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Advancing MR to Fulfil its Role  
in Oncology: Time to Finish the Pivot  
from Adjunctive to Essential
Dear readers and colleagues,
Cancer care has been transformed by the development  
of three-dimensional imaging techniques since their  
emergence into clinical care in the 1970s and 80s. Early 
computed tomography (CT) and magnetic resonance (MR) 
imaging systems provided soft-tissue visualization of both 
tumor and normal anatomy to provide oncologists with  
insights of the distribution and overall burden of disease 
that have advanced our ability to stage and prognosticate 
cancer since the first American Joint Committee Manual for 
Staging of Cancer in 1977 [1]. In those early days, imaging 
studies provided insights that were largely treated as quali-
tative, adjunctive information, which when combined with 
the clinical exam, would enhance clinical decision-making. 

The role of imaging data in oncological clinical care 
has evolved dramatically in recent years where imaging 
has transitioned from its adjunctive role to become a clini-
cian-directed measurement tool for prognostication and 
response assessment, as well as a tool for directly guiding 
intervention. MR imaging, in particular, has advanced at  
an astounding pace with improvements in image quality 
and new capabilities to interrogate tissue microstructure, 
physiology and metabolism, generating more mechanism- 
oriented measures that could be integrated into clinical  
decision-making for precision medicine approaches.  
However, while the imaging systems have advanced, the 
persistent qualitative nature in the use and interpretation 
of medical imaging has to-date prohibited utilizing the  
full potential of the rich multiparametric and multimodal 
imaging data in the guidance of cancer care. 

Complementary to the advances in imaging technology  
itself, the rapidly growing computing power and prevalence 
of artificial intelligence (AI) in the world around us has  
certainly introduced new opportunities and challenges in 
medicine and particularly in the field of radiology. There are 
promising strides in utilizing AI to improve image quality, 
accelerate image acquisition and image reconstruction, as 
well as assist with image interpretation. One question that 
has arisen amidst the enthusiasm for AI applications in 
medical imaging is whether the requirements of imaging 
data are different in the adjunctive paradigm used by  
humans than numerical algorithms and whether the quali-
tative approach to imaging information in current practice 
will suffice in the era of human-machine hybrid medical care. 

In order to fully address these evolving requirements 
and applications of imaging data, the community needs to 
make a conscious pivot from treating MR imaging data as a 
qualitative assessment tool when in actuality clinicians and 
the evolving technology around us are pushing its use as  
a quantitative measurement tool. This pivot requires critical 
steps that address the consistency and quality of imaging 
data at the time of imaging acquisition, post-processing and 
analysis, as well as changes in human behavior. 

A dedicated effort is being led by groups including the 
Radiological Society of North America Quantitative Imaging 
Biomarker Alliance, which has broadly engaged institutions 
globally and partnered with industry to facilitate this transi-
tion of imaging from pictures to quantitative measurement. 
Through growing knowledge dissemination, clinical trial  
investigators have come to appreciate the impact of variable 
image acquisition on robust response assessment.  

Work in progress: the application is currently under development and is not for sale in the U.S. and in other countries. Its future availability cannot be ensured.

4 siemens.com/magnetom-world-rt

MReadings: MR in RTEditorial



Recently, members of collaborative clinical trial groups 
with the endorsement of the U.S. Food and Drug Adminis-
tration (FDA) and National Cancer Institution (NCI) have 
established standardized MR acquisition protocols for pri-
mary and secondary brain tumors [2–4]. While establishing 
consensus for standardized image acquisition protocols  
are a first step, clinical adoption of these standardized pro-
tocols remains a challenge and along with this, the quality 
assessment metrics of MR imaging data need to be estab-
lished for truly impactful implementation of quantitative 
MR imaging. Beyond the image acquisition, quantitative 
image interpretation also relies on standardized and trans-
parent post-processing and analysis of imaging data with  
a quantitative approach, as fostered by groups such as the 
Quantitative Imaging Network [5–7]. Ideally, these aca-
demic collaborative efforts will include close industry  
engagement that will lead to the development of tools that 
enable broad deployment of quantitative MR implemen- 
tation across varying clinical environments from large aca-
demic centers to community-based settings. 

As highlighted in this edition of MReadings, the clinical 
research community is working aggressively to make the 
pivot and learn how to utilize the full and immense power 
of MR to quantitatively characterize and target tumors and 
tissues to improve radiotherapy delivery, as well as assess 
and adapt to early response to treatment. This transition 
will not only maximize the benefit of the ever-improving MR 
information to clinical decision-making, it will release the 
full power of multiparametric MR to characterize tissues for 
its use in biological targeting of tumor and biologically  
relevant radiation dosing of tumor subregions while limiting 
radiation-associated toxicity to the surrounding normal  
tissues – realizing personalized MR-guided radiotherapy.
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Abstract
Imaging used for target delineation and treatment  
planning plays a critical role for treatment success in  
radiotherapy. Due to its superior soft tissue contrast, MRI  
is essential for many radiotherapy treatment cases. In the 
present article, we summarize and discuss the role of MRI 
for the most relevant radiotherapy treatment indications.

Introduction
Radiotherapy has different demands on MR imaging than 
diagnostic radiology. In routine radiologic imaging, de-
pending on the site and patient history, imaging primarily 
needs to be able to detect previously unknown pathologies 
and provide information on differential diagnosis while the 
accurate depiction of the true three-dimensional extension 
of tumors is of less importance. In contrast, MRI for radio-
therapy planning primarily needs to accurately and clearly 
depict the tumor perimeter in three-dimensional space for 
precise gross tumor volume (GTV) delineation.

Different radiotherapy treatment indications and sites 
also may have specific demands on MR sequences  
and tissue contrasts. Frequently target delineation for  
treatment planning is based on contrast-enhanced T1  
sequences. However, usually multiple tissue contrasts and 
sequences are integrated when creating target volumes  
for radiotherapy.

Magnetic resonance imaging is routinely required for 
treatment planning in many indications in radio-oncology 
[1]. In the present article we summarize the role of MRI for 
the most relevant radiotherapy treatment indications and 
discuss the varying specific requirements each treatment 
site puts on MR imaging.

Intracranial radiotherapy
One of the most important areas for MR imaging in radio-
therapy are intracranial treatment indications. Intracranial 
targets, especially when small in size or low-enhancing, 
usually are not visualized on CT at all, rendering MR  
imaging critical for treatment planning. At the same  
time intracranial diseases are one of the most important  
indications for radiotherapy. Irradiation can be delivered 
very accurately to intracranial targets, as the skull  
can be positioned with submillimeter accuracy using  
thermoplastic mask immobilization and X-ray-based  
imaging during treatment delivery [2]. The high overall  
accuracy of intracranial radiotherapy enables precise target 
volumes and high radiotherapy doses with minimal impair-
ment of normal tissues. This leads to high treatment  
efficacy and low or minimal side effects in a variety  
of malignant intracranial tumors like brain metastases,  
benign tumors like vestibular schwannoma and functional 
disorders like trigeminal neuralgia. In these diseases  
the requirements for geometric accuracy in MR imaging  
are particularly demanding, as commonly used margins  
of ≤ 1 mm do not account for additional MR imaging- 
related uncertainties [2, 3].

Another group of frequent intracranial treatment  
indications are gliomas, which are more difficult to  
treat as they are usually larger in size and show diffuse  
infiltration in the surrounding brain tissue, thus rendering 
precise delivery of high irradiation doses to all tumor  
cells is impossible without impairing normal brain tissue.  
In these tumors improved MR imaging could help with  
precise tumor delineation or potentially identifying  
candidate regions for dose-escalation and -sparing.

The concepts and information presented in this paper are based on research and are not commercially available.
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Brain metastases
When being referred to treatment today, brain metastases 
are usually small (mostly < 1 cm diameter) solitary or  
multiple spherical lesions, which are best visualized in 
post-contrast T1 sequences. They show no or minimal  
infiltration into the surrounding brain tissue [4] and thus 
are usually irradiated with an isotropic uncertainty margin 
of less than 2 mm [2]. Due to the small size high-resolution 
isotropic 3D sequences are usually best-suited as they  
enable accurate multiplanar reconstruction and minimize 
partial volume effects [5, 6].

Inversion-recovery gradient echo sequences (IR-GRE) 
like the T1-MPRAGE [7], have been the most commonly 
used 3D MR imaging technique for brain tumors and have 
been included in the standardized Brain Tumor Imaging 
Protocol (BTIP) [8, 9]. However, multiple sources suggest 
that a 3D-turbo-spin-echo (TSE) T1-SPACE could be  
superior to the frequently used T1-MPRAGE gradient-echo 
sequence for intracranial radiotherapy target volume  
delineation [8, 10-12]. While T1-SPACE provides less  
contrast between grey and white matter [8], this is  
negligible in most cases for radiotherapy treatment  
planning and may in fact even help with the delineation  
of intracranial metastases, as does the suppression of  
vessels in the T1-SPACE [12]. Conversely, T1-MPRAGE  
suffers from a known reduced enhancement if low contrast 
agent uptake is present, which could lead to underestima-
tion of lesion boundaries [8, 13] (Fig. 1).

