// gitlab. 
utu. fi/ jjlind) of the corresponding author, hosted by University of Turku, or by 
contacting the corresponding author directly (J. Lindén).

Declarations

Ethics approval and consent to participate
The study was conducted as a retrospective study at Turku PET Centre (Study 
Number: T7/2021). The need to acquire an active informed consent from the 
individuals included in the study was waived and the study protocol was 
approved by Turku University Hospital Research Board and the legislative 
team.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing or otherwise conflicting interests.

Author details
1 Turku PET Centre, University of Turku and Turku University Hospital, Kiinamyl-
lynkatu 4-8, 20521 Turku, Finland. 2 Department of Mathematics and Statis-
tics, University of Turku, Vesilinnantie 5, 20014 Turku, Finland. 3 Department 
of Medical Physics, Turku University Hospital, Hämeentie 11, 20521 Turku, 
Finland. 4 Institute of Biomedicine, University of Turku, Kiinamyllynkatu 10, 
20014 Turku, Finland. 

Received: 5 June 2021   Accepted: 3 March 2022

References
 1. Hitz S, Habekost C, Fur̈st S, Delso G, For̈ster S, Ziegler S, et al. Systematic 

comparison of the performance of integrated whole-body PET/MR 
imaging to conventional PET/CT for 18F-FDG brain imaging in patients 
examined for suspected dementia. J Nucl Med. 2014;55(6):923–31.

 2. Ladefoged CN, Law I, Anazodo U, St. Lawrence K, Izquierdo-Garcia D, 
Catana C, et al. A multi-centre evaluation of eleven clinically feasible 
brain PET/MRI attenuation correction techniques using a large cohort of 
patients. Neuroimage. 2017;147:346–59.

 3. Mehranian A, Arabi H, Zaidi H. Quantitative analysis of MRI-guided 
attenuation correction techniques in time-of-flight brain PET/MRI. Neuro-
image. 2016;130:123–33.

 4. Berker Y, Li Y. Attenuation correction in emission tomography using the 
emission data—a review. Med Phys. 2016;43(2):807–32.

 5. Martinez-Möller A, Nekolla SG. Attenuation correction for PET/MR: 
problems, novel approaches and practical solutions. Z Med Phys. 
2012;22(4):299–310.

 6. Teuho J, Torrado-Carvajal A, Herzog H, Anazodo U, Klén R, Iida H, et al. 
Magnetic resonance-based attenuation correction and scatter correction 
in neurological positron emission tomography/magnetic resonance 
imaging—current status with emerging applications. Front Phys. 
2020;7:243.

 7. Burgos N, Cardoso MJ, Thielemans K, Modat M, Pedemonte S, Dickson J, 
et al. Attenuation correction synthesis for hybrid PET-MR scanners: appli-
cation to brain studies. IEEE Trans Med Imaging. 2014;33(12):2332–41.

 8. Burgos N, Cardoso MJ, Thielemans K, Modat M, Dickson J, Schott JM, et al. 
Multi-contrast attenuation map synthesis for PET/MR scanners: assess-
ment on FDG and Florbetapir PET tracers. Eur J Nucl Med Mol Imaging. 
2015;42(9):1447–58.

 9. Mérida I, Reilhac A, Redouté J, Heckemann RA, Costes N, Hammers 
A. Multi-atlas attenuation correction supports full quantification 

https://doi.org/10.1186/s12880-022-00770-0
https://doi.org/10.1186/s12880-022-00770-0
https://gitlab.utu.fi/jjlind
https://gitlab.utu.fi/jjlind


Page 14 of 14Lindén et al. BMC Medical Imaging           (2022) 22:48 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

of static and dynamic brain PET data in PET-MR. Phys Med Biol. 
2017;62(7):2834–58.

 10. Mecheter I, Alic L, Abbod M, Amira A, Ji J. MR image-based attenuation 
correction of brain PET imaging: review of literature on machine learning 
approaches for segmentation. J Digit Imaging. 2020. https:// doi. org/ 10. 
1007/ s10278- 020- 00361-x.

 11. Nuyts J, Dupont P, Stroobants S, Benninck R, Mortelmans L, Suetens P. 
Simultaneous maximum a posteriori reconstruction of attenuation and 
activity distributions from emission sinograms. IEEE Trans Med Imaging. 
1999;18(5):393–403.

