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Introduction
Modern radiation oncology treatment, neuro navigation 
and intraoperative magnetic resonance imaging (MRI)  
require high geometric fidelity images in combination with 
high spatial and contrast resolution in order to precisely 
identify disease extent and adjacent organs at risk (OAR). 
Magnetic resonance imaging (MRI) has demonstrated  
superior soft tissue contrast and was shown to substan
tially improve target and OAR segmentation accuracy  
and reliability [1–4]. In addition, it was demonstrated that 
MRI can reduce treatment-related toxicities due to more  
accurately delineated OARs [5–7] and identify regions of 
high tumor burden to facilitate dose escalation [6, 8, 9]. 
However, conventional computed tomography (CT) simu
lation is still needed for many disease sites with target  
and OAR definition performed after MRI-to-CT image  
registration. This co-registration process may introduce 
geometrical uncertainties in the range of ~2 mm for the 
brain [10] and pelvis [11], and up to 5 mm in the abdomen 
[12] particularly if performed in a radiology setting. Fur-
thermore, MR images are often used without considering 
the intrinsic geometric fidelity, precision and stability of  
the MR machine; an approach that may adversely impact 
dosimetric endpoints and increase the uncertainty beyond 
co-registration errors. For example, a recent radiosurgery 
study showed that geometric accuracy becomes a critical 
issue with small targets; for a target diameter of 3 cm,  
geometric distortions of 1.5 mm may impact the dose  
to 95% of the volume, while for targets less than 2 cm,  
a geometric distortion of 1 mm could significantly affect 
plan acceptance/quality indices [13]. 

A 2011 study showed a 78% failure rate during  
American College of Radiology (ACR) Quality Assurance 
testing [14]. The impact of geometric distortion in 
MR-guided radiation therapy has been the object of a  
recent study which demonstrated a relation between  
margin and system-related geometric distortion [15].  
Neuronavigation accuracy was also shown to be affected 
by MRI geometric distortion [16]. Overall, the impact from 

distortions will depend on factors such as the distance of 
the anatomy from the magnet isocenter, magnetic field 
strength, and MRI acquisition parameters and sequences, 
as well as MRI magnet and gradient coil properties. To ad-
dress these limitations, dedicated MR simulator platforms 
have been recently introduced with the aim of improving 
the accuracy of target and OAR delineations required for 
radiotherapy treatment planning [17]. Moreover, the ACR 
[18] and American Association of Physicists in Medicine 
(AAPM) task group’s [19–21] guidelines were recently  
published, addressing the specific aspects of a quality  
assurance program and commissioning for both cases  
of MR images used in conjunction with CT, as well as MR 
images used as a primary modality. 

The radiation oncology department of the CHU de 
Québec-Université Laval is moving into a brand-new  
facility and accordingly acquired two new MRI machines 
dedicated to radiation therapy (RT) (MAGNETOM Aera and 
MAGNETOM Sola, Siemens Healthcare, Erlangen, Germa-
ny). The goal of the current paper is therefore to present 
the authors’ experience regarding the commissioning and 
introduction of a Quality Assurance program for radiation 
oncology-dedicated MRI scanners.

1  � Ghosting ratio test, showing ROI locations on a uniform slice of 
the ACR phantom.

2

Commissioning and QA MReadings: MR in RT

siemens-healthineers.com/magnetom-world-rt

https://www.magnetomworld.siemens-healthineers.com/hot-topics/mri-in-radiation-therapy


Materials and Methods
MRI systems
The CHU de Québec – Université Laval acquired a  
MAGNETOM Sola 1.5T MRI simulator (Siemens Healthcare, 
Erlangen, Germany) dedicated to external-beam RT  
planning and a Nexaris MR with MAGNETOM Aera 1.5T 
scanner (Siemens Healthcare, Erlangen, Germany) for  
interventional brachytherapy. The MAGNETOM Sola is 
equipped with XQ gradients (45 mT/m, 200 T/m/s), a fixed 
table (for improved setup accuracy) and the syngo MR 
XA20 software platform with high-end computing (later 
upgraded to syngo MR XA31 on November 2021); it also 
has the complete QFix solution for radiotherapy simulation 
(QFix, Avondale, PA, USA) and the DORADOnova MR3T LAP 
laser system (LAP GmbH Laser Applikationen, Lüneburg, 
Germany). The Nexaris MR with MAGNETOM Aera is 
equipped with XQ gradients (45 mT/m, 200 T/m/s), a  
dockable table, an additional Combi-Suite Dockable Table 
and was installed with the syngo MR E11E software plat-
form on March 2021 and later upgraded to syngo MR XA30 
on September 2021.