Additional important requirements for radiotherapy in 
brain metastases are the minimization of distortions from 
gradient-non-linearities and susceptibility effect-induced 
distortions [14, 15].

Due to the malignant nature of brain metastases,  
they have a high growth rate [16, 17] and are usually  
surrounded by perifocal edema [18], which may change  
in configuration spontaneously or when corticosteroid  
dosage is modified (Fig. 2) [19]. Salkeld et al. found  
profound changes with imaging intervals ≤ 7 days before 
radiosurgery. Change in management was required for 
41% of patients with interval ≤ 7 days and even for 78%  
if the delay exceeded 7 days. The most frequent reason  
for replanning was an increase in tumor or resection cavity 
size [17, 20]. Therefore, the interval between imaging and 
treatment delivery should be as short as possible. While 
same-day imaging would be optimal, in our university 
medical center in Erlangen we currently have established 
the requirement that the interval between imaging and 
treatment delivery must not exceed 5 days. 

In addition to pretreatment changes, brain metastases 
may also undergo profound changes during radiotherapy 
due to transient swelling, changes in perifocal edema  
and treatment response (Fig. 2). Hessen et al. in a recent 
study evaluated the significance of a repeated MRI scan  
in the fractionated stereotactic radiotherapy of 18 brain  
metastases and 20 resection cavities. For cases with  
in-situ brain metastases, reductions in coverage of up  

1   Examples of sequences  
used for target delineation.  
 
(1A) T2 SPACE FLAIR (1 mm slice 
thickness – bottom) vs. conventional 
T2 FLAIR (5 mm slice thickness – top) 
in a patient with glioma.  
 
(1B) T1 SPACE 3D TSE sequence 
(right) vs. T1 MPRAGE IR GE sequence 
(left). Some metastases are only very 
faintly visible in the T1 MPRAGE 
(arrows). Note also: Suppression of 
vessels and less contrast between 
gray and white matter in the 
T1-SPACE.  
 
(1C) Isotropic T2 SPACE sequence  
in prostate cancer (left) with high- 
resolution sagittal reconstruction 
(right). Left inset: ADC map from 
diffusion-weighted imaging with 
reduced volume excitation (ZOOMit) 
showing focal diffusion restriction in 
the top lobe of the prostate (arrow). 
Right inset: Synthetic CT of the pelvis 
showing proper detection of air 
inside rectal balloon.

1B1A

1C
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to 34.8% were found due to changes during fractionated  
radiotherapy [21]. 

This accumulating evidence for rapid tumor growth 
and accompanying anatomic changes in brain metastases 
might mean that optimal MR imaging for treatment  
planning needs to be performed daily. Considering the 
trend that more and more brain metastases are treated 
with stereotactic radiotherapy alone and life expectancies 
increase due to advances in immunotherapy and targeted 
agents [22], alternatives to contrast-enhanced T1  
sequences might become necessary to reduce exposure  
to gadolinium-based contrast agents. Promising results  
recently have been achieved with deep learning-based  
prediction of synthetic contrast-enhanced T1 sequences 
from non-enhanced MR sequences, which could reduce  
cumulative gadolinium doses patients need to receive for 
radiotherapy [23].

There is a real potential for improving clinical out-
comes with optimized MR imaging in brain metastases: In  
prospective clinical trials, local control rates of around 70% 
at 1 year post-radiotherapy have been consistently shown 

for stereotactic radiotherapy alone, while control rates for 
stereotactic radiotherapy with adjuvant whole brain radio-
therapy measured at around 90% [24]. As increasing radio-
therapy dose due to additional whole-brain radiotherapy  
is a less likely explanation, marginal miss in stereotactic  
radiotherapy because of suboptimal imaging could account 
for a substantial part of the observed difference in local  
efficacy.

Gliomas
While MRI was introduced many decades ago for target  
volume delineation in gliomas [25–28], these tumors are 
more difficult to treat and improvement in outcomes for 
the most part has stalled in recent years. Target delineation 
is more challenging in gliomas than in brain metastases. 
High-grade gliomas usually show strong contrast- 
enhancement, which is the main target for radiotherapy. 
However, while the surrounding T2 hyperintensity in  
brain metastases merely represents vasogenic edema and  
microscopic infiltration is minimal in brain metastases [4], 
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T2 abnormalities may constitute an important or the only 
visible tumor portion in low-grade gliomas or IDH-mutant 
glioblastomas [29–31].

Additionally, aside from imaging changes, extensive 
microscopic tumor cell infiltration into the adjacent  
brain is present in gliomas with microscopic infiltration 
even expected to extent into the contralateral brain  
hemisphere [32].

To make matters worse, contrast-enhancing tumor 
needs to be differentiated from treatment effects due to 
prior surgery and radiation as well as pseudo-progression. 

For visualization of contrast-enhancing tumor, 3D  
contrast-enhanced T1-sequences like the T1-MPRAGE and  
T1-SPACE are usually used. In stark contrast to the millime-
ter margins employed in stereotactic radiotherapy for brain 
metastases, current guidelines recommend giving an  
isotropic margin of 2 cm around any contrast-enhancing 
tumor [29, 33]. Geometric accuracy therefore usually is 
less critical in radiotherapy for gliomas than in other intra-
cranial treatment indications. The non-contrast enhancing 
tumor usually is delineated in 2D T2-FLAIR sequences with 
3–5 mm slice thickness [34]. While current guidelines  
also recommend a margin of around 2 cm for T2-FLAIR  
hyperintensities in lower-grade gliomas, recommendations 
are conflicting in primary, IDH-wildtype, glioblastoma with 
the ESTRO recommending not considering the T2-FLAIR  
hyperintensity at all [29, 33].

As discussed above, thick slice 2D FLAIR sequences 
could lead to unnecessarily high treatment volumes  
in cases of small tumor volumes. Coarse depiction of  
non-enhancing tumor parts in conventional T2-FLAIR  
sequences should be of particular relevance in cases  
of stereotactic reirradiation, where much smaller margins  
are used.

We currently evaluate high-resolution 3D T2-SPACE 
FLAIR sequences in patients with malignant low-grade  
gliomas in comparison to conventional T2-FLAIR imaging. 
In our preliminary experience a 3D T2-SPACE FLAIR  
sequence allows for more precise delineation of non-en-
hancing tumor volumes with high-resolution multiplanar 
reconstruction being particularly beneficial to target  
delineation in radiotherapy (Fig. 1).

Moreover, RT-optimized perfusion and diffusion  
sequences could help with differentiating true tumor from 
other reasons for contrast-enhancement and T2-FLAIR  
hyperintensity. We are currently evaluating an EPI with  
reduced volume excitation (ZOOMit) to help with target 
volume delineation in gliomas.

Benign tumors and functional disorders
Vestibular schwannomas are an important benign tumor, 
frequently treated with stereotactic radiotherapy. In  
these cerebellopontine neoplasms excellent long-term  

control and functional outcome is achieved with local  
radiotherapy [35]. As vestibular schwannomas show  
strong contrast enhancement, 3D T1-sequences like the 
T1-MPRAGE are frequently used for delineation in radio-
therapy treatment planning. In addition, high-resolution 
3D-CISS sequences depict tumors and surrounding  
cerebrospinal fluid with high contrast and are important 
for delineation of adjacent cranial nerves. They also allow 
high-resolution segmentation of inner ear structures which 
may reduce cochlea doses and help with preservation of 
hearing. Post-radiotherapy these tumors frequently show 
transient enlargement before regressing in size, which 
sometimes is challenging to differentiate from treatment 
failure [35, 36].

Another benign brain tumor frequently treated with  
radiotherapy is meningioma, in which contouring mainly 
relies on contrast-enhanced T1 3D sequences like the  
T1-MPRAGE. In delineation of meningiomas for stereotactic 
radiotherapy the accurate estimation of the amount  
of dural extent (“Dural tail”) is frequently challenging  
to determine and contouring of meningioma cases is  
frequently very time-consuming because of complex geo-
metric tumor configurations and imaging changes due to  
previous surgery.

Trigeminal neuralgia is a functional disorder that may 
be treated with stereotactic radiosurgery in patients refrac-
tory to analgesics and surgical decompression. A very large 
radiosurgery dose (70–90 Gy) is given to the trigeminal 
root entry zone or cisternal portion of the nerve making 
accurate high-resolution MRI for treatment planning cru-
cial. We usually employ a high-resolution 3D CISS, which 
enables clear distinction of the trigeminal and surrounding 
cranial nerves [37].

Head and neck cancer 
Radiotherapy of the head and neck region is a highly  
effective curative treatment for wide variety of tumors 
ranging from malignant entities like squamous cell cancers 
of the oral cavity and throat, malignant paranasal sinus  
tumors and lymphomas to benign indications like paragan-
glioma.

Substantial improvements in treatment side effects 
have been achieved with intensity-modulated radiotherapy 
(IMRT) by sparing of salivary glands, mucosal surfaces and 
skin [38]. By improving precision in tumor and lymph node 
level delineation, MR imaging for radiotherapy treatment 
planning has the potential to further reduce uncertainty 
margins and treatment side effects.

