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Abstract 

Background: This study aims to compare proton density weighted magnetic resonance imaging (MRI) zero echo 
time (ZTE) and head atlas attenuation correction (AC) to the reference standard computed tomography (CT) based 
AC for 11C-methionine positron emission tomography (PET)/MRI.

Methods: A retrospective cohort of 14 patients with suspected or confirmed brain tumour and 11C-Methionine PET/
MRI was included in the study. For each scan, three AC maps were generated: ZTE–AC, atlas-AC and reference stand-
ard CT-AC. Maximum and mean standardised uptake values (SUV) were measured in the hotspot, mirror region and 
frontal cortex. In postoperative patients (n = 8), SUV values were additionally obtained adjacent to the metal implant 
and mirror region. Standardised uptake ratios (SUR) hotspot/mirror, hotspot/cortex and metal/mirror were then cal-
culated and analysed with Bland–Altman, Pearson correlation and intraclass correlation reliability in the overall group 
and subgroups.

Results: ZTE–AC demonstrated narrower SD and 95% CI (Bland–Altman) than atlas-AC in the hotspot analysis for all 
groups (ZTE overall ≤ 2.84, − 1.41 to 1.70; metal ≤ 1.67, − 3.00 to 2.20; non-metal ≤ 3.04, − 0.96 to 3.38; Atlas over-
all ≤ 4.56, − 1.05 to 3.83; metal ≤ 3.87, − 3.81 to 4.64; non-metal ≤ 4.90, − 1.68 to 5.86). The mean bias for both ZTE–
AC and atlas-AC was ≤ 2.4% compared to CT-AC. In the metal region analysis, ZTE–AC demonstrated a narrower mean 
bias range—closer to zero—and narrower SD and 95% CI (ZTE 0.21–0.48, ≤ 2.50, − 1.70 to 2.57; Atlas 0.56–1.54, ≤ 4.01, 
− 1.81 to 4.89). The mean bias for both ZTE–AC and atlas-AC was within 1.6%. A perfect correlation (Pearson cor-
relation) was found for both ZTE–AC and atlas-AC compared to CT-AC in the hotspot and metal analysis (ZTE ρ 1.00, 
p < 0.0001; atlas ρ 1.00, p < 0.0001). An almost perfect intraclass correlation coefficient for absolute agreement was 
found between Atlas-, ZTE and CT maps for maxSUR and meanSUR values in all the analyses (ICC > 0.99).

Conclusions: Both ZTE and atlas-AC showed a good performance against CT-AC in patients with brain tumour.
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Background
In neuro-oncology, positron emission tomography/
magnetic resonance imaging (PET/MRI) combines Posi-
tron Emission Tomography (PET) functional metabolic 

information with the magnetic resonance imaging (MRI) 
morphological appearance, allowing simultaneous data 
acquisition with the potential to overcome the intrin-
sic limitations of MRI [1]. Among the existing radiop-
harmaceuticals used in PET imaging, 11C-methionine 
(MET) is considered one of the most suitable amino 
acid tracers for brain tumours [2]. The uptake of MET 
by transmembrane transport via sodium-independent 
L-transporters reflects the concentration gradient and 
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cellular proliferation related to protein synthesis within 
the tumour. The distribution of 11C-methionine has 
potential to characterise primary brain tumour/metasta-
ses, assess the efficacy of oncological treatment and dif-
ferentiate radionecrosis from tumour recurrence [3–5]. 
Due to these characteristics, 11C-methionine provides a 
higher selectivity for the identification of brain gliomas, 
especially for hypo- or isometabolic lesions on 18F-Fluro-
deoxyglucose (FDG) PET [6, 7] and a diagnostic accu-
racy similar to 18F-fluoroethyl-l-tyrosine (FET) [8]. For 
accurate quantification of the radioactivity concentration 
measured by PET, correction for photon attenuation is 
needed. Conversion of the MRI signal into attenuation 
values is challenging, hampering accurate AC in PET/
MRI [9]. Several methods aiming to improve vendor 
specific MR-AC have been described [10–12]. Nonethe-
less, head CT scan is still needed for accurate AC, leaving 
PET/MRI dependent upon a separate CT and additional 
radiation exposure [13–15]. In comparison to PET/CT, 
PET/MRI lacks a clinically accepted standard method to 
directly obtain AC maps.

The unsolved AC issues in PET/MRI relate to the fact 
that proton density in MRI does not directly correlate to 
radiodensity [16, 17]. PET/MRI AC is especially challeng-
ing close to bony structures [18], air and metal implants 
[19]. Metal implants are encountered in postoperative 
brain tumour patients, introducing risk for errors in 
the AC near the postoperative site. Several attempts to 
improve MR-AC close to metal in PET/MRI has been 
made, for example using time-of-flight (TOF) [20, 21].