 12. Mehranian A, Zaidi H, Reader AJ. MR-guided joint reconstruction of activ-
ity and attenuation in brain PET-MR. Neuroimage. 2017;15(162):276–88.

 13. Rezaei A, Defrise M, Bal G, Michel C, Conti M, Watson C, et al. Simultane-
ous reconstruction of activity and attenuation in time-of-flight PET. IEEE 
Trans Med Imaging. 2012;31(12):2224–33.

 14. Conti M. Why is TOF PET reconstruction a more robust method in the 
presence of inconsistent data? Phys Med Biol. 2011;56(1):155–68.

 15. Mehranian A, Zaidi H. Impact of time-of-flight PET on quantifica-
tion errors in MR imaging-based attenuation correction. J Nucl Med. 
2015;56(4):635–41.

 16. Chen KT, Izquierdo-Garcia D, Poynton CB, Chonde DB, Catana C. On the 
accuracy and reproducibility of a novel probabilistic atlas-based genera-
tion for calculation of head attenuation maps on integrated PET/MR 
scanners. Eur J Nucl Med Mol Imaging. 2017;44(3):398–407.

 17. Delso G, Wiesinger F, Sacolick LI, Kaushik SS, Shanbhag DD, Hüllner M, 
et al. Clinical evaluation of zero-echo-time MR imaging for the segmenta-
tion of the skull. J Nucl Med. 2015;56(3):417–22.

 18. Aasheim LB, Karlberg A, Goa PE, Håberg A, Sørhaug S, Fagerli UM, et al. 
PET/MR brain imaging: evaluation of clinical UTE-based attenuation cor-
rection. Eur J Nucl Med Mol Imaging. 2015;42(9):1439–46.

 19. Yang J, Wiesinger F, Kaushik S, Shanbhag D, Hope TA, Larson PEZ, et al. 
Evaluation of sinus/edge-corrected zero-echo-time–Based attenuation 
correction in brain PET/MRI. J Nucl Med. 2017;58(11):1873–9.

 20. Yu H, Oliver M, Leszczynski K, Lee Y, Karam I, Sahgal A. Tissue segmenta-
tion-based electron density mapping for MR-only radiotherapy treatment 
planning of brain using conventional T1-weighted MR images. J Appl Clin 
Med Phys. 2019;20(8):11–20.

 21. Yu H, Caldwell C, Balogh J, Mah K. Toward magnetic resonance-only 
simulation: segmentation of bone in MR for radiation therapy verification 
of the head. Int J Radiat Oncol Biol Phys. 2014;89(3):649–57.

 22. Delso G, Kemp B, Kaushik S, Wiesinger F, Sekine T. Improving PET/
MR brain quantitation with template-enhanced ZTE. Neuroimage. 
2018;1(181):403–13.

 23. Ladefoged CN, Benoit D, Law I, Holm S, Kjær A, Højgaard L, et al. Region 
specific optimization of continuous linear attenuation coefficients based 
on UTE (RESOLUTE): application to PET/MR brain imaging. Phys Med Biol. 
2015;60(20):8047–65.

 24. Schramm G, Koole M, Willekens SMA, Rezaei A, Van Weehaeghe D, Delso 
G, et al. Regional accuracy of ZTE-based attenuation correction in static 
and dynamic brain PET/MR. 2018.

 25. Teuho J, Tuisku J, Karlsson A, Linden J, Teras M. Effect of brain tissue and 
continuous template-based skull in MR-based attenuation correction for 
brain PET/MR. IEEE Trans Radiat Plasma Med Sci. 2017;1(3):246–61.

 26. Teuho J, Linden J, Johansson J, Tuisku J, Tuokkola T, Teräs M. Tissue proba-
bility-based attenuation correction for brain PET/MR by using SPM8. IEEE 
Trans Nucl Sci. 2016;63(5):2452–63.

 27. Zaidi H, Ojha N, Morich M, Griesmer J, Hu Z, Maniawski P, et al. Design and 
performance evaluation of a whole-body ingenuity TF PET-MRI system. 
Phys Med Biol. 2011;56(10):3091–106.

 28. Bettinardi V, Presotto L, Rapisarda E, Picchio M, Gianolli L, Gilardi MC. 
Physical performance of the new hybrid PETCT discovery-690. Med Phys. 
2011;6:66.