Important structures for radiotherapy planning in  
head and neck cancer show superior depiction in MRI  
compared to CT. These include salivary glands and cervical 
lymph nodes [39], but also malignant tissues. Rasch et al.  
observed that tumor volumes in advanced head and neck 
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cancer delineated in MRI are smaller and show less  
interobserver variability than using CT alone [40] and  
in nasopharyngeal cancer, Chung et al. showed in a  
study of 258 patients that MRI was far superior than CT  
for the detection of intracranial and pterygopalatine fossa  
invasion [41]. 

MRI for radiotherapy treatment planning in the head 
and neck region benefits greatly from image acquisition  
in treatment position as anatomic changes may become  
extensive, if the configuration of the cervical spine,  
mandible or scapula is different [1]. The anatomic changes 
usually are too large to be solved by non-rigid registration 
techniques with clinically desired accuracy [42]. Multiple 
groups therefore have developed solutions to acquire  
the MRI in treatment position with mask immobilization.  
A common challenge for acquiring MR studies in treatment 
position is that thermoplastic mask systems do not fit  
into routine head and neck coils. The most common  
solution therefore is to use flexible surface coils instead  
[1, 43, 44], with high-channel coils enabling decently  
good image quality.

Fat-saturated 3D post-contrast T1w-sequences are 
generally considered to be the backbone for radiotherapy 
target delineation [1, 43]. With 3D T2-FLAIR sequences  
and diffusion-weighted sequences providing additional  
information for delineation [43, 45].

Liver and abdominal tumors
Patients suffering from hepatic tumors can undergo  
a broad range of treatment options including surgery,  
radiofrequency ablation (RFA) and stereotactic body radio-
therapy (SBRT). Large lesion size or close proximity to  
bigger vessels generally favor SBRT in comparison to RFA.  
A 2016 study published by Wahl et al. in the Journal of 
Clinical Oncology showed significantly improved tumor 
control for hepatocellular carcinoma treated with SBRT 
compared to RFA, if tumor diameter was ≥ 2 cm [46].

MR imaging is crucial for radiotherapy planning of  
hepatic tumors as the boundary of most lesions cannot  
be adequately discerned on CT and many tumors are not  
visible on CT at all.

Hepatic tumors usually show complex motion patterns 
during respiration as the liver not only undergoes move-
ment but also deformation during the respiratory cycle  
and is additionally influenced by abdominal peristalsis  
[47, 48]. At the same time, uncertainty margins need to  
be minimized to spare surrounding liver and bowel while  
escalating radiotherapy dose to the target. Tumor motion 
and integration with the remaining SBRT workflow there-
fore are the main challenges in liver MRI for radiotherapy 
treatment planning. 

Strategies for respiratory motion management in liver  
SBRT include internal target volume (ITV) concepts,  
expiration breath-hold, gating and tracking of tumor  
motion. As X-ray-based image guidance available at  
conventional linear accelerators does not visualize hepatic 
lesions, additional fiducials need to be invasively placed  
to allow for real-time image guidance. If radiotherapy is  
delivered exclusively in one respiratory phase, e.g. expira-
tion, breath-hold or navigator-triggered MR sequences  
can be acquired to best reflect the respiratory position 
during treatment. As usual, MR imaging in radiotherapy 
treatment position using a flat table-top and similar immo-
bilization equipment minimizes anatomic differences due 
to positioning. We currently use a navigator-triggered  
fat-saturated T2 TSE and EPI diffusion sequence as well as  
multiple breath-hold T1 VIBE Dixon sequences in different 
contrast phases for treatment planning. 

4D MRI techniques are very promising for radiotherapy 
target volume delineation as they provide multiple 3D 
datasets during the respiratory cycle. 4D respiratory- 
correlated MRI acquires respiratory motion across multiple 
breathing cycles, which are subsequently sorted according 
to respiratory phase [49]. In contrast to 4D CT, 4D respira-
tory-correlated MRI thus provides data on an average 
breathing cycle that might be more representative of  
the actual respiration during treatment. 4D MRI datasets  
can be used to create an internal target volume, that  
encompasses all possible tumor positions and is treated  
in free-breathing, but it can also be exploited for expiration 
breath-hold, gating and tracking strategies that limit  
dose to surrounding structures. One limitation for tumor  
tracking on conventional linear accelerators is that only  
the position of the fiducial itself is tracked and changes  
in tumor shape and position in relation to the fiducials  
are not captured. An interesting method was published  
in 2018 by Harris et al. to use a pre-treatment 4D MRI  
together with LINAC on-board kV projections to generate  
a synthetic on-board 4D MRI on conventional linear  
accelerators [50]. Real-time image guidance of abdominal 
tumors is of course also a prime use case for new  
MR-LINAC systems and a technique for generating synthet-
ic volumetric cine-MRI using the MR-LINAC on-board 
2D-cine imaging as well as a pretreatment 4D MRI was  
developed by the same group before [51]. We currently  
acquire a transversal 4D T1 StarVIBE-based respiratory 
self-gating series with and without contrast in MRI simula-
tion for liver SBRT reconstructing 5 to 7 respiratory bins.  
In our preliminary experience subtraction of pre- and  
postcontrast acquired 4D series further improves contrast 
ratio of target lesions.
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Prostate cancer
Prostate radiotherapy shows large benefits from MR imag-
ing. Accurate delineation of the prostate is impossible in CT 
alone and it has been shown that prostate segmentations 
in CT are significantly larger than MRI, which leads to  
unnecessary high doses to penile and surrounding nerve 
and vascular structures and increases the risk for long-term 
urologic side effects [52, 53]. Precise radiotherapy delivery 
also reduces acute and late rectal side effects like proctitis. 
We therefore currently employ a rectal balloon and bladder 
filling protocol to enable a reliable anatomic configuration 
at each treatment session [53]. To assure accurate  
registration, we perform a dedicated MRI for radiotherapy 
treatment planning using the same positioning with rectal 
balloon and bladder filling as at daily treatment session. 
(Fig. 3) While a range of different non-rigid registration 
solutions are available, these algorithms may be associated 
with problematic uncertainties. For example, Brock et al. 
have observed errors of up to 8.7 mm for the prostate itself 
in intramodality non-rigid registration of repeated prostate 
MRIs [54]. As errors with non-rigid registration largely  
depend on the amount of deformation [7], performing  
MR measurements in treatment position also increases the  
accuracy of any subsequent registration steps.

We currently employ an isotropic, axial T2 SPACE with 
compressed sensing acceleration as the main sequence  
for delineation of the prostate, seminal vesicles and pelvic 
lymph nodes in patients with prostate cancer (Fig. 1).  
In our experience, this sequence provides high tissue  
contrasts, large field of view and allows for high-resolution 
sagittal reconstruction for differentiation of the caudal 
prostate margin and structures of the pelvic floor. As  
detailed sagittal imaging of the prostate and pelvic floor 
structures is of high importance in our experience, we  
currently still employ an additional sagittal T2 BLADE, 
which suppresses motion artifacts and provides high  
signal-to-noise in the prostate region. We use an EPI diffu-
sion sequence with reduced volume excitation (ZOOMit)  
of the prostate region to get additional information on the 
location of malignant tumor inside the prostate (Fig. 1).

Summary
Optimal MR imaging for radiotherapy target delineation 
has distinct requirements that may be different from  
routine diagnostic indications. Demands on MR imaging  
in radiotherapy frequently are indication and site-specific, 
which needs to be addressed with specialized protocols. 
MRI for radiotherapy planning primarily needs to accurately 
and clearly depict the tumor perimeter in three-dimension-
al space for precise gross tumor volume delineation. In  
addition, 4D MRI techniques are capable of integrating  
tumor motion and have large potential to improve preci-
sion in radiotherapy of moving targets.
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The Treatment Planning Department in the Maria  
Sklodowska-Curie National Research Institute of Oncology, 
Gliwice Branch, has been equipped with a 1.5T  
MAGNETOM Aera (Siemens Healthcare, Erlangen,  
Germany) since 2012. An on-site scanner is needed  
because MRI is used as a standard in both conventional  
radiotherapy and radiosurgical techniques. According  
to target volume type and location, various imaging  
sequences are routinely used.

Ionizing radiation has been successfully used for years 
in the treatment of trigeminal neuralgia. This method  
enables noninvasive treatment of severe facial pain using  
a high dose of radiation. With the Leksell Gamma Knife 
(Elekta AB, Stockholm, Sweden), high dose means  
80–90 Gy in a single fraction specified at dose maximum. 
With the CyberKnife (Accuray, Sunnyvale, CA, USA), it 
means 60 Gy in a single fraction specified at the isodose 
encompassing the target volume [1–4]. High radiation  
doses, very small target volumes and close proximity to 
critical organs require definition of all the anatomical  
structures with the highest precision. With the CyberKnife 
system, the treatment planning calculation is performed 
with computed tomography (CT) data on electron density. 
However, CT imaging alone does not allow for differentia-
tion of specific anatomical volumes, whereas these discrete 
structures are clearly visible on various MR sequences.