A recently developed template-based method, Zero 
Echo Time (ZTE), for AC in PET/MRI has been devel-
oped and tested in non-surgical patients, providing an 
accurate AC map when compared to attenuation correc-
tion with PET emission scan [10, 18, 22, 23]. The aim of 
this current study is to further evaluate ZTE–AC in pre- 
and postoperative patients with suspected or confirmed 
brain tumour for correct SUV quantification in the pres-
ence of surgical metal implants and clinical use of PET/
MRI study of brain tumours. Correct AC in PET/MRI 
will improve diagnostic accuracy and guide treatment-
based decisions in clinical practice.

To our knowledge, this is the first study evaluating 
ZTE–AC and atlas-AC compared to the reference stand-
ard CT-AC for brain MET PET/MRI.

Methods
The aim of the study is to retrospectively investigate 
ZTE–AC and atlas-AC compared to the reference stand-
ard CT-AC for MET PET/MRI in pre- and postopera-
tive patients with suspected or confirmed brain tumour. 
Maximum and mean standardised uptake values (SUV) 
were measured in the hotspot, mirror region and frontal 

cortex. In postoperative patients (n = 8), SUV values were 
additionally obtained adjacent to the metal implant and 
mirror region.

Subjects
We evaluated 18 lesions from 14 consecutive patients (6 
male, 8 female, median age 43 years, range 29–73) who 
had acquired MET PET/CT (not analysed further in this 
article) and 3  T PET/MRI (GE Healthcare, Waukesha, 
WI) at Karolinska University Hospital from January to 
June 2019. Inclusion criteria were 11C-MET PET/MRI 
acquisition, availability of atlas-AC map, proton density 
weighted ZTE–AC map and CT-based AC map as refer-
ence standard and suspected or confirmed brain tumour. 
The study was approved by the Swedish Ethical Review 
Authority (2019–01309), through which informed con-
sent was waived.

Data acquisition and image reconstruction
Acquisition of PET/MRI
First, a MET PET/CT was acquired per clinical proto-
col 15  min after injection of 4  mBq/kg (max 400  mBq) 
11C-methionine (MET), with an acquisition time of 
15 min. A low dose CT (7.5 mAs 120 kVp) was acquired 
for both clinical PET/CT AC and PET/MRI CT-AC. 
After the standard PET/CT exam, subjects were moved 
to the PET/MRI facility, located in an adjacent building, 
and scanned in a GE Signa 3 T PET/MRI scanner using a 
24-channel head-neck unit coil (GE Healthcare, Wauke-
sha, WI). The average time from MET injection to PET 
acquisition at the PET/MRI scanner was 59 min (41–81), 
depending on the mobility of the subject. The mean dura-
tion of the MET-PET exam at the PET/MRI was 17.1 min 
(range 16–30 min). The MRI acquisition included the fol-
lowing scan protocol for AC: a 3D Liver Acquisition with 
Volume Acceleration-flexible (LAVA Flex) T1-weighted 
(GE Healthcare, Waukesha, WI) and a ZTE sequence 
were acquired. The LAVA Flex sequence was acquired 
for 14  s with 1 Number of excitations (NEX), 500  mm 
field of view (FOV), a 256 × 256 matrix and a 5.2  mm 
slice thickness and was used to generate water, fat and 
in- and out of phase echoes. ZTE sequence acquisition 
time was 42  s with 4 NEX, 264  mm FOV, a 110 × 110 
matrix and 2.4 mm slice thickness. The clinical MRI pro-
tocol included T1, T2, T2*, postcontrast T1, DWI, ADC 
and Fractional Anisotropy for all the patients. Additional 
perfusion (ID 5–16) and spectroscopy (ID 10, 12, 14–18) 
sequences were also acquired.

Attenuation correction maps
For each subject, two different MR-based AC maps 
(ZTE–AC and atlas-AC) were generated and used 
for PET reconstruction and SUV calculation. For 
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comparison, CT-AC was used as a reference standard 
method for PET AC.

ZTE based attenuation correction map
Following the method described in Wiesinger et al. [24] 
and using the MATLAB (version R2018b; The Math-
Works) PET toolbox, a ZTE-based AC map was gener-
ated using:

• Histogram-based bias correction and normalization
• Tissue classification using a simple thresholding 

technique for soft tissue/bone and bone/air
• Attenuating for bone (300–2000 HU) with a linear 

correlation between CT and ZTE MRI values
• Classification of soft tissue fixed at 42 HU

Atlas‑based attenuation correction map
Following the method described in Wollenweber et  al. 
[25], an atlas-based AC map was generated using:

• Enhancement of bone in the 3D FSPGR T1-weighted 
images using a Hessian filter

• Rigid and non-rigid registration of bone-enhanced 
MRI to the CT skull atlas (provided by the manufac-
turer), creating a pseudo-CT

• Transformation of the pseudo-CT to an AC map for 
511  keV photons through standard energy conver-
sion and resampling

• Head coil and bed added to the AC map using a tem-
plate

CT‑based attenuation correction map
Following the method described in Burger et al. [26], CT-
based AC map was generated using:

• Rigid registration between the low dose head CT (7.5 
mAs 120 kVp) and ZTE MR images using FMRIB’s 

Linear Image Registration (FLIRT) Tool Software 
Library v6.0, Oxford, UK. and in-house created 
MATLAB script

• CT transformation following the same procedure as 
in the atlas-AC map

For each AC map, PET images were reconstructed 
using the GE PET toolbox (version MP26, GE Healthcare, 
Waukesha, WI) using TOF ordered subsets expectation 
maximization (OSEM) with three iterations, 16 subsets, 
and a 128 × 128 reconstruction matrix with a 256  mm 
FOV. A 3  mm Gaussian post-filter was applied to the 
reconstructed images.