Commissioning and QA 
The development of wide bore (70 cm) high field (≥ 1.5T) 
MRI scanners starting with the Siemens MAGNETOM 
Espree in 2004 has provided the within-bore space to  
image patients in Radiation Oncology treatment position 
and with dedicated immobilization devices in place.  
Recently, RT-dedicated MRI simulator platforms incorpo
rating external lasers, a flat RT table, and specialized RT 
workflows have been made available by the major scanner 
manufacturers and are being installed in Radiation Oncolo-
gy departments worldwide. The integration of dedicated 
MRI systems into the radiotherapy workflow necessitates 
the development of specific Quality Assurance programs  
as well as acceptance/commissioning tests. The AAPM as 
well as the Canadian Partnership for Quality Radiotherapy 
(CPQR) have drafted recommendations for the establish-
ment of Quality Assurance (QA) programs [20–23] and 
commissioning [20, 22] for dedicated MRI RT systems. All 
mandatory commissioning tests suggested by the AAPM 
report 284 [22] were performed and the authors’ main 
findings are shown in the results section. QA tests and  
associated tolerances are defined so as to ensure the  
highest possible geometric accuracy, image integrity and 
stability of RT MRI images. Table 1–4 summarizes the QA 
program established at the CHU de Québec, which is  
derived from the most recent AAPM and CPQR recom
mendations for RT MRI.

Table 1–4 provides an overview of the QA tests to be 
performed according to their frequency: daily, monthly, 
semi-annual and annual. Column 1 provides a short de-
scription of the test and column 2 outlines its associated 
analysis method. A variety of analysis methods are used: 

visual inspection, in-house tools provided by the Siemens 
Healthineers clinical or service platform, third party soft-
ware (e.g. AutoQAplus from QA Benchmark, Frederick,  
MD, USA, and GRADE QA software, Spectronics Medical, 
Helsingborg, Sweden) or in-house python-based code. 
Tests in Table 1 are performed by the radiation therapists 
but the MRI physicists do the ACR analysis. Most monthly, 
semi-annual and annual tests are performed by the MRI 
physicists, except for a few specific tests in Table 4 which 
may only be performed by a certified Siemens Healthineers 
technician, for example the emergency quench button 
check. A level 5 service key is necessary in order to run the 
Siemens Healthineers service platform tests while a level 7 
service key is necessary to visualize the detailed results and 
export the analysis in a PDF file format.

In the QA program established at the CHU de Québec–
Université Laval, the lasers are verified and adjusted using 
the Aquarius phantom from LAP (Lüneburg, Germany). 
Note that the MAGNETOM Aera scanner (dedicated to 
brachytherapy) has no external LAP laser system and no 
UltraFlex antennas. The Siemens Healthineers service 
phantoms, including a 25 cm sphere for B0 homogeneity, 
and various cylindrical phantoms and custom-fitting foam 
mats for antenna channel uniformity testing are also used. 
The Siemens Healthineers service tests and platform were 
previously shown in a white paper [24] and the prescribed 
methodology was followed here; ACR testing is also shown. 

The geometric accuracy of MR images has always been 
of paramount concern in RT. Geometric distortions in MR 
images arise from two main sources: 
1) 	 system-related effects and 
2) 	 patient-related effects.

System-related effects include the B0 field inhomo
geneity and the gradient nonlinearities. Patient-related  
effects include magnetic field susceptibility variations in 
the body of the patient, while the chemical-shift artifact  
is both a system and patient-related effect. The resulting 
total distortion is highly dependent on the imaging param-
eters including the specific pulse sequence, acquisition  
orientation, the field-of-view (FOV), acquisition and RF 
pulse bandwidth (BW), as well as being patient-dependant. 
It has been shown that system-related distortions typically 
are greater than patient-related distortions and that gradi-
ent nonlinearities can be the largest-contributing source  
of geometric distortions [25]. While the patient-specific 
distortions are more difficult to mitigate, vendors have  
incorporated two dimensional (2D) or three dimensional 
(3D) algorithms to automatically correct raw MRI data for 
known gradient nonlinearities. Such algorithms, however, 
do not correct for B0 inhomogeneity and suffer from  
residual distortion. It has been demonstrated that the  
residual distortions once vendor-supplied 3D correction 
factors are applied, can be greater than 1 mm at 10 cm 
from the isocenter [22]. An accurate characterization of 
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Daily QA

Test Analysis Method

Safety and emergency (cameras, intercom, 
emergency buttons, O2 sensor) Visual

Mechanical QA (table, antenna and connector 
integrity, temperature, helium, water level) Visual

ACR phantom with alternate daily coil setup 
(Monday-Friday)

QA Benchmark 
software

Image origin correspondence with LAP lasers 
(Sagittal localizer sequence on ACR)

Siemens clinical 
platform

Transmit gain setting (T1w SE sequence on ACR) Siemens clinical 
platform

SNR stability (T1w SE sequence on ACR) Siemens clinical 
platform

Table 1: �MRI Daily Quality Assurance tests performed as part of a 
Radiation Therapy QA program.