The accurate registration (also called fusion) of the 
planning CT and given MR sequence is vital. Registration  
in radiotherapy is a process of visualization and alignment 
of multimodal images [5, 6].

In our Institute, rigid registration is the standard  
method of handling diagnostic images used for  
radiotherapy planning. In case of trigeminal neuralgia,  
two different fusions are commonly used.

MR Imaging in Radiosurgery for  
Trigeminal Neuralgia
Aleksandra Grządziel1; Sławomir Blamek2; Barbara Bekman1; Sylwia Garbaciok1; Jacek Wendykier1;  
Krzysztof Ślosarek1 

1 Radiotherapy Planning Department, Maria Sklodowska-Curie National Research Institute of Oncology, Gliwice Branch,  
Gliwice, Poland

2 Radiotherapy Department, Maria Sklodowska-Curie National Research Institute of Oncology, Gliwice Branch,  
Gliwice, Poland

1   Patient examination position with head in Head/Neck 20 coil.

Abstract
The hallmarks of radiosurgery for trigeminal neural-
gia are high radiation doses, very small target vol-
ume, and close proximity to critical organs. This kind 
of treatment requires maximum precision in defini-
tion of all the anatomical structures. Although dose 
distribution is calculated with computed tomography, 
this modality alone cannot show specific anatomical 
volumes with sufficient precision. These discrete 
structures are clearly visible on various magnetic  
resonance imaging sequences. The highest possible 
accuracy of registration of CT images and specific  
MR sequences is vital. Our institutional protocol for 
all patients with intracranial lesions includes 
T1-weighted 3D MPRAGE without and with contrast 
enhancement. For trigeminal neuralgia cases, a  
CISS sequence is also routinely used. Thanks to its 
high-resolution imaging, the CISS sequence allows 
for accurate delineation of the target volume – the 
fifth cranial nerve – and organs at risk surrounding 
the target, including cranial nerves and the structures 
of the inner ear.

The concepts and information presented in this paper are based on research and 
are not commercially available.
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Technical aspects of CT and MR scanning
Our routine practice is CT imaging in immobilization  
system with head mask. The CT scans are acquired from 
the top of the mask to the subclavian area. The CT image 
matrix resolution is 512 x 512 pixels with 1.0 mm gap  
between slices and 50 cm FOV acquired with 120 kV  
and 500 mAs. A flat scanner couch overlay is used for  
CT imaging to maintain the same position of the body  
as on the treatment couch.

The protocol for all patients with intracranial lesions  
includes T1-weighted 3D Magnetization Prepared Rapid  
Acquisition Gradient Echo (3D MPRAGE) without and with 
contrast enhancement. Moreover, for trigeminal neuralgia 
cases, a Constructive Interference in Steady State (CISS)  
sequence is routinely used [7–9]. This is a heavily 
T2-weighted fast gradient echo sequence of 0.35 mm  
spatial resolution. It allows for precise visualization of  
minute neural structures, especially the trigeminal nerve 
root where the target volume is located. Usually, one  
of two possible target volume locations is used. One is  
the root entry zone, close to the brainstem, allowing for  
excellent pain control [10], but irradiating this region is  
believed to be associated with higher rates of adverse ef-
fect, including facial hypoesthesia and anesthesia dolorosa. 
The second is the retrogasserian region (zona triangularis), 
which is more distant from the brainstem, and therefore 
thought to be safer to irradiate. The CISS sequence allows 
for accurate delineation of the target volume thanks  
to imaging with high resolution and great detail of  
the fifth cranial nerve against the background of bright  
cerebrospinal fluid. Moreover, it allows for accurate  
differentiation between nerve fibers and neighboring  
vessels, which are often the cause of trigeminal neuralgia 
due to neurovascular conflict.  

Finally, it precisely reveals organs at risk surrounding the 
region of interest, including cranial nerves and the struc-
tures of the inner ear (cochlea and semicircular canals) [7]. 
To better identify vascular structures, especially if the  
cerebellopontine region has atypical anatomy, vascular  
sequences such as TOF (Time Of Flight) can be used.

MR scans are acquired with the patient positioned as  
in CT scanning, head first supine on a flat couch overlay 
(Fig. 1). The 3D MPRAGE sequence covers the entire head 
and a fragment of the cervical spine with 1 mm slices,  
with TR = 1390 ms and TE = 3.01 ms. The CISS sequence 
covers a slab of up to 10 cm of the head with the  
trigeminal nerve root located in the center. The CISS slice 
distance is 0.7 mm, with TR = 6.85 ms and TE = 3.43 ms.

The patient’s position during MR scanning should be  
as close as possible to the position during the CT scan. This 
approach facilitates image registration and contouring,  
especially for the brainstem and medulla which can move  
significantly during flexion and extension of the neck.

Treatment planning aspects
The fusion of CT and MR images, regardless of the contour-
ing and planning system, must be performed with care. 
Modern systems offer both automatic and manual rigid  
image registration. The planner must not rely solely on the  
automatic registration. Taking into account as many factors 
as possible during the image fusion is crucial in order  
to obtain the correct results. For CT/3D MPRAGE MR fusion,  
the anatomy of contrasted vessels, and the shapes of  
the brainstem and the medulla oblongata are analyzed.  
CT/CISS MR registration is performed taking into account 
the shapes of the brainstem, medulla, auditory nerve,  
and inner ear structures (Fig. 2).

2A 2C2B

2   Transversal scans at the level of the target volume: (2A) CT with barely visible trigeminal nerve and brainstem; (2B) T1-weighted MPRAGE  
with barely visible trigeminal nerve, but well visible brainstem, (2C) T2-weighted CISS with clearly visible trigeminal nerve, brainstem and 
surrounding structures.
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3A

3B

3   T2-weighted CISS in treatment 
planning system (3A) transversal 
image with contour of right inner ear 
structures (yellow), (3B) coronal 
image with contour of right cochlea 
(yellow) and trigeminal nerve (red).

4C

4E4D

4   CyberKnife treatment plan for trigeminal neuralgia. (4A) 3D body surface reconstruction and beam arrangement, (4B) isocurve scale; 
structure delineation and dose distribution on the (4C) transversal, (4D) sagittal and (4E) coronal plane.

4A 4B
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Delineation of the target and critical organs is done on CT 
images taking into account two fusions: the 3D MPRAGE 
and CISS sequences. The CISS sequence is the primary one 
for target and inner ear contouring (Fig. 3).

The goal of trigeminal neuralgia radiosurgery planning 
is to obtain a very high point dose in the target and a steep 
dose gradient outside the target where the nearest critical 
structures are located.

An acceptable plan must meet certain criteria for these 
critical structures, especially the brainstem but also the  
inner ear. In our center, for example, the dose delivered to 
the brainstem must not exceed 15 Gy and a dose of 10 Gy 
cannot be delivered in a volume larger than 0.5 cm3. The 
doses in other critical structures farther from the target, 
such as the optic pathway, eyeballs, and lenses, are always 
monitored. Sparing organs at risk is a higher priority than 
target dose coverage. 

Treatment plan evaluation requires careful reviewing 
of dose-volume histograms and CT scans one by one. It  
allows for controlling the dose distribution in the target 
area and capturing possible hotspots distant from the  
region of interest (Fig. 4).

Summary
Every year, more than a dozen trigeminal neuralgia treat-
ments are performed at our Institute. CT imaging alone 
cannot show specific anatomical volumes with sufficient 
precision, but these small structures are more evident on 
different MR sequences. Therefore, it is essential to achieve 
the highest possible accuracy in registering of CT and  
specific MR sequences. Our institutional protocol for all  
patients with trigeminal neuralgia includes the registration 

of CT and 3D MPRAGE without and with contrast enhance-
ment as well as a CISS sequence. Thanks to high resolution 
imaging, the CISS sequence allows for accurate delineation 
of the target volume i.e. the fifth cranial nerve, and organs 
at risk surrounding the target, including cranial nerves  
and the structures of inner ear. MR imaging is absolutely  
necessary as the base of exact target and critical structures 
delineation, allowing a high dose gradient in stereotactic 
plans to be achieved.
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Clinical Implementation and Evaluation  
of MR-only Radiotherapy Planning for  
Brain Tumors
David Roberge, MD and Jean-Charles Côté, PhD

Department of Radiation Oncology, Centre Hospitalier de l’Université de Montréal (CHUM), Montreal, Canada

1   Example of patient positioning for MR Brain acquisition  
for radiation therapy planning on 1.5T MAGNETOM Aera.

Introduction
Over the past decades, magnetic resonance (MR) imaging 
has been increasingly used to improve delineation of  
targets to be irradiated and organs at risk (OAR) to be 
avoided. In 2020, the list of clinical scenarios where MR is 
not considered useful is shorter than the list of sites where 
it is felt to provide benefit. This being said, for most uses of 
MR in radiotherapy planning, the level of evidence for clini-
cal benefit is weak. Although it can often be demonstrated 
that physician segmentations will be altered by the use of 
MR, it is not often proven that these changes result in more 
cures or better quality of life. As adoption of MR planning 
increases, the quality of the evidence will likely improve.