ROI analysis
After MET PET/MRI acquisition, one of the authors 
(FDL) analysed the PET images using AW Server Vol-
ume Viewer 3D Viewer PET (GE Healthcare, Waukesha, 
WI). The analysis was blinded to the neuropathological 
diagnosis and clinical information. Results were ana-
lysed for the overall group and two subgroups (non-metal 
and metal), including pre- and postoperative patients 
respectively with suspected or confirmed brain tumour. 
Standardised uptake value (SUV) maps were calculated, 
normalized to body weight. A 27.4  mm2 elliptical region 
of interest (ROI) was delineated to include the PET hot-
spot with the help of gadolinium-enhanced T1weighted 
images from the PET/MRI or the prior MRI (Fig. 1a–d). 
For standardised uptake ratio (SUR) analysis, two differ-
ent background regions were delineated:

• Elliptic ROI (27.4  mm2) in the hotspot mirror region
• Free-hand 2D ROI in the contralateral frontal cortex 

at the level of the basal ganglia

In the postoperative patients, all presenting with metal 
implants, SUV values were additionally obtained in the 
parenchyma tangential to the longitudinal axis of the 
adjacent metal implant and mirror region (Fig.  2a–d). 

Fig. 1  Hotspot analysis. MET PET/MRI T1-weighted contrast for a representative brain tumour patient with metal implants (a). SUV hotspot and SUV 
mirror in CT-AC (b), atlas-AC (c) and ZTE–AC (d), demonstrating differences between the three AC methods
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In subjects with multiple surgical implants, the metal 
implant closest to the postoperative cavity and/or lesion 
was selected. SUR values – maxSURhotspot/mirror and 
maxSURhotspot/cortex; meanSURhotspot/mirror and 
meanSURhotspot/cortex; maxSURmetal/mirror and 
meanSURmetal/mirror—were calculated.

Statistical analysis
SUR values were analysed with the Bland–Altman (mean 
bias, SD, 95% CI), the Pearson correlation test (p < 0.05) 
and intraclass correlation reliability (ICC > 0.99) for abso-
lute agreement.

Bland–Altman and Pearson correlation tests were per-
formed using GraphPad Prism 8.4.3 (GraphPad Software, 
San Diego, California). Intraclass correlation reliability 
was performed using Statistical Package for Social Sci-
ences (SPSS, IBM Corp. Released 2019. Version 26.0. 
Armonk, NY: IBM Corp.).

Mean bias was calculated as follows [27]:

Outlier analysis was performed using Robust regres-
sion and Outlier removal (ROUT) test [28].

Results
Fourteen patients with 18 lesions were included in the 
study. Seventeen lesions had a hotspot at PET/MRI 
and the diagnoses included 6 gliomas (WHO grade 
IV, n = 1; grade III, n = 3; grade II, n = 2), 9 metasta-
ses (melanoma, n = 3; breast, n = 4; kidney, n = 1; lung, 
n = 1) per WHO classification (2, 3) and two suspected 
brain tumours (two suspected low grade astrocyto-
mas). The non-metal subgroup included 10 preopera-
tive lesions. Seven out of seventeen lesions occurred 
in postoperative patients with metal implant. In the 
metal analysis (n = 8), one additional postoperative 

Bias%(100 ∗

(

ZTE/ATLAS − CT

CT

)

)

patient with astrocytoma WHO grade II without a hot-
spot on PET/MRI was included [29, 30]. The majority 
of the metal implants involved CranioFix titanium cra-
niotomy clamps (B. Braun Medical, Melsungen, Ger-
many) or Low-profile titanium plates or screws (DePuy 
Synthes, Warsaw, Indiana, United States). The major-
ity of the lesions (n = 16) were treated using currently 
available treatment options in neuro-oncology and/or: 
surgery, chemotherapy, gamma knife radiosurgery or 
radiotherapy. Table 1.