Annual QA

Test Analysis Method

Coil QA (for all other coils not verified monthly, 
e.g. FlexSmall-4)

Siemens service 
platform

B0 inhomogeneity check using dual-echo 3D GRE 
using the 25cm Siemens sphere of NiS04 solution	

In-house python 
code

3D geometric distortion QA without gradient 
correction on 3DGRADE phantom  
(gre_ax_LR only)

Spectronics  
software

Parallel Imaging SNR verification on 3D MPRAGE 
for SRS (using ACR phantom)

In-house python 
code

B0-field lines verification with Gauss meter  
incl. 5/200 Gauss Visual

Mechanical table movement QA with ruler  
(5, 10, 20, 200, 350mm) Visual

Secondary Systems check  
(incl. injector, anesthesia) Visual

Oxygen sensor check Visual

Electrical shutdown check Siemens Technician

Table movement during emergency check Siemens Technician

Quench button check Siemens Technician

Table 4: �MRI Annual Quality Assurance tests performed as part of a 
Radiation Therapy QA program.

Semi-Annual QA

Test Analysis Method

Gradient eddy-currents compensation/cross-term 
check

Siemens service 
platform

Gradient sensitivity check
Siemens service 

platform / Siemens 
customer platform1

Body coil tuning check Siemens service 
platform

RF gain calibration check Siemens service 
platform

Transmitter grain stability check Siemens service 
platform

Slice position/thickness synthesizer check
Siemens service 

platform / Siemens 
customer platform1

LAP Lasers-on-marks verification (laser location  
is marked on the walls/ceiling around the room) Visual

Table semi-annual test using Aquarius phantom Siemens clinical 
platform

Table 3: �MRI Semi-Annual Quality Assurance tests performed as part  
of a Radiation Therapy QA program.

Monthly QA

Test Analysis Method

Coil QA (for all regularly-used coils e.g. Body-18, 
Body-30, Head&Neck-20, UltraFlexLarge-18, 
Spine-32)

Siemens service 
platform

RF noise check Siemens service 
platform

RF spike check Siemens service 
platform

B0 homogeneity phantom shim check
Siemens service 

platform / Siemens 
customer platform1

Helium level and cooling water flow rate Siemens service 
platform

RF artifact check (based on the ACR image data  
of the month) Visual

3D geometric distortion QA with gradient 
correction using 3DGRADE phantom  
(gre_ax_LR only)

Spectronics  
software

EPI average ghosting ratio check  
(on ACR phantom)

In-house python 
code

EPI geometric distortion check (on ACR phantom) In-house python 
code

EPI long-term stability check (on ACR phantom) In-house python 
code

Table 2: �MRI Monthly Quality Assurance tests performed as part of a 
Radiation Therapy QA program.

1�These QA tests are available on the Siemens Healthineers 
customer platform with MAGNETOM Sola and Vida  
scanners on syngo MR XA31 software and later versions, 
only. Otherwise, the tests are available on the Siemens 
Healthineers service platform.
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the system-related effects is therefore of paramount  
importance for the correct use of MR images in RT. This  
is especially critical in the event that MR images are not 
fused to planning CT images, but used in a standalone 
fashion for MR-only RT planning. Therefore, geometric  
distortions were tested using the GRADE QA phantom 
(Spectronic Medical SE, Karbingatan, Sweden). The GRADE 
QA phantom consists of approximately 1200 17 mm  
diameter spherical markers made of polyethylene glycol 
imbedded in expanded foam [26]. The resulting phantom 
is of large diameter (47.9 cm lateral, 38.5 cm height and 
50 cm longitudinal) and relatively light weight (approxi-
mately 10 kg). Note that the MAGNETOM Sola FOV is  
50 × 50 × 50 cm3 while the MAGNETOM Aera FOV is  
slightly shorter in the longitudinal dimension and covers 
50 × 50 × 45 cm3. It is important to note that a significant 
portion of the FOV, namely the area located under the  
imaging table, is a “dead zone” with respect to MR imaging. 
The width, height and length of the GRADE QA phantom 
ensures that a significant proportion (> 90%) of the usable 
scanner FOV can therefore be characterized for distortion. 
A 3D FLASH sequence was used to image the GRADE QA 
phantom as recommended [26]. The sequence parameters 
(FLASH3D_geo) are provided in Table 5. The phase encod-
ing direction selected was the Left-Right (LR) direction.

The goal of this QA program is to ensure the best  
possible performance of RT MRI scanners, while optimizing 
or minimizing the QA time requirements. A significant  
effort was made to automate the data analysis as much  
as possible through the use of in-house or third-party  
software. Note also that QA data logging and storage is 
performed using QATrack+, an open source database for 
managing QA data [27]. Every test contains one or more 
measurement results that are uploaded in QAtrack+ and 
monitored over time.