 29. Teuho J, Tuisku J, Linden J, Teräs M. Effect of sinus attenuation in MR-
based attenuation correction in 18F-FDG brain PET/MR. IFMBE Proc. 
2017;65:266–9.

 30. Catana C, Van Der Kouwe A, Benner T, Michel CJ, Hamm M, Fenchel M, 
et al. Toward implementing an MRI-based PET attenuation-correction 
method for neurologic studies on the MR-PET brain prototype. J Nucl 
Med. 2010;51(9):1431–8.

 31. Burger C, Goerres G, Schoenes S, Buck A, Lonn A, Von Schulthess G. PET 
attenuation coefficients from CT images: experimental evaluation of the 

transformation of CT into PET 511-keV attenuation coefficients. Eur J Nucl 
Med. 2002;6:66.

 32. Mehranian A, Arabi H, Zaidi H. Vision 20/20: magnetic resonance 
imaging-guided attenuation correction in PET/MRI: challenges, solutions, 
and opportunities. Med Phys. 2016;43(3):1130–55.

 33. Son YD, Kim HK, Kim ST, Kim NB, Kim YB, Cho ZH. Analysis of biased 
PET images caused by inaccurate attenuation coefficients. J Nucl Med. 
2010;51(5):753–60.

 34. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, Del-
croix N, et al. Automated anatomical labeling of activations in SPM using 
a macroscopic anatomical parcellation of the MNI MRI single-subject 
brain. Neuroimage. 2002;15(1):273–89.

 35. Ouyang J, Chun SY, Petibon Y, Bonab AA, Alpert N, El Fakhri G. Bias atlases 
for segmentation-based pet attenuation correction using PET-CT and MR. 
IEEE Trans Nucl Sci. 2013;60(5):3373–82.

 36. Yang J, Jian Y, Jenkins N, Behr SC, Hope TA, Larson PEZ, et al. Quantita-
tive evaluation of atlas-based attenuation correction for brain PET 
in an integrated time-of-flight PET/MR imaging system. Radiology. 
2017;284(1):169–79.

 37. Sousa JM, Appel L, Merida I, Heckemann RA, Costes N, Engström M, et al. 
Accuracy and precision of zero-echo-time, single- and multi-atlas attenu-
ation correction for dynamic [11C]PE2I PET-MR brain imaging. EJNMMI 
Phys. 2020;7(1):77.

 38. Khalifé M, Fernandez B, Jaubert O, Soussan M, Brulon V, Buvat I, et al. 
Subject-specific bone attenuation correction for brain PET/MR: Can ZTE-
MRI substitute CT scan accurately? Phys Med Biol. 2017;62(19):7814–32.

 39. Ranta I, Teuho J, Linden J, Klén R, Teräs M, Kapanen M, et al. Assessment 
of MRI-based attenuation correction for MRI-only radiotherapy treatment 
planning of the brain. Diagnostics. 2020;10(5):299.

 40. Tapia E. A note on the computation of high-dimensional integral images. 
Pattern Recognit Lett. 2011;32(2):197–201.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1007/s10278-020-00361-x
https://doi.org/10.1007/s10278-020-00361-x

	Evaluation of three methods for delineation and attenuation estimation of the sinus region in MR-based attenuation correction for brain PET-MR imaging
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Clinical subject data
	PET-MRI system
	MRI and PET image acquisition
	CT and PET image acquisition
	MR image segmentation and tissue classification
	Image processing and modelling workflow for the sinus cavity
	Processing pipeline for the cuboid method
	Processing pipeline for the template method
	MRI-CT conversion model for the sinus region
	PET image reconstruction
	MR-based attenuation map and PET evaluation
	DICE analysis

	Correlation analysis
	Attenuation coefficient analysis
	VOI analysis of PET images
	Visual evaluation of PET Atlas and bias Atlas images

	Results
	Visual inspection
	DICE analysis
	Correlation analysis
	Attenuation coefficient analysis
	PET image analysis
	VOI analysis

	Bias Atlas images

	Discussion
	Visual comparison
	DICE and correlation analysis
	Attenuation coefficient analysis
	VOI analysis
	Bias Atlas images
	Method limitations and applicability across PET-MRI systems

	Conclusions
	Acknowledgements
	References