Hotspot analysis
ZTE–AC demonstrated narrower SD and 95% CI than 
Atlas-AC in the hotspot analysis for all groups (ZTE 
overall ≤ 2.84, − 1.41 to 1.70; metal ≤ 1.67, − 3.00 
to 2.20; non-metal ≤ 3.04, − 0.96 to 3.38; Atlas over-
all ≤ 4.56, − 1.05 to 3.83; metal ≤ 3.87, − 3.81 to 4.64; 
non-metal ≤ 4.90, − 1.68 to 5.86). Mean bias was 
within 2.4% for both ZTE–AC and atlas-AC com-
pared to CT-AC. In the subgroup of patients with 
metal implants, atlas-AC demonstrated a narrower 
mean bias range—closer to zero—in three out of four 
analyses (atlas − 0.23 to 1.63, ZTE − 1.80 to 0.66). 
Results for the analysis of maxSURhotspot/cortex and 
maxSURhotspot/mirror are presented in Fig.  3a–f. A 
perfect correlation was found for both ZTE–AC and 
atlas-AC compared to CT-AC in the hotspot analysis 
(ZTE ρ 1.00, p < 0.0001; atlas ρ 1.00, p < 0.0001). Higher 
absolute values of correlation were found when the mir-
ror region was chosen as background. The ROUT outli-
ers test was performed and no outliers were identified 
for the analyses. Intraclass correlation reliability using 
absolute agreement between Atlas-, ZTE and CT maps 
for maxSUR and meanSUR values (hotspot/cortex; 
hotspot/mirror) was conducted and showed an almost 
perfect intraclass correlation coefficient (ICC > 0.99) 
in all the analyses. Detailed results for Bland–Altman, 

Fig. 2  Metal analysis. MET PET/MRI T1-weighted contrast for a representative brain tumour patient with metal implants (a). SUV adjacent to the 
metal and mirror region in CT-AC (b), atlas-AC (c) and ZTE–AC (d), demonstrating differences between the three AC methods
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Pearson correlation and intraclass correlation reliabil-
ity can be found in Additional file 1: Table S1, S3, Fig. 
S1–S3.

Metal analysis
In the metal region analysis, ZTE–AC demonstrated a 
narrower mean bias range—closer to zero—SD and 95% 
CI (ZTE 0.21–0.48, ≤ 2.50, − 1.70 to 2.57; Atlas 0.56–
1.54, ≤ 4.01, − 1.81 to 4.89) (Fig.  4a, b). Both ZTE–AC 
and atlas-AC showed a perfect correlation compared to 
CT-AC (ZTE ρ 1.00, p < 0.0001; atlas ρ 1.00, p < 0.0001). 
ROUT outliers test was performed and no outliers were 
identified for the analysis. Intraclass correlation reliabil-
ity using absolute agreement between Atlas-, ZTE and 

CT maps for maxSUR and meanSUR values (metal/mir-
ror) was conducted and showed an almost perfect intra-
class correlation coefficient (ICC > 0.99) in both analyses. 
Detailed results for Bland–Altman, Pearson correlation 
and intraclass correlation reliability can be found in 
Additional file  1: Table  S2–S3, Fig. S4. Representative 
PET/CT images of CT-AC, PET and fused PET/CT are 
shown in Additional file 1: Fig. S5.

Discussion
In the present study, both ZTE–AC and atlas-AC showed 
a good performance against CT-AC.

Recently, Schramm and Ladefoged described the cur-
rent state of the art in metal artefact correction strategies 

Table 1 Baseline demographic and patients’ characteristics

BC breast cancer; C chemotherapy, GB glioblastoma, GNR gamma knife radiosurgery, R radiotherapy, OD oligodendroglioma, WHO World Health Organization

Characteristics of patients with 11C-MET PET/MRI
Patients n = 14
11C-MET PET/MRI scans n = 15
Lesions n = 18

Neuropathological 
confirmation (Yes/
No)

Pathological 
diagnosis

Metal 
implant and analysis 
(Yes/No)

Treatment (a/o 
C, GNR, R, S) 
(Yes/No)

Hotspot 
analysis 
overall group 
(Yes/No)

Hotspot 
analysis metal 
subgroup 
(Yes/No)

Hotspot analysis 
non-metal 
subgroup (Yes/
No)

ID1 Yes Melanoma 
metastasis

No Yes Yes No Yes

ID2 Yes Astrocytoma 
WHO II

Yes Yes Yes Yes No

ID3 Yes Anaplastic 
Astrocytoma 
WHO III

Yes Yes Yes Yes No

ID4 Yes Lung cancer 
metastasis

No Yes Yes No Yes

ID5 Yes Melanoma 
metastasis

Yes Yes Yes Yes No

ID6 Yes BC metastasis No Yes Yes No Yes

ID7 Yes BC metastasis No Yes Yes No Yes

ID8 Yes BC metastasis No Yes Yes No Yes

ID9 Yes BC metastasis No Yes Yes No Yes

ID10 Yes Kidney cancer 
metastasis

No Yes Yes No Yes

ID11 Yes OD WHO II-III No Yes Yes No Yes

ID12 No – No No Yes No Yes

ID13 Yes GBM WHO IV Yes Yes Yes Yes No

ID14 Yes Astrocytoma 
WHO II

Yes Yes No No No

ID15 Yes OD WHO II Yes Yes Yes Yes No

ID16 
(same as 
in ID5)

Yes Melanoma 
metastasis

Yes Yes Yes Yes No

ID17 No – No No Yes No Yes

ID18 Yes Astrocytoma 
WHO II-III

Yes Yes Yes Yes No
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for PET/MRI [31]. Several studies have investigated AC 
methods in the presence of dental implants [32–35], 
whereas only one has focused on MR-AC in postop-
erative patients with brain tumour and surgical metal 
implants [11].