CHU de Quebec in-house experience
For five of the quality assurance tests recommended by  
the AAPM reports, or the CPQR, no dedicated commercial 

software exists yet; therefore, we had to develop our own 
in-house python programs to perform an automatic analy-
sis. The analysis of those five tests is described below:

EPI geometric distortions
For the EPI geometric distortion check (recommended in 
the AAPM Report 100 [20]), the same EPI pulse sequence  
is employed as for the ghosting ratio measurement and is 
shown in Table 5. An additional turbo spin echo (TSE) se-
quence with the same FOV, slice positions and acquisition/
reconstruction matrix size (shown also in Table 5) is used 
as a geometric reference to measure the EPI distortion in 
both frequency-encode and phase-encode directions. The 
ITK Canny Edge Detection Filter was used to automatically 
detect the edges of both the TSE and the EPI image as 
shown in Figure 6 of the Results section. From the edge 
masks, the distances in the central row and column of  
the images are automatically subtracted, yielding a relative 
measure of distortion in the frequency and phase direc-
tions to an accuracy in the order of the image resolution  
(1 mm).

EPI ghosting ratio
The EPI average ghosting ratio is calculated using Eq. 1 
within the central uniform slice of the ACR phantom. The 
main EPI sequence parameters used are listed in Table 5.

Sequence Name
α/TR/TE/TE2 # Slices FOV

(freq×ph×sl) Acq. Voxel Resolution BW TSE / EPI 
factor Scan time

°/ms/ms/ms (mm) (mm) Hz/pix (min:sec)

FLASH3D_geo 20/6.0/2.16/ – 480 500×500×480 0.98×0.98×1.0 330 – / – 24:36

EPI_ghost_geo 90/4860/61/ – 34 240×240×170 1.88×1.88×5.0 1260 – /128 0:6

TSE_ghost_geo 150/4860/59/ – 34 240×240×170 1.88×1.88×5.0 465 17/ – 1:24

EPI_stability 90/3370/40/ – 32 260×260×159 4.06×4.06×4.0 1202 – /64 8:30

FLASH3D_B0 20/22/9.53/19.06 128 280×280×282 2.19×2.19×2.2 540 – / – 9:25

Table 5: �Sequences with important parameters used in the QA program.

%GR = |                          | × 100%
(SL+SR) – (ST+SB)

2SC
1

Here, SL, SR, ST, SB and SC are the average signal in the  
left-side, right-side, top, bottom and central ROI locations 
shown in Figure 1, respectively. The ROIs are drawn manu-
ally for a first time as shown in Figure 1, and then saved  
as masks which can be re-used indefinitely to improve the 
consistency or reproducibility over time. A threshold of 3% 
was chosen as the acceptable upper limit for ghosting.
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EPI long-term stability
The EPI long-term stability check was based on two previ-
ous publications, including the Glover stability QA protocol 
(GSQAP) [28] and the ROI analysis of Weisskoff [29]. Both 
analyses were performed on the same uniform ACR phan-
tom slice of the EPI_stability sequence with parameters  
listed in Table 5.

B0-inhomogeneity mapping
Although the B0-homogeneity phantom shim check on the 
Siemens Healthineers service platform (Siemens customer 
platform1 as of syngo MR XA31 for MAGNETOM Vida and 
MAGNETOM Sola) is run on a monthly basis (see monthly 
QA listed in Table 2), we also implemented a common 
B0-inhomogeneity mapping technique described in both 
the AAPM report 284 [22] and the AAPM Report 100 [20]. 
Only the body-coil was used as receiver to avoid phase  
inconsistencies across various multi-channel head coils. 
The other alternative is to perform phase-unwrapping on 
each coil of a multi-coil array separately, but poses more 
challenges than benefits. The unwrap phase algorithm as 
part of the skimage.restoration python toolkit was found 
sufficiently robust to perform 3D phase-unwrapping on  
the 25 cm Siemens Healthineers spherical phantom imag-
es of a double-echo spoiled gradient echo sequence 
(FLASH3D_B0) listed in Table 5. The following equation  
is employed to measure the final field inhomogeneity  
in ppm:

with iPAT = 2 was the same as our in-house protocol  
optimized for brain stereotactic radiosurgery planning  
(FOV: 240 × 240 × 176 mm3, Acquisition matrix: 384 × 384, 
axial slice thickness 1 mm, reconstruction matrix: 
768 × 768 × 176, TI/TRshot/TR/TE/α = 845/1670/8.16/3.31 ms/10°, 
iPAT = 2 with 48 integrated lines, BW = 160 Hz/pixel,  
RL phase-encode direction, scan time: 6 min).