An impediment to a more widespread use of MR in  
radiotherapy is the need to obtain both MR and CT images 
for treatment planning. In such a workflow the MR is used 
for tissue segmentation and the CT for treatment planning. 
In the combined workflow, image registration is required 
to align the images from both modalities. Target volumes 
and OARs defined in the MR image can then be transferred 
to the CT dataset, with which plan optimization and dose 
calculation are performed. The electron density informa-
tion required for accurate dose calculation and reference 
images used for patient positioning are obtained from CT.

The challenges from a combined MR and CT workflow  
include:
•  Accurate image registration between MR and CT.  

Small inaccuracies in registration will translate into  
systematic error throughout the treatment course.

•  Patient scheduling. Scheduling patients on two  
different devices (CT and MR) can be burdensome on 
the patient and the healthcare institution. As time 
elapses between the images, anatomy can change 
(bladder filling as an example) and image registration 
may suffer.

•  Financial issues. In bundled reimbursement schemes 
both imaging procedures may not be reimbursed  
presenting a burden to the institution. In schemes 
where both procedures are reimbursed, the additional 
imaging procedures and imaging devices represent  
a potentially unnecessary financial burden on the 
healthcare system as a whole.

An analogous situation existed after the introduction of  
CT simulation. Many patients underwent CT simulation  
followed by conventional fluoroscopic simulation. Today, 
most fluoroscopic simulators have been sold for scrap  
metal and, when necessary, digitally reconstructed radio-
graphs are produced using CT images. A future can be 
imagined where CT scanners also disappear from radiation 
oncology departments.

In contrast to other disease sites, the use of MR for  
delineation in the management of brain tumors is not  
controversial. Many brain targets and organs at risk are 
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simply not visible on CT – this is the case, for example,  
of small brain metastases and the hippocampal regions of 
the temporal lobes. In narrow indications, such as Gamma 
Knife radiosurgery, MR-only planning has been used in rou-
tine clinical practice for decades. This adoption of MR-only  
planning for frame-based radiosurgery has been facilitated 
by the absence of image-guidance, dose calculations which 
ignore tissue inhomogeneities and external MR fiducials 
which provide some measure of geometric quality assur-
ance. In the more widespread implementation of MR-only 
planning, one must account for:
• Reference images for image guidance (CT or digitally 

reconstructed radiographs)
• Dose calculations which take into account electron 

density
• Quality assurance of the geometric integrity of varied 

MR images

Synthetic CT (sCT) provides images generated from MR 
scans that emulate CT images regarding electron density 
information and geometric representation. The images 
contain different Hounsfield units (HU) for different mate-
rials and these HU can be converted to electron density in 
the treatment planning system (TPS) using a calibration 
curve. The purpose of sCT images is to provide the same 
dose calculation accuracy as with CT images, enabling 
MR-only radiotherapy planning without needing additional 
CT images. Synthetic CT is now commercially available for 
both the brain and pelvis. After evaluating the pre-clinical 
version of this software, we have begun the clinical imple-
mentation of the commercial version and describe our ex-
perience herein.

Clinical workflow
The first step in the MR-only workflow is patient immobili-
zation. In our workflow, the curved MR table is rendered 
flat using a custom insert. A commercial overlay is placed 
on the insert. In order to identify the treatment table in  
the treatment planning system, we lay a small slab of gel 
on the MR couch top. The patient lies on the table and is 
positioned straight using the sagittal in-room laser. The 
thermoplastic mask is heated outside the MR room and  
the warm mask impressionned on the patient. Although  
it is possible to use external fiducials or the laser bridge to 
mark an isocenter on the patient, we chose to use the tip 
of the nose as our reference. We feel that this is simple and 
accurate for our practice where every treatment fraction  
is preceded by a cone beam CT. Using an in-house plastic 

bridge, 2 flex small 4 coils are placed on each side of the 
head and a body 18 long above the patient. In addition,  
2 rows of the spine 32 posterior coil are typically used for  
a total of 34 coil elements (Fig. 1).

For each clinical scenario, an MR protocol needs to  
be assembled around the sequences required for sCT. We 
chose to start our clinical implementation with whole-brain 
radiotherapy using hippocampal avoidance. This clinical 
scenario was chosen based on its incidence (not too  
common, not too rare), the low total dose and delivery  
via conventional linear accelerators. The MR protocol for 
this indication includes, in addition to localizer and quality  
assurance sequences, five sequences. The following  
sequences are required to generate sCT images of the 
brain: T1 VIBE Dixon, T2 SPACE, PETRA, FLASH Gradient 
Echo with “Time of Flight generated contrast” [2] (Fig. 2). 
For hippocampal avoidance an MPRAGE sequence is added.

The acquisition of the four sequences takes approxi-
mately 14 minutes on our MAGNETOM Aera1 (1.5T) and  
is reported to last a similar time on a MAGNETOM Sola  
(1.5T) – 9 minutes with the MAGNETOM Vida (3T). We 
send the images to the hospital PACS and syngo.via. In  
syngo.via, the sCT image set is generated. Prior to being 
sent to our contouring server with the MPRAGE dataset, 
the sCT is inspected for aberrations or artefacts. The target 
and organs at risk are segmented by the physician before 
the case moves to dosimetry. The structure sets and imag-
es are sent to planning (in our case, this is the same plat-
form as contouring) and the radiation plan is optimized.

Quality assurance 
Once the images are acquired, the quality assurance 

sequences are reviewed for geometric accuracy quality 
control. For geometric quality assurance control, two sets 
of axial images are acquired in opposed frequency axis 
pushing the distortions each to one side. The bandwidth  
is reduced to amplify the distortion. The two sets of images 
are compared. The goal is to find distortion coming from 
the patient: surgical clip, dental implant, air, etc. Basic  
B0 and gradients quality control are performed weekly on 
phantom and annually for exhaustive QC. 

A first dosimetric quality assurance is performed  
by comparing plans with and without heterogeneity  
corrections before sending the plan to the linear accelera-
tor. At the first treatment session, the sCT is visually  
compared to the cone-beam CT (CBCT). After the first  
treatment session, the dose is recalculated on the CBCT  
as a final quality control step.

1 MR protocols for Synthetic CT generation are works in progress for MAGNETOM Aera, they are currently under development and not for sale in the U.S. and in other 
countries. Their future availability cannot be ensured.

MR protocols for Synthetic CT generation for 1.5T MAGNETOM Sola and 3T MAGNETOM Vida are clinically released.
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Clinical implementation
In the process of clinical implementation, we chose to limit 
the use of sCT to a specific clinical scenario. In our clinic, 
the scenarios are formalized in radiation care plans – a  
total of approximately 30 for central nervous system cases 
and 40 for head and neck cases (without counting relevant 
palliative and lymphoma care plans). These care plans are 
made up of elements and are associated with various tasks. 
We modified the care plan for whole-brain radiotherapy 
with hippocampal avoidance to include sCT and the  
implementation was seamless for the physicians in our 
practice. In the process of implementation, the first  
patients had both an sCT and a conventional planning CT. 
Once we were comfortable that we had sampled the range 
of possible results (this required between 10 and 20 cases), 
the conventional CT was omitted.

Pitfalls
Although not specific to sCT, the distortion in the MR  
images is not uniform and will be greater near the sinuses. 
This does not have a significant impact in the care of  
patients with whole-brain radiotherapy but should be kept 
in mind for patients with lesions in or near the sinuses.

We have occasional cases in which a gel was used on 
the head support to increase patient comfort. This gel has 

led to unusual behavior of the sCT algorithm (Fig. 3) where 
bone is added between the patient and head support. This 
underlies the need to manually inspect all images. As well 
automatic segmentation tools which function on CT may 
not function on the sCT – this is the case of our automated 
brain segmentation tool.

Clinical evaluation of synthetic CT dose 
calculation accuracy
In our initial evaluation of the dose accuracy of patients 
treated with sCT, the clinical plan generated with the sCT  
is delivered virtually on the conventional CT and the dose 
compared through 3D subtraction and superimposed dose 
volume histograms.

Our observations after analyzing seven patients are 
that the derived dose is similar (typically within 2%) using 
sCT as compared to CT. The discrepancies seen result in 
slightly less dose being delivered to the patient – likely as  
a result of a thinner skull on the sCT.

Two case examples are illustrated in Figures 4 and 5.  
In the more favorable example, the mean target dose is 
within 0.1% and the minimum target dose within 2%. In  
an unfavorable case, the mean dose is still within 2% and  
the minimum dose within 4%. In both cases the direction 
of the discrepancies is the same with the patients likely  
receiving slightly less dose than planned.

2   Image sets required to generate the sCT. The T1 VIBE Dixon sequence (2A) produces the fat and water images (2B, C) and the T2 SPACE 
sequence (2D, with an isotropic voxel size of 1 mm) is run to visualize the brain anatomy and morphology. The T2 SPACE sequence defines  
the resolution of the Synthetic CT output. The FLASH sequence (2E) is used to make sure that a vessel is not misclassified as bone and PETRA  
(2F, an ultra-short echo-time sequence sensitive to bone), is used as an override mask to correct voxels incorrectly identified as air.