Previous studies in the field investigated ZTE–AC and 
atlas-AC compared to gold standard 68GE transmission 
scan and reference standard CT-AC [10, 22, 36]. Those 
studies demonstrated a better performance of ZTE–AC 
when compared to the reference standard used in the 
study.

In the present study, no consistent superiority between 
the ZTE–AC and atlas-AC was found for brain PET/MRI 
AC in the hotspot region and postoperative site.  Both 
methods presented mean bias within ± 5% across the 
regions, as previously described in a multi-centre study 
for MR-AC in brain PET/MRI [37]. Our findings are in 
line with a previous work comparing ZTE–AC and atlas-
AC using brain 15O-labeled water  (H2

15O) PET/MRI [38]. 
The study showed no significant differences between AC 
for the regional values for cerebral blood flow. Notably, 
while the measurement of tracer uptake using  H2

15O 
PET/MRI is affected by small variations of cerebral blood 
flow, semi-quantitative measurement using MET PET 
may be robust enough to achieve clinical objectives. Part 
of the design of the present work differs from previously 
published studies regarding the selection of reference 
method [10], patient selection [36–39] and lack of metal 
implants [10, 22, 36, 38, 39].

Fig. 3  Bland Altman for SURhotspot/cortex and SURhotspot/
mirror analysis. Mean bias for maxSURhotspot/cortex (left) and 
maxSURhotspot/mirror (right) respectively in the overall (a, b), metal 
(c, d) and non-metal (e, f) subgroup. ZTE–AC and atlas-AC compared 
to reference standard CT-AC. Bars and whiskers are mean ± SD. 
Despite atlas-AC showed narrower mean bias range -closer to zero- in 
the metal subgroup, ZTE–AC presented narrower SD and 95% CI for 
all the three groups, metal subgroup included. No notable difference 
in AC compared to CT-AC was found for both methods

Fig. 4  Bland Altman for SURmetal/mirror analysis. Mean bias 
for maxSURmetal/mirror (a) and meanSURmetal/mirror (b) in 
postoperative patients presenting with metal implants. ZTE–AC and 
atlas-AC compared to reference standard CT-AC. Bars and whiskers 
are mean ± SD
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In the present work, a 2D elliptical ROI was used for 
measurement of SUR values. Notably, previous works 
have used a volume of interest (VOI) for delineation 
[36]. Takano et  al. [40] recently described the value of 
both 2D and 3D ROI in PET analyses showing a better 
performance for 2D ROIs in FDG PET, apparent diffu-
sion coefficient (ADC) map, FA (fractional anisotropy), 
and a comparable p value for 2D ROIs and 3D ROIs (p 
value = 0.0056; p value = 0.0050, respectively) in MET 
PET. Based on these results, and for practical clinical 
usefulness in the radiological work-flow, a 2D ROI was 
chosen.

A limitation of this study is attributed to the relatively 
small number of patients included. This is explained by 
the high cost, limited use of PET/MRI, and the lack of 
universal validation in neuro-oncology [41].

Although the timing of PET/MRI was not standard-
ised, the comparison between the AC methods might 
not be affected by the average post-injection time, since 
the acquisition for all the three AC maps was simultane-
ous. The aim of this study was not to render a diagnosis 
based on SUV values, which depend on acquisition tim-
ing, noise, tracers and tissue composition [42–44]. The 
evaluation of ZTE- and atlas-AC compared to CT-AC 
was performed on a patient-by-patient basis using SUV/
SUR values, as previously reported in literature [11]. Fur-
ther investigation will be necessary to explore the impact 
of the intrinsic differences between the AC maps on the 
accuracy of each AC-method compared to the reference 
gold standard, and to assess the severity of artefacts on 
MR-AC based on the size and appearance of the metal 
implant.

This is a single-centre, retrospective study. Future 
multi-centre prospective studies with larger cohorts, 
analysis of MRI biomarkers, single pathology brain 
tumours at the same treatment stage after diagnosis and 
analysis of MRI biomarkers will be needed to confirm our 
preliminary results. The study was performed using a sin-
gle-reader assessment. Multi-reader assessment can  be 
used in the upcoming study for ROI delineation, SUR 
analyses and inter-reader reliability. The study included 
all available patients from one institution during a spe-
cific time. Due to the retrospective nature of the study, no 
pre-study calculation of power was performed.