Evaluation of parallel imaging
Siemens Healthineers GRAPPA parallel imaging method  
allows the possibility to use an integrated or separated 
method to acquire the reference lines. The separated meth-
od uses a gradient echo (GRE) sequence and allows the 
user to choose the number of reference lines in both phase 
directions (in plane and slice). The impact of the reference 
line acquisition scheme on SNR and time was evaluated  
using the sequence and methodology described in the  
parallel imaging SNR stability test. The MPRAGE sequence 
was used and the acquisition time was recorded for each 
acquisition. For the integrated method, the number of lines 
was varied from 24 to 96 lines while for the GRE method 

2 ΔB0[ppm] =                                     × 106 ppm
Δϕ[rad] (42.576         )        

γ[        ] ΔTE[s] f0 [MHz]

MHz
T

MHz
Ts

Here, Δϕ = ϕ2 - ϕ1 is the phase difference after unwrapping 
the phase ϕ1, ϕ2 corresponding to each echo TE1, TE2 with 
difference ΔTE = TE2 - TE1, f0 is the Larmor frequency (in 
MHz) of the scanner, and γ is the proton gyromagnetic ratio.

Parallel imaging SNR stability
The SNR verification of parallel imaging was performed  
using the image difference method (described in AAPM  
TG-118 [21]), via two 3D MPRAGE dynamics without accel-
eration (R = 1) and two with GRAPPA acceleration (R = 2), 
including 48 integrated k-space lines. The SNR ratios of  
R = 1 to R = 2 were then measured in five square ROIs  
inside the uniform slice of the ACR phantom image as 
shown in Figure 2. The 3D MPRAGE pulse sequence  
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2  � Parallel imaging SNR stability test showing (2A) ROI regions within 
the ACR phantom, (2B) noise image with iPAT = 1, (2C) image with 
iPAT = 1, (2D) noise image with iPAT = 2, (2E) image with iPAT = 2.

1�These QA tests are available on the Siemens Healthineers 
 MAGNETOM World customer platform with MAGNETOM 

Sola and Vida scanners on syngo MR XA31 software and 
later versions, only. Otherwise, the tests are available on 
the Siemens Healthineers service platform.
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Results
The complete AAPM TG 284, TG 100 and CPQR tests were 
performed as part of commissioning and no failures were 
detected on both MAGNETOM Aera and MAGNETOM Sola 

the following configurations were tested: 64 in-plane lines 
and 24 slice lines (gre 64-24) as well as 96 in-plane lines 
and 48 slice lines (gre 96-48).

50

50

50

50

50

50

50

50

40

40

40

40

30

30

30

30

20

20

20

20

10

10

10

10

0

0

0

0

0

0

0

0

100

100

100

100

150

150

150

150

200

200

200

200

250

250

250

250

300

300

300

300

Di
st

or
tio

n 
[m

m
]

Di
st

or
tio

n 
[m

m
]

Distance from iso [mm]

MAGNETOM Sola 1.5T MAGNETOM Aera 1.5T

Distance from iso [mm]

50

10

12

14

8

6

4

2

0

100 150 200 250 300

Di
st

or
tio

n 
[m

m
]

Distance from iso [mm]

3A 3B

3D

3E

3C

3  � Comparison of Siemens Healthineers MAGNETOM Sola (3A, C) vs MAGNETOM Aera (3B, D) distortion vector magnitude plots with (3A, B)  
and without (3C, D) gradient non-linearity correction (using the 3D GRADE phantom by Spectronics) for the LR phase-encode direction as a 
function of control point distance from the MRI isocentre. (3E) The gradient-corrected control point’s distortions of both scanners are super- 
posed on the same axes demonstrating significantly lower mean distortions in the MAGNETOM Sola compared to the MAGNETOM Aera scanner.
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3D Distortions Summary for 
MAGNETOM Aera and Sola  
MRI Scanners in LR direction  
without gradient corrections

mean max mean max mean max mean max mean max

< 100 mm 100 – 150 mm 150 – 200 mm 200 – 250 mm > 250 mm

 MAGNETOM Aera Combi Dockable Table 0.51 1.80 2.34 6.95 7.48 21.98 14.44 33.95 25.48 47.81

 �MAGNETOM Aera Tim Dockable Table 
(standard) 0.48 1.77 2.25 7.67 7.22 22.30 15.15 35.41 28.36 43.81

 �MAGNETOM Sola BioMatrix Dockable Table 
(standard) 0.42 1.45 2.42 7.84 7.67 21.24 15.07 35.46 24.58 39.96

Mean, standard and maximum distortions within specified radial distances from isocentre
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mean max mean max mean max mean max mean max

< 100 mm 100 – 150 mm 150 – 200 mm 200 – 250 mm > 250 mm

 MAGNETOM Aera Combi Dockable Table 0.21 0.70 0.37 1.12 0.77 3.05 1.45 5.42 4.78 16.23

 �MAGNETOM Aera Tim Dockable Table 
(standard) 0.22 0.92 0.38 1.36 0.79 2.38 1.59 5.71 4.90 21.83