T1 VIBE Dixon Water

T2 SPACE Vessel

Fat

PETRA

sCT

CT

2E 2F

2G

2H

2A 2B 2C

2D
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3A 3B 3   sCT artefact resulting from an immobilization device  
(3A: sCT and 3B: CT).
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4   Dose subtraction and dose volume histograms from a clinical case.

100

80

60

40

20

0
1000500 1500 2000 2500 3000 3500

Vo
lu

m
e 

%

Dose [cGy]

PTV sCT
PTV CT Hippocampus left sCT

Hippocampus right sCT
Hippocampus left CT
Hippocampus right CT

5   Dose subtraction and dose volume histograms from a clinical case.

5A 5B

21

Radiation Therapy

siemens.com/magnetom-world-rt

MReadings: MR in RT



Discussion
We have begun the clinical implementation of MR-only 
planning with the Siemens sCT protocol. Our preliminary 
evaluation is that this process allows a feasible and dosim-
etrically satisfactory workflow for whole-brain treatments. 
Our next step is to expand the use of this technology to 
other higher-dose brain treatments (high-grade gliomas 
are expected to be next). The MR-only workflow does add 
additional quality control steps which will hopefully be 
streamlines in the future. In the medium term, we plan  
to investigate the use of generative adversarial network 
(machine learning) generated images in an attempt to  
accelerate our workflow and improve accuracy.
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Clinical Implementation of MR-guided  
Radiotherapy for Prostate Cancer in  
Halcyon-System
Zimmermann M.1; Lange A.2; Sabatino M.1; Giro C.1; Lorenzen J.3; Struck J.3; Dahle J.1;  
Würschmidt F.1; Kretschmer M.1

1Radiologische Allianz, Strahlentherapie, Hamburg, Germany
2Beuth Hochschule für Technik, Berlin, Germany 
3Radiologische Allianz, Diagnostische Radiologie, Hamburg, Germany

Introduction
In Germany, prostate cancer is the most common cancer 
among men. Approximately 58,000 men are diagnosed 
with prostate cancer each year, and more than 14,000 men 
die from it [1]. Almost half of all patients receive external 
beam radiotherapy (EBRT). Before treatment, a three- 
dimensional radiation therapy plan is created. Many clinics 
use thin-slice CT images to define the clinical target volume 
(CTV). Because of the limited soft tissue contrast of CT  
images, and the uncertainties in the treatment planning 
process, a large margin is needed to create the planning 

target volume (PTV). Early studies have shown that  
co-registered CT/MRI images improve target volume  
definition for radiotherapy planning of prostate cancer [2]. 
However, the image registration introduces an additional 
error in delineating targets and organs at risk (OARs) due  
to the modified geometry by two different examinations  
at two different time points. 

A workflow based only on MR images (MR-only work-
flow)1 offers considerably improved soft tissue contrast  
for CTV definition and improved OAR delineation without 

Case Age [years] Weight [kg] Gleason score iPSA [ng/ml] TNM

1 76 92 3 + 3 = 6 10.25 cT2a cN0 M0

2 78 85 5 + 4 = 9 6.50 cT2a cN0 cM0

3 78 84 3 + 3 = 6 32.80 pT3b pN0 (0/18) R1 Pn1 cM0

4 82 95 4 + 5 = 9 88.61 cT2b-c cN0 cM0

5 58 – 4 + 4 = 8 5.70 cT2c cN0 cM0

6 79 82 4 + 5 = 9 12.70 cT2c cN0 cM0

7 75 87 4 + 3 = 7 9.53 cT2c cN0 cM0

8 77 86 3 + 3 = 6 7.80 cT2b cN0 cM0

9 80 72 4 + 3 = 7 42.00 cT2c cN0 M1

10 68 83 3 + 4 = 7 9.45 pT1b pN0 cM0

11 72 84 5 + 4 = 9 11.00 cT2c cN0 cM0 Pn1

12 67 80 3 + 4 = 7 – cT1c

13 71 72 3 + 4 = 7 101.00 pT3a pN0 (0/6) cM0 L0 V0 pM1 R1

14 74 85 4 + 5 = 9 6.58 cT2 cN0 cM0 pn1, G3

15 67 115 4 + 3 = 7 8.00 pT3b pN0 (0/5) L0 V0 Pn1 R1

Table 1:  Clinical profile and tumor stages of the patients included in the implementation phase. Patients 6, 11, and 14 received radiation therapy 
to their lymph nodes.
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registration errors. The acquisition and maintenance  
price is higher than that of CT imaging, but it can be  
considerably reduced by shared-use models including  
diagnostic radiology departments, so diagnostic images 
and MR-only sequences can be acquired in one session. 

Optimizing the dose distribution requires electron  
density (or mass density), which is not provided by MR  
images. Moreover, modern image-guided radiotherapy 
(IGRT) linear accelerators need CT images as a reference  
to compare cone beam CT (CBCT) images with planning  
CT images for patient position correction before each  
treatment session. For these reasons synthetic CTs (sCT) 
have been introduced into clinical routine. Tissue classifica-
tion methods as well as atlas-based and machine learning 
algorithms are used to generate sCT datasets from MR  
sequences. These algorithms have moved in recent years 
from research to the clinical world (so far for brain and  
pelvis cases). Commercially available solutions use some-
what different methods to generate the sCT images, and 
come with different business models. Spectronic offers  
a cloud-based pay-per-use approach, whereas Siemens 
Healthineers offers a classic software license model. 

The main objective of our analysis was clinical imple-
mentation of the MR-only workflow in a novel ring-gantry 
linear accelerator system (Halcyon; Varian, Palo Alto, CA, 
USA) with daily CBCT based IGRT. We discuss in particular 
how daily CBCT guided IGRT based on sCT images com-
pares with the traditional approach using a planning CT 
(pCT) image as reference. Detailed dose calculations are 
part of the comparison and complete the discussion.

Materials and methods
The implementation phase of MR-only radiotherapy took 
place from May to August 2019. It included all prostate  
patients without contraindications (such as pacemakers, 
extensive endoprosthesis, claustrophobia). During the  
consent discussion, patients were required to follow an 
empty rectum protocol before each imaging and treatment 
session. For radiotherapy planning, patients received first a 
planning CT scan with virtual simulation, and immediately 
afterwards (within a maximum of 30 minutes) an MRI scan 
in identical position.

1. Patient collective 

In total 15 patients with different tumor stages were  
included in this study: 11 patients with localized tumors 
(T1–2, N0, M0), three patients with locally advanced tu-
mors (T3a–T3b, N0, M0) and one patient with metastasis  
to the sacrum. Twelve of the patients included in this study 

received radiotherapy as primary therapy, and the other 
three received postoperative radiotherapy. Because of  
their PSA values and Gleason scores, three of the patients 
also had radiation therapy to their lymph nodes (Table 1).

2. CT/MRT virtual simulation

For pCT imaging, the SOMATOM Definition AS (Siemens 
Healthcare, Forchheim, Germany) with a slice thickness of 
2 mm, 120 kV and iterative image reconstruction was used. 

As MRI simulator, the 1.5T MAGNETOM Aera  
(Siemens Healthcare, Erlangen, Germany) installed in  
our clinic. Images are reconstructed with 2.5 mm slice 
thickness was used. Table 2 shows the acquired sequences.

For simulation purposes, patients must be scanned in 
the same position as on the treatment couch of the linear 
accelerator. So in the MRI scanner patients were positioned 
on a flat tabletop overlay using a knee immo bilization  
device, reproducing the positioning setup during pCT  
imaging and during the treatment with the Halcyon system. 

Figure 1 shows the body coil (Body 18 long MR coil 
1.5T) fixed in place with a coil positioning aid (INSIGHT 
Body Coil Holder; Qfix, Avondale, PA, USA).

In addition to the diagnostic images (sequences listed 
in Table 2), the T1- and T2-sequences, together with the 
generated sCT are imported into the oncology information 
system (OIS) ARIA (Varian, Palo Alto, CA, USA).  
Contouring of the target volumes is performed on the  
images obtained from these sequences, using the  
diagnostic findings recorded in ARIA as support. The  
workflow is integrated into the ARIA CarePath.

Step Sequence  Time in min

Orientation
localizer bh 00:17

localizer @center 00:17

Overview
t2 tse sag 3.5 mm 04:30

t2 haste cor mbh 00:49

Diffusion ep2d diff b50 800 1400 
tra 3 mm 04:36

sCT Spectronic t2 tse tra p2 2.5 mm 13:35

sCT Siemens t1 sCTp1-Dixon 02:32

Perfusion with KM
t1 vibe tra dyn 4 mm 02:05

t1 fl2d fs tra mbh 01:20

Total 30:17

Table 2:  Description of sequences used.