Conclusions
This study retrospectively evaluated 14 pre- and post-
operative patients with suspected or confirmed brain 
tumour. Good performance of ZTE–AC and atlas-AC 
compared to reference standard CT-AC was found for all 
analyses. Our results indicate that both ZTE and atlas are 
feasible MET PET/MRI AC methods.
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As background, contralateral mirror parenchyma ROI was assessed. ZTE/
Atlas-AC compared to reference gold standard CT-AC. Table S3. Intraclass 
correlation reliability. Intraclass correlation reliability for absolute agree-
ment in hotspot and metal analysis. Comparison among ZTE, Atlas and CT 
for SUR values. Fig. S1. Pearson correlation for hotspot analysis in the over-
all group. Correlation analysis for hotspot analysis in the overall group. As 
background, contralateral frontal cortex and mirror for maxSUR (a,b) and 
meanSUR (c,d) ROI were respectively assessed. ZTE/Atlas-AC compared 
to reference gold standard CT-AC. Fig. S2. Pearson correlation for hotspot 
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gold standard CT-AC. Fig. S4. Pearson correlation for metal analysis. Cor-
relation for parenchyma analysis in the metal subgroup. As background, 
contralateral mirror parenchyma for maxSUR (a) and meanSUR (b) ROI was 
assessed. ZTE/Atlas-AC compared to reference gold standard CT-AC. Fig. 
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ZTE: Zero echo time.

Acknowledgements
The authors would like to thank the radiographers Yords Österman, Aleksandra 
Ramolli and Soroush Sohrabian for the technical help and assistance during 
the scan acquisition and the Departments of Nuclear Medicine and Neurora-
diology for valuable assistance with the project. We also thank Mattia Russel 
Pantalone, MD, Department of Neurology, Karolinska University Hospital for 
the valuable feedback and technical support.

Authors’ contributions
FDL, AFD and HM designed the study. FDL analysed the data and drafted the 
manuscript. MB performed the reconstruction. LB and CW contributed to the 
image analysis pipeline and critically evaluated the manuscript. AFD, HM and 
MB contributed to drafting of the manuscript. FDL and HM were responsible 
for the patients’ recruitment. All authors read and approved the final version of 
the manuscript.

Funding
Open Access funding provided by Karolinska Institute. This work was sup-
ported by Åke Wibergs Stiftelse (reference number M18-0132) and Magnus 
Bergvalls Stiftelse (reference number 2018-02643).

https://doi.org/10.1186/s12880-020-00526-8
https://doi.org/10.1186/s12880-020-00526-8


Page 8 of 9De Luca et al. BMC Med Imaging          (2020) 20:126 

Availability of data and materials
All data used and/or analysed during the current study are available from the 
corresponding author, Francesca De Luca (francesca.de.luca@ki.se), on reason-
able request.

Ethics approval and consent to participate
The study was conducted in accordance to the declaration of Helsinki and 
approved by the Swedish Ethical Review Authority (2019-01309), through 
which informed consent was waived.

Consent for publication
Not applicable.

Competing interests
Nothing to disclose. Karolinska University Hospital has several research agree-
ments with different radiology vendors. No money has been paid from any of 
these vendors directly to the authors for this study.

Author details
1 Department of Clinical Neuroscience, Karolinska Institutet, Stockholm, 
Sweden. 2 Department of Neuroradiology, Karolinska University Hospital, 
Stockholm, Sweden. 3 Department of Molecular Medicine and Surger, Karolin-
ska Institutet, Stockholm, Sweden. 4 Department of Medical Radiation Physics 
and Nuclear Medicine, Karolinska University Hospital, Stockholm, Sweden. 

Received: 13 July 2020   Accepted: 17 November 2020

References
 1. Ehman EC, Johnson GB, Villanueva-Meyer JE, Cha S, Leynes AP, Larson 

PEZ, et al. PET/MRI: where might it replace PET/CT? J Magn Reson Imag-
ing. 2017;46(5):1247–62.

 2. Glaudemans AW, Enting RH, Heesters MA, Dierckx RA, van Rheenen RW, 
Walenkamp AM, et al. Value of 11C-methionine PET in imaging brain 
tumours and metastases. Eur J Nucl Med Mol Imaging. 2013;40(4):615–35.

 3. Minamimoto R, Saginoya T, Kondo C, Tomura N, Ito K, Matsuo Y, et al. 
Differentiation of brain tumor recurrence from post-radiotherapy necrosis 
with 11C-methionine PET: visual assessment versus quantitative assess-
ment. PLoS ONE. 2015;10(7):e0132515.

 4. Tomura N, Kokubun M, Saginoya T, Mizuno Y, Kikuchi Y. Differentiation 
between treatment-induced necrosis and recurrent tumors in patients 
with metastatic brain tumors: comparison among. AJNR Am J Neurora-
diol. 2017;38(8):1520–7.

 5. Verma N, Cowperthwaite MC, Burnett MG, Markey MK. Differentiating 
tumor recurrence from treatment necrosis: a review of neuro-oncologic 
imaging strategies. Neuro Oncol. 2013;15(5):515–34.