 �MAGNETOM Sola BioMatrix Dockable Table 
(standard) 0.12 0.49 0.21 0.76 0.36 1.26 1.09 5.15 4.17 19.39

Mean, standard and maximum distortions within specified radial distances from isocentre
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4  � 3D distortion mean and maximum values across spherical volumes of various radii from the imaging isocenter for the MAGNETOM Sola and 
MAGNETOM Aera scanners for the Left-Right (LR) phase encode direction without (4A) and with (4B) gradient corrections turned on for the 
standard and Combi Dockable Tables (MAGNETOM Aera only).
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machines. One problem was found regarding coil QA;  
in fact SNR references were wrong for the Body-30 re- 
ceiver coil and as a consequence the QA test kept failing;  
however this was corrected in version syngo MR XA31.  
Siemens Healthineers service platform allows for automatic 
QA processes (some QA processes are available on the  
Siemens Healthineers MAGNETOM World customer  
platform with MAGNETOM Sola and Vida scanners on  
syngo MR XA31 and later) which take less than an hour 
and these tests meet most of AAPM TG 284 and TG 100 
recommendations. The service or customer QA platform 
allowed us to perform semi-automatic coil tests based on 
TG 284 recommendations. The time needed for testing de-
pends on the coil itself (mainly dependant on the number 
of channels and length), but can range from 5 minutes to 
more than 20 minutes (e.g. spine-32 array or Body-30). 
Low-SAR RF pulses (the default setting in some sequences) 
were found to cause the ACR slice selection thickness test 
to fail with a value of 6.1 ± 0.2 mm, which was outside  
the tolerance of 5.0 ± 0.7 mm. The shim and gradient  
sensitivity had to be re-tuned during the first 9 months of 
operation for both machines, as well as Body Coil tuning 
for the MAGNETOM Sola. The shim-tuning was needed 
within the first 2 months post-commissioning and ramping 
up of the magnet.

Distortion characterization
Figure 3 presents the raw, uncorrected (3A, 3B) and 3D 
corrected (3C, 3D) distortion vector magnitude plots as  
a function of the distance from the MRI isocenter for the 
MAGNETOM Sola and MAGNETOM Aera platforms. Figure 
3E compares the 3D distortion for the MAGNETOM Sola 
and MAGNETOM Aera with gradient corrections turned on. 
Panels 3A, 3C and 3B, 3D of Figure 3 illustrate that apply-
ing the vendor-supplied gradient correction mitigates,  
to a large extent, the residual 3D distortion. For a radius  
of 250 mm, the residual 3D distortion is 35 mm without 
gradient correction, which reduces to 5 mm with the 3D 
distortion correction applied. Panel 3E shows that there  
is a tendency for lower average residual distortion on the 
MAGNETOM Sola as compared to the MAGNETOM Aera.

Figure 4 presents the mean and maximum 3D dis
tortion values for different radii spheres centered around 
the imaging isocenter for the MAGNETOM Sola and  
MAGNETOM Aera scanners. In fact, it first illustrates the 
large effect of turning the 3D gradient corrections “On”. 
The main effect is a halving, or more, of the mean and 
maximum residual distortion across the scanner field-of-
view. On the MAGNETOM Sola, the average distortion is  
on the order of 1 mm for imaging radii of 250 mm or less. 
For radii of up to 200 mm, the maximum distortion is  
1.26 mm and the average is 0.36 mm. Distortion values  
on the MAGNETOM Aera standard table are roughly double 

the MAGNETOM Sola values for radii up to 200 mm.  
Distortion values for the Combi-Suite Dockable Table on 
the MAGNETOM Aera are comparable to values for the 
standard table.

B0 inhomogeneity
Results of the B0 inhomogeneity mapping in the 25 cm 
sphere for the MAGNETOM Aera and the MAGNETOM Sola 
1.5T scanners are compared in Figure 5 in a sagittal slice. 
Note that the mean of the unwrapped phase (in 5C and 
5D) can be close to any multiple of 2π, which explains the 
different intensities.
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5  � B0 homogeneity test showing (5A) wrapped phase image, (5C) 
unwrapped phase image, (5E) B0 inhomogeneity map in ppm  
for the MAGNETOM Aera system while (5B), (5D) and (5F) are 
equivalent for the MAGNETOM Sola system. Sub-figure (5G) is 
showing the histogram of the inhomogeneity superposed for  
both systems.
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Advanced imaging
Figure 6 shows some phantom images and edge detection 
results from our automated EPI geometric distortions mea-
surement. The distortion in the phase encoding direction 
in (6B) is shown for both scanners over a period of about  
6 months. The range of EPI distortion was between 0 and  
2 mm for the MAGNETOM Sola system, while for the  
MAGNETOM Aera it was between 6 and 8 mm before the 
upgrade to syngo MRXA30 and in the same range as the 
MAGNETOM Sola after the upgrade. The average EPI ghost-
ing ratio was (mean ± σ) 2.3 ± 0.2% and 1.3 ± 1.7% for the 
MAGNETOM Sola and MAGNETOM Aera scanners respec-
tively. Example results of the EPI long-term stability test  
are shown in Figure 7 for the Glover Stability QA protocol, 
and in Figure 8 for the Weisskoff analysis. The mean per-
cent drift was (mean ± σ) 0.10 ± 0.09% and 0.09 ± 0.05% 
while the mean percent fluctuation was (mean ± σ)  
0.038 ± 0.005% and 0.033 ± 0.002% for the MAGNETOM 