1 MR protocols for Synthetic CT generation are works in progress for MAGNETOM Aera, they are currently under development and not for sale in the U.S. and in other 
countries. Their future availability cannot be ensured. MR protocols for Synthetic CT generation for 1.5T MAGNETOM Sola and 3T MAGNETOM Vida are clinically released.
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3. Generation of sCT

3.1 Pay-per-use model (Spectronic)
Spectronic (Helsingborg, Sweden) uses an atlas-based 
algorithm for sCT image generation, offered as a cloud-
based service2. Anonymized MRI datasets are transferred 
from PACS or directly from the MRI scanner to the cloud  
using a DICOM-receiver installed at the clinic network. 
After being de-anonymized in the DICOM-receiver the  
generated sCTs are transferred to PACS. Customers are  
informed by E-mail that new data are available. The sCT  
images are generated using a statistical decomposition  
algorithm (SDA) [3]. The atlas-based method is combined 
with machine learning. The algorithm calculates the most 
probable CT representation for an MRI image set, according 
to previously acquired datasets. So it is important always 
to follow the same protocol and use the same scan param-
eters when scanning patients, to obtain the same contrast 
as in the training datasets. 

3.2 License-based model (Siemens Healthineers)
Siemens Healthineers combines a tissue classification  
and an atlas-based method to generate the sCT image. 
From the required T1 VIBE Dixon sequence, four MR  

datasets with different weighting in water, fat, in-phase 
and opposed-phase were obtained. The four sets or image 
sets are used by the syngo.via RT Image Suite to generate 
an sCT dataset in a few minutes (Fig. 2). Bones are  
rendered in the sCT image set using a multi atlas-based  
algorithm, so the three lowest lumbar vertebrae must be 
scanned during the sequence acquisition. 

4. Treatment planning

A VMAT treatment plan was optimized using a Halcyon  
system (V2.0) with 6 MV flattening filter-free beam and 
Eclipse V15.6. Later, the sCT image and pCT image are reg-
istered rigidly and the structures and beam configurations 
are transferred to the sCT image. On the sCT image, the 
treatment plan is re-calculated, without new optimization.

5. Treatment and image guided radiotherapy 

5.1 Halcyon with iCBCT (online matching)
For IGRT, the Halcyon linear accelerator uses daily CBCT 
with iterative image reconstruction (iCBCT) and slice thick-
ness of 2 mm. A treatment session without imaging before 
dose application is not possible with this system. 

2The information shown herein refers to products of a 3rd party, which are their regulatory responsibility. Please contact the 3rd party for further information.

1   Patient positioning in an MRI device using MRI compatible positioning aids: flat table top with knee immobilization device to reproduce  
the patient positioning from the simulation to the treatment, in this case using the Halcyon.
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2   The synthetic CT algorithm for the pelvis, from image acquisition to synthetic CT image generation.

MR clinical image Assignment of voxel belonging to tissue class CT-like image

T1 VIBE Dixon

Water

Fat

Opposed Phase

In Phase

Classifier / 
Soft Tissue

Atlas /  
Bone

Synthetic  
CT image

3   Patient positioning on the Halcyon.
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5.2 Offline matching
In the implementation phase, each CBCT image is regis-
tered offline with the pCT and sCT images (Siemens and 
Spectronic). Registration is based on intensity differences 
and a pixel-based similarity optimization. For this auto- 
registration, a region including the PTV and a margin  
of 2 cm was selected (Fig. 4). To calculate translations in  
x-, y- and z-directions, the following equation was used:

In order to perform this analysis analog to the clinical work, 
image registration was limited to translations, so rotation, 
pitch, and roll were not considered.
 
6. Quality assurance

Currently there is no official guideline for quality assurance 
(QA) for MRI systems used for radiotherapy planning.  
To measure geometric distortions in MRI, the GRADE  
Phantom (Spectronic) was used. As result of the analysis,  
a PDF is generated with a 3D overview of the distortion in  
a clinically relevant scan volume (Fig. 5).

4A 4B 4C

4   Example of image registration between CBCT images and CT images using soft tissue. The contoured PTV is in blue and the soft tissue used for 
the auto-registration algorithm is in red. The red line defines the volume of interest (VOI) used for the registration.

5   GRADE phantom from Spectronic, used to measure geometrical distortion. (5A) Image of the phantom. (5B) Phantom on the scanner allowing 
the measurement of geometric distortion in the entire scan field.

5A 5B

∆V = ∆VCBCT/pCT - (∆VCBCT/sCT + ∆VpCT/sCT)

transversal sagittal coronal

⃑ ⃑ ⃑⃑

⃑where the term ∆VpCT/sCT expresses the intrinsic offset  
between pCT and sCT images.
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Results
Figure 6 shows an example of the results from the different 
sCT generation methods. The solution from Spectronic 
with its continuous Hounsfield units (HU) distribution  
is similar to a planning CT image whereas the Siemens 
solution uses a discrete HU distribution: Air (-1000 HU),  
fat (-75 HU), water (0 HU), spongy bone (204 HU) and  
cortical bone (1170 HU) (Fig. 6). The soft tissue of bladder,  
rectum and prostate is assigned 0 HU, like water. The sCT 
images from Spectronic use different HU values for differ-
ent soft tissues, in analogy to pCT images. 

Dose distributions
Different therapy concepts regarding the total dose  
were used during this study. For comparison reasons,  
the calculated plans were all normalized to the mean PTV  
dose and only relative dose deviations were considered. 

In Figure 7, mean dose differences of the 15 patients 
are represented using a boxplot diagram, showing the  
results for the following OARs: rectum, bladder, and  
right- and left femoral head. The plot gives the difference 
between the calculated dose based on the sCT (Spectronic) 
and pCT (left box); and between the calculated dose based 
on the sCT (Siemens) and pCT (right box). The total mean 
difference is below 2%.

6   Examples of pCT (6A), sCT (Spectronic: 6C) and sCT (Siemens: 6E) representation including HU surface histogram (pCT: 6B; Spectronic: 6D; 
Siemens: 6F) of the shown cross-sectional images. The HU histograms of the pCT and the sCT (Spectronic) have a continuous spectrum from 
-1000 to 1210 HU and -1000 to 1071 HU, respectively. The HU histogram of the sCT (Siemens) has discrete values.
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Offline matching
For both manufacturers, we evaluated translations after 
offline IGRT between CBCT/pCT and CBCT/sCT of 15 patients 
with a total of 513 CBCTs. In Figure 8, each point rep-
resents the deviation in one-dimensional direction from 
the registration (PTV + 2 cm, see Figure 4) between the 
CBCT and the respective pCT (vertical axis) and between 
CBCT and the respective sCT (horizontal axis). Considering 
all one-dimensional directions as independent parameters 
the correlation between sCT (Spectronic) and pCT images 
has a coefficient of determination of R2 = 0.895. The cor-
relation between sCT (Siemens) and pCT has a coefficient 
of determination of R2 = 0.851. In the lateral (x) direction 
both sCT solutions show best correlations to CBCT com-
pared to the CT (considered the gold standard).  

For Spectronic, the worst correlation is in the z-direction 
whereas with the Siemens solution the lowest correlation 
is in the y-direction. Analyzing the registrations between 
CBCT and pCT images, 94% of the one-dimensional transla-
tions in the three directions are smaller than 10 mm. For 
registrations between sCT (Spectronic) and sCT (Siemens) 
respectively with CBCT images, 95% of the translations are 
smaller than 10 mm. The maximum difference between 
CBCT and pCT is 1.9 ± 5.2 mm in longitudinal direction (z), 
between CBCT and sCT (Spectronic) –2.5 ± 5.6 mm in  
vertical direction (y) and between CBCT and sCT (Siemens) 
1.2 ± 5.5 mm in longitudinal direction. 

The calculated translations between pCT and sCT differ 
significantly (p < 0.001) in all spatial directions, but they 
do not exceed 1 mm on average (Figure 9).

8   Scatterplot showing the translations from CBCT to pCT and from CBCT to sCT, for Spectronic (left) and Siemens (right) (n = 513 CBCTs).  
Estimations of the coefficient of determination considering all directions as independent values. Each direction is represented by a different 
color: blue = x, lateral; orange = y, vertical; black = z, longitudinal.

7   Boxplots of the mean dose difference of considered OARs. Representation of the dose differences to pCT, each in comparison to sCT.
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Discussion
In order to integrate the MR-only workflow into our clinical 
routine we had to develop a new CarePath (ARIA, Varian). 
For this, the existing workflow has been extended by  
adding the MRI simulation, including the sCT generation, 
as new task. This modified workflow comprises the pCT 
scan acquisition, followed by MRI acquisition when  
the MRI scanner was available. Afterwards, the standard 
clinical workflow was carried out. During the validation 
phase of this study, pCT images were used as basis for  

9   Boxplots of the translations of the CBCT registration to pCT, sCT (Spectronic) and sCT (Siemens).  
blue = x-direction, orange = y-direction, grey = z-direction.

contouring, dose calculation, and IGRT. In the analysis, the 
results from sCT are compared with pCT as a reference. 

The MR-only workflow eliminates the error introduced 
in the standard MR/CT workflow when doing image regis-
tration. Patient positioning during CT and MRI acquisition 
may be different. Moreover, scans are taken at different 
times, which can produce different internal geometry  
(for example bladder filling). 