 6. Chung JK, Kim YK, Kim SK, Lee YJ, Paek S, Yeo JS, et al. Usefulness 
of 11C-methionine PET in the evaluation of brain lesions that are 
hypo- or isometabolic on 18F-FDG PET. Eur J Nucl Med Mol Imaging. 
2002;29(2):176–82.

 7. Zhao C, Zhang Y, Wang J. A meta-analysis on the diagnostic performance 
of (18)F-FDG and (11)C-methionine PET for differentiating brain tumors. 
AJNR Am J Neuroradiol. 2014;35(6):1058–65.

 8. Galldiks N, Lohmann P, Albert NL, Tonn JC, Langen KJ. Current status of 
PET imaging in neuro-oncology. Neurooncol Adv. 2019;1(1):vdz010.

 9. Wagenknecht G, Kaiser HJ, Mottaghy FM, Herzog H. MRI for attenuation 
correction in PET: methods and challenges. MAGMA. 2013;26(1):99–113.

 10. Sousa JM, Appel L, Engström M, Papadimitriou S, Nyholm D, Larsson EM, 
et al. Evaluation of zero-echo-time attenuation correction for integrated 
PET/MR brain imaging-comparison to head atlas and. EJNMMI Phys. 
2018;5(1):20.

 11. Ladefoged CN, Andersen FL, Kjær A, Højgaard L, Law I. RESOLUTE PET/MRI 
attenuation correction for O-(2-. Front Neurosci. 2017;11:453.

 12. Benoit D, Ladefoged CN, Rezaei A, Keller SH, Andersen FL, Højgaard L, 
et al. Optimized MLAA for quantitative non-TOF PET/MR of the brain. Phys 
Med Biol. 2016;61(24):8854–74.

 13. Merida I, Costes N, Heckemann R, Hammers A. Pseudo-CT generation in 
brain MR-PET attenuation correction: comparison of several multi-atlas 
methods. EJNMMI Phys. 2015;2(Suppl 1):A29.

 14. Hofmann M, Pichler B, Schölkopf B, Beyer T. Towards quantitative PET/MRI: 
a review of MR-based attenuation correction techniques. Eur J Nucl Med 
Mol Imaging. 2009;36(Suppl 1):S93-104.

 15. Pearce MS, Salotti JA, Little MP, McHugh K, Lee C, Kim KP, et al. Radia-
tion exposure from CT scans in childhood and subsequent risk of 
leukaemia and brain tumours: a retrospective cohort study. Lancet. 
2012;380(9840):499–505.

 16. Keereman V, Mollet P, Berker Y, Schulz V, Vandenberghe S. Challenges 
and current methods for attenuation correction in PET/MR. MAGMA. 
2013;26(1):81–98.

 17. Martinez-Moller A, Souvatzoglou M, Delso G, Bundschuh RA, 
Chefd’hotel C, Ziegler SI, et al. Tissue classification as a potential 
approach for attenuation correction in whole-body PET/MRI: evalua-
tion with PET/CT data. J Nucl Med. 2009;50(4):520–6.

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

 19. Hargreaves BA, Worters PW, Pauly KB, Pauly JM, Koch KM, Gold 
GE. Metal-induced artifacts in MRI. AJR Am J Roentgenol. 
2011;197(3):547–55.

 20. Davison H, ter Voert EE, de Galiza BF, Veit-Haibach P, Delso G. Incorpora-
tion of time-of-flight information reduces metal artifacts in simultane-
ous positron emission tomography/magnetic resonance imaging: a 
simulation study. Invest Radiol. 2015;50(7):423–9.

 21. Rezaei A, Schramm G, Willekens SM, Delso G, Van Laere K, Nuyts J. A 
quantitative evaluation of joint activity and attenuation reconstruction 
in TOF-PET/MR brain imaging. J Nucl Med. 2019;60(11):1649–55.

 22. Sekine T, Ter Voert EE, Warnock G, Buck A, Huellner M, Veit-Haibach P, 
et al. Clinical evaluation of zero-echo-time attenuation correction for 
brain 18F-FDG PET/MRI: comparison with atlas attenuation correction. 
J Nucl Med. 2016;57(12):1927–32.

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

 24. Wiesinger F, Sacolick LI, Menini A, Kaushik SS, Ahn S, Veit-Haibach 
P, et al. Zero TE MR bone imaging in the head. Magn Reson Med. 
2016;75(1):107–14.

 25. Wollenweber SD, et al. Evaluation of an atlas-based PET head attenu-
ation correction using PET/CT & MR patient data IEEE transactions on 
nuclear science. IEEE Trans Nucl Sci. 2013;60(5):3383–90.

 26. Burger C, Goerres G, Schoenes S, Buck A, Lonn AH, Von Schulthess GK. 
PET attenuation coefficients from CT images: experimental evaluation 
of the transformation of CT into PET 511-keV attenuation coefficients. 
Eur J Nucl Med Mol Imaging. 2002;29(7):922–7.