Sola and MAGNETOM Aera scanners, respectively. In  
addition, the mean RDC was (mean ± σ) 11.8 ± 1.9 and 
14.7 ± 0.8 for the MAGNETOM Sola and MAGNETOM Aera 
scanner, respectively.

The parallel imaging SNR ratio stability is plotted in 
Figure 9 over a period of approximately four months for 
the five ROI locations previously shown in Figure 2. The av-
erage SNR ratio over the five locations is close to 1.41 (√2). 
Figure 10 shows the impact of the number of reference 
lines and calibration method on the SNR with GRAPPA,  
including the imaging time to incorporate a metric of effi-
ciency. The results are showing a significant improvement 
in SNR and efficiency with the integrated calibration in 
comparison with the gradient echo separated calibration. 
There was 17% decrease in SNR between 24 integrated 
lines and 64-24 gradient echo configuration. The SNR  
improved with the number of reference lines with approxi-
mately 37% difference between 96 and 24 integrated lines.

2D SE image edges

2D SE image

2D EPI image edges

2D EPI image6A

6  � EPI distortion test showing (6A) the mask identified by the 
authors’ analysis, (6B) EPI distortion data accumulated over  
6 months for both MAGNETOM Sola and MAGNETOM Aera system.
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8  � Weisskoff analysis of an 
(8A) acceptable and  
(8B) inacceptable result.
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10  � Impact of the number of 
reference lines and 
calibration method on 
the SNR with GRAPPA.
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Discussion
The complete end-to-end testing required by the AAPM 
task group reports [20–22] were performed without major 
issues. Investigation of the Body-30 receiver coil QA test 
showed a problem with the SNR reference values in version 
syngo MR XA20, the issue was rapidly resolved by Siemens 
Healthineers in subsequent version syngo MR XA31. Base-
line data acquired with the coil was used as the reference 
while waiting for the bug fix, since the problem was  
detected during acceptance testing. Although the issue 
was not identified as major, it demonstrates the impor-
tance of testing coils as part of the acceptance testing  
as suggested by the different recommendations. The  
Siemens Healthineers service and clinical platforms [24] 
allowed us to cover most of AAPM recommended tests in  
a timely manner and would fit in a busy clinic, operating 
the machine 24 hours per day, 7 days per week. In addition 
to ease of use, the Siemens Healthineers service platform 
makes it straightforward for the MRI physicist to directly 
address any failing test or scanner issue with the technical 
support. A special attention should be given to shimming, 
particularly within the first 2 months of the magnet ramp-
up. The gradient sensitivity was also an important check  
in our experience, as both machines needed to have  
their laser-to-isocentre distance re-adjusted (i.e., the  
programmed table motion that automatically brings  
the patient or phantom to isocentre after zeroing on the 
scanner’s laser, which depends on the gradient sensitivity). 
Quality assurance and technical support are important  
in order to prevent issues and reach optimal scanner  
performance. For radiotherapy purposes, low-SAR RF  
pulses should be avoided in order to prevent thicker slices 
than expected (potentially biasing the MR-CT registration 
through-slice accuracy). Service key level 7 is needed  
in order to maintain a detailed record of the different  
QA results, which are in turn needed to identify trends  
and avoid exceeding action thresholds over time. The  
syngo MR XA31 software version on the MAGNETOM Sola 
and MAGNETOM Vida now allows the user to perform 
Phantom shim check, Gradient sensitivity check and  
synthesizer check on the customer platform without  
logging into service mode.

The geometric distortion characterization, performed 
over 90% of the usable FOV, showed that the vendor- 
implemented 3D correction algorithm mitigates, to a large 
extent, the geometric distortions on a sizable portion of 
the FOV (at least up to a 20 cm radius). The 3D-corrected 
average distortion is less than 1 mm within a 10 cm radius 
and less than 2 mm within a 25 cm radius around the  
isocenter on both the MAGNETOM Aera (Combi Dockable 
or standard table) and MAGNETOM Sola scanners. These 

values are within the recommendation of the report 284 
[22]. The measured distortion shows a clear downward 
trend on the MAGNETOM Sola compared to the MAGNETOM  
Aera; the average distortion on the MAGNETOM Sola is 
halved compared to the MAGNETOM Aera for radii of up to 
20 cm and 50% less than the MAGNETOM Aera for radii of 
up to 25 cm. These values can be used as an estimate for 
the magnitude of system-related distortion on both the 
MAGNETOM Sola and MAGNETOM Aera platforms. Using  
a different distortion evaluation method may impact the 
results depending on the phantom field of view, number of 
data points and analysis method; however the repeatability 
and set-up sensitivity of the current method was validated 
in a previous study [26].

The superior B0 homogeneity of the MAGNETOM Sola 
in comparison to the MAGNETOM Aera is clearly visible  
in Figure 5E and 5F and is confirmed by the histogram of 
the entire images in 5G. There is a significant difference 
between the histogram centers of approximately 0.1 ppm.  
In order to ensure a fair comparison, the same standard 
shimming routine was used on both systems. Therefore, 
the narrower full width at half maximum of the ∆B0  
histogram for the MAGNETOM Sola scanner is due to  
the superior intrinsic homogeneity of this magnet.

The EPI distortions on the MAGNETOM Aera scanner 
were reduced from 6.5 mm following the system installa-
tion with syngo MR E11E software to 2 mm after a system 
software upgrade (to version syngo MR XA30), which  
enabled using the exact same EPI sequence as on the  
MAGNETOM Sola scanner for comparison (version syngo 
MR XA20). The ACR phantom needs to be periodically  
refilled in order to avoid air bubbles at the surface  
(especially in the uniform slice of interest), as it could  
significantly increase the geometrical distortions locally, 
which could be responsible in part for the improvement 
seen after the upgrade. The ghosting ratio test is sensitive 
to the receiver coil arrangement and the image intensity 
correction filter. In fact, the intensity correction filter was 
found to be responsible for increasing the noise floor 
around the image as visible on the left-side/right-side of 
the phantom in Figure 1, consequently exaggerating the 
ghost ratio. Therefore, we deemed that either a moderate 
or no intensity correction is preferable for this QA test.

As demonstrated in Figure 7A the mean signal drift 
can be very minor on the Siemens Healthineers scanners 
tested in the current study and we did not observe a  
consistent tendency towards a positive drift as had been 
claimed previously [28]. Rather, the drift was occasionally 
positive and negative. The mean drifts reported in the cur-
rent study for the MAGNETOM Sola and MAGNETOM Aera 
are significantly lower than those reported by Glover et al. 
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(0.3% at the lowest) [28], suggesting an interesting  
improvement in hardware stability since the early 2000s.  
The difference in average RDC is again attributed to differ-
ent software versions (before the MAGNETOM Aera was  
upgraded to syngo MR XA30). Figure 8 shows a typical  
RDC in 8A and an abnormally low value in 8B. Glover et al.  
explain that a low RDC is often associated with a non- 
stationary and irregular time course of the residuals (after 
polynomial fit of the 150 dynamics).

In the parallel imaging stability test, an average SNR 
ratio over the five locations was found to be close to 1.41 
(= √2), which is what one would expect in the case of a  
geometry factor (g factor) of 1. Normally, the geometry 
factor is greater than unity, but if a regularization is em-
ployed in the parallel imaging reconstruction, values below 
unity are possible [30, 31]. However, a desirable amount  
of regularization should approach a g factor of ~1, which 
can be assumed when making SNR predictions on 3D MRI 
protocols with varying factors of acceleration [32]. In 
GRAPPA parallel imaging, the calibration method was 
shown to directly impact the SNR. In fact, the integrated 
method was shown to be significantly better in term of 
SNR with no significant difference in scan time compared 
to the GRE method. The SNR increases with the number  
of reference lines. A previous study recommended a  
minimum of 32 integrated lines to be used with GRAPPA 
[33]. The current study is in agreement with Blaimer et al. 
[33] and further suggests that 48 integrated lines better 
preserves SNR efficiency since the acquisition time is mini-
mally impacted. High-resolution imaging is needed for  
radiotherapy planning, making it more difficult to preserve 
sufficient SNR in an acceptable scan time; therefore we  
recommend using 48 integrated lines with GRAPPA for 
these sequences.

Conclusion
The authors’ experience showed no major problem during 
acceptance and commissioning. The Siemens Healthineers 
service platform was useful and time-saving in permitting 
medical physicists to perform most of the QA program in a 
semi-automatic or automatic fashion and in a clinically-
acceptable time. The MAGNETOM Sola system was found 
to be more geometrically precise and accurate, with a more 
homogenous B0 field making it suited for external-beam  
RT planning. Additional in-house tests allowed to track 
more advanced features and detected software upgrade 
changes. GRAPPA parallel imaging reference lines and  
calibration methods were optimized in order to obtain  
a sufficient SNR in a clinically-acceptable scan time for  
radiation therapy simulation.
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