 27. Bland JM, Altman DG. Measuring agreement in method comparison 
studies. Stat Methods Med Res. 1999;8(2):135–60.

 28. Motulsky HJ, Brown RE. Detecting outliers when fitting data with 
nonlinear regression—a new method based on robust nonlinear 
regression and the false discovery rate. BMC Bioinformatics. 2006;7:123.

 29. Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger PC, Jouvet A, 
et al. The 2007 WHO classification of tumours of the central nervous 
system. Acta Neuropathol. 2007;114(2):97–109.

 30. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D, 
Cavenee WK, et al. The 2016 world health organization classification of 
tumors of the central nervous system: a summary. Acta Neuropathol. 
2016;131(6):803–20.

 31. Schramm G, Ladefoged CN. Metal artifact correction strate-
gies in MRI-based attenuation correction in PET/MRI. BJRn|Open. 
2019;1(1):20190033.

 32. Ladefoged CN, Hansen AE, Keller SH, Fischer BM, Rasmussen JH, Law I, 
et al. Dental artifacts in the head and neck region: implications for Dixon-
based attenuation correction in PET/MR. EJNMMI Phys. 2015;2(1):8.

 33. Gunzinger JM, Delso G, Boss A, Porto M, Davison H, von Schulthess GK, 
et al. Metal artifact reduction in patients with dental implants using mul-
tispectral three-dimensional data acquisition for hybrid PET/MRI. EJNMMI 
Phys. 2014;1(1):102.

 34. Burger IA, Wurnig MC, Becker AS, Kenkel D, Delso G, Veit-Haibach P, et al. 
Hybrid PET/MR imaging: an algorithm to reduce metal artifacts from 



Page 9 of 9De Luca et al. BMC Med Imaging          (2020) 20:126  

•
 
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: 

dental implants in Dixon-based attenuation map generation using a 
multiacquisition variable-resonance image combination sequence. J Nucl 
Med. 2015;56(1):93–7.

 35. Ladefoged CN, Andersen FL, Keller SH, Beyer T, Law I, Højgaard L, et al. 
Automatic correction of dental artifacts in PET/MRI. J Med Imaging (Bell-
ingham). 2015;2(2):024009.

 36. Sgard B, Khalifé M, Bouchut A, Fernandez B, Soret M, Giron A, et al. ZTE 
MR-based attenuation correction in brain FDG-PET/MR: performance in 
patients with cognitive impairment. Eur Radiol. 2020;30(3):1770–9.

 37. 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.

 38. Okazawa H, Tsujikawa T, Higashino Y, Kikuta KI, Mori T, Makino A, et al. 
No significant difference found in PET/MRI CBF values reconstructed 
with CT-atlas-based and ZTE MR attenuation correction. EJNMMI Res. 
2019;9(1):26.

 39. Schramm G, Koole M, Willekens SMA, Rezaei A, Van Weehaeghe D, Delso 
G, et al. Regional accuracy of ZTE-based attenuation correction in static 
[18F]FDG and dynamic [18F]PE2I brain PET/MR. Front Phys. 2019;7:211.

 40. Takano K, Kinoshita M, Arita H, Okita Y, Chiba Y, Kagawa N, et al. Influence 
of region-of-interest designs on quantitative measurement of multimodal 
imaging of MR non-enhancing gliomas. Oncol Lett. 2018;15(5):7934–40.

 41. Martin O, Schaarschmidt BM, Kirchner J, Suntharalingam S, Grueneisen 
J, Demircioglu A, et al. PET/MRI versus PET/CT in whole-body staging: 
results from a unicenter observational study in 1003 subsequent exami-
nations. J Nucl Med. 2019.

 42. Aki T, Nakayama N, Yonezawa S, Takenaka S, Miwa K, Asano Y, et al. Evalu-
ation of brain tumors using dynamic 11C-methionine-PET. J Neurooncol. 
2012;109(1):115–22.

 43. Kim DW, Jung SA, Kim CG, Park SA. The efficacy of dual time point 
F-18 FDG PET imaging for grading of brain tumors. Clin Nucl Med. 
2010;35(6):400–3.

 44. Spence AM, Muzi M, Mankoff DA, O’Sullivan SF, Link JM, Lewellen TK, 
et al. 18F-FDG PET of gliomas at delayed intervals: improved distinction 
between tumor and normal gray matter. J Nucl Med. 2004;45(10):1653–9.

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


	Validation of PETMRI attenuation correction methodology in the study of brain tumours
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Subjects
	Data acquisition and image reconstruction
	Acquisition of PETMRI
	Attenuation correction maps
	ZTE based attenuation correction map
	Atlas-based attenuation correction map
	CT-based attenuation correction map

	ROI analysis
	Statistical analysis

	Results
	Hotspot analysis
	Metal analysis

	Discussion
	Conclusions
	Acknowledgements
	References