The standard simulation timeslot required for MR only 
is 45 minutes, independent of the chosen solution for sCT 
generation. The sequences required for sCT generation and 
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also the diagnostic images for staging are taken at this 
time. If diagnostic images are already available, the 
timeslot is shortened to 20 minutes to acquire T2- and 
T1-Dixon sequences for contouring, and generate sCT  
images. The advantage of the quick T1-Dixon sequence 
from the Siemens solution is reduced when considering 
that a T2 sequence is normally needed for contouring. 
However, an important advantage of the quick acquisition 
is that motion artifacts are less prominent compared with 
those from a long sequence acquisition for sCT generation.

All 15 patients included in the implementation phase 
received a daily image-guided radiotherapy treatment  
in the prostate region at the Halcyon linear accelerator.  
A total of 513 CBCT images were compared with pCT  
and sCT images to calculate the translation. The values 
were significantly different when comparing the results 
from pCT (reference) images to the results from sCT  
images. The correlations (R² = 0.85–0.89) from CBCT/pCT 
and CBCT/sCT images demonstrate the difficulty when 
comparing the translation values from pCT and sCT images 
because of changes in geometry between pCT and MRI 
(sCT) scans taken at different times. The mean differences 
are smaller than 1.1 mm, and therefore not clinically  
relevant for daily IGRT on the Halcyon. They are, moreover, 
in accordance with already published studies [4].

IGRT based on sCT can therefore be performed on  
the Halcyon-System and allows the replacement of the 
conventional workflow using pCT as reference imaging  
for online matching. For the considered OARs the dose  
calculations based on sCT image sets from Siemens and

Spectronic show small mean differences and dose  
distributions. 

The GRADE Phantom, adapted to MRI, allows to scan a 
large field of view, comparable to the field of view used for 
a pelvis patient. The mean distortion value measured in a 
clinically relevant field of view (150–200 mm from magnet 
isocenter) is 0.76 mm.

Conclusion
The MR-only workflow with the 1.5T MAGNETOM Aera  
has been successfully implemented. High contrast images 
for prostate contouring, and the immediate availability  
of the radiological report integrated in the ARIA OIS are 
helpful features that will lighten the daily workload in a 
busy clinical environment. The daily IGRT using the sCT  
image generated with the solution either from Siemens  
or Spectronic as reference CT can be performed on the  
Halcyon-system and allows the replacement of the conven-
tional workflow using a pCT. The “pay-per-use”-model of-
fered by Spectronic allows costs to be assigned to patients. 
The advantage of a license-based model as offered by  
Siemens is the unlimited and real-time availability of sCT.
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Introduction
For more than a decade, magnetic resonance imaging 
(MRI) has been established as a powerful tool for prostate 
cancer diagnosis. The PROMIS study has demonstrated  
that prostate MRI is a suitable triage tool for biopsy-naïve 
men, reducing the number of unnecessary biopsies by  
a quarter while improving the detection of clinically signifi-
cant cancer [1]. The PRECISION study randomized patients 
to either systematic biopsies or MRI; with no biopsy if  
MRI was negative, and targeted biopsy if MRI was positive.  
Targeted biopsies guided by MRI detected significantly 
more clinically significant cancers while reducing the  
number of clinically insignificant cancers [2]. Because  
of these findings, MRI for prostate cancer diagnosis has  
been integrated into established guidelines [3]. 

Increasing demand for prostate MRI examinations can 
be expected, as the incidence of prostate cancer increases 
with age and life-expectancy in developed countries is  
rising. Furthermore, prostate MRI has been discussed in  
the literature as a screening tool, similar to breast cancer 
screening [4]. However, several limitations need to be  
addressed in order to prepare for this increasing prostate 
MRI workload. Variation in MRI data acquisitions could be 
reduced [5]. Another limitation is the relatively long acqui-
sition time of multiparametric MRI examinations (mpMRI) 
employing T2-weighted (T2w), diffusion-weighted imaging 
(DWI) and dynamic-contrast enhanced (DCE) MRI. Several 
studies have shown that an approach without DCE MRI, 
called biparametric MRI (bpMRI), yields comparable results 
to mpMRI of the prostate [6]. Potentially even more  
important topic is the varying interpretation performance 
based on the expertise level. However, even among expert 

radiologists, agreement on prostate cancer classification 
based on established guidelines is imperfect [7, 8]. 

This all points to a clear need for 
1. Efficient, reproducible, and robust data  

acquisition workflow 
2. Optimized and fast sequence design 
3. Automated detection, classification, and reporting 

workflows in prostate MRI examinations

1   Image acquisition using the Prostate Dot Engine1 including 
automated prostate contour detection, prostate centering, field of 
view adaption and three-dimensional correction of spatial axes.

1 Work in progress: the application is currently under development and is not for 
sale in the U.S. and in other countries. Its future availability cannot be ensured.
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This is a chain of independent, yet highly interlinked  
stages. Well-registered and reformatted images with  
reproducible high image quality are a key prerequisite  
for optimal and reproducible artificial intelligence- 
based analyses.

In this article, we outline an end-to-end solution  
that addresses all the limitations above, incorporating  
day optimizing throughput (Dot), ultrashort bpMRI  
and deep-learning-based lesion detection, classification 
and reporting. We present two example cases using  
the proposed workflow in order to illustrate its feasibility.

Material and methods
Prostate Dot Engine
The Prostate Dot Engine1 is a prototype software tool  
designed to provide a fast, robust, and standardized image 
acquisition workflow. After acquiring the Turbo-Spin Echo 
(TSE) scout, the Prostate Dot automatically centers the 
prostate in the field of view, adapts the size of the field  
of view and performs a three-dimensional correction of 
spatial axes. Slices can be aligned either strictly orthogonal 
or automatically defined by the orientation of the urethra, 
i.e., perpendicular to the urethra for the axial planes.  
Furthermore, the prostate is segmented for standardized 
volume assessment. After coil placement, the Dot work-
flow does not require further adaptations by technicians, 
and it allows interruptions and corrections of the scan  
process at any time. A screenshot of the Prostate Dot  
Engine can be found in Figure 1.

Sequence specifications
The biparametric protocol consists of a T2-weighted turbo 
spin-echo (TSE) pulse sequence in axial, sagittal and  
coronal orientations and an improved single shot DWI EPI 
sequence (ZOOMitPRO, Siemens Healthcare, Erlangen,  
Germany) with consecutive computation of the apparent 
diffusion coefficient. Unlike other DWI techniques,  
ZOOMitPRO magnifies the prostate (in the phase-encoding 
direction) and is free of infolding artifacts. Either a smaller 
quadratic FOV or only a reduced FOV in the phase-encod-
ing direction (‘stripe’) is excited (see Figure 2A). As there  
is no signal from the non-excited regions, only the small 
stripe needs to be encoded (see Figures 2B, C). That  
means the encoding time can be decreased while main-
taining spatial resolution, or the spatial resolution can  
be increased, or a combination of the two. Furthermore,  
decreased encoding time reduces spatial distortion.

Prostate AI
The output of the Prostate Dot Engine goes into the AI  
prototype (Prostate AI1, Siemens Healthcare, Erlangen,  
Germany) for fully automatic prostate lesion detection, 
classification and reporting.

As illustrated in Figure 3, Prostate AI contains two parts:
1. A preprocessing pipeline 
2. A component for lesion detection and classification, 

based on deep learning
The preprocessing pipeline takes the acquired bpMRI  
sequences and generates the required well-formatted  
and transformed data volumes. From the DWI series, a  
logarithmic extrapolation method is adopted to compute  
a new DWI volume with b-value of 2000 s/mm2. This step 

2   Single-shot DWI EPI sequence (ZOOMitPRO) with image examples from one study object: (2A) reduced FOV in phase-encoding direction  
(blue stripe); (2B) resulting image in comparison to (2C) the conventional RESOLVE technique.

2C2B2A
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3   Image acquisition workflow using the automated Prostate Dot Engine and biparametric imaging (orange); deep learning architecture with 
preprocessing pipeline (gray); deep learning-based lesion detection and classification component (blue).

Dot = day optimizing throughput, FOV = field of view, 3D = three-dimensional, TA = time of acquisition, DICOM = Digital Imaging and Communications in Medicine,  
ADC = apparent diffusion coefficient, FP = false positive, PI-RADS = Prostate Imaging Reporting- and Data System
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can eliminate the b-value variances among the datasets 
and also improve lesion detection performance [10]. Also,  
apparent diffusion coefficient (ADC) maps are computed.
Next, whole-organ gland segmentation is performed on 
the T2w volume using a learning-based method as  
presented in Yang et al. [11]. After segmentation, a rigid 
registration is conducted to align T2w and DWI images. The 
preprocessing pipeline can eliminate both geometric and 
intensity variances across sequences and patient studies.

Prostate AI then automatically detects clinically rele-
vant lesions and classifies each detected lesion according 
to PI-RADS categories. This is achieved by a sequence of  
coupled deep neural networks that are trained separately. 
First, a fully convolutional localization net is able to gener-
ate a semantic lesion candidate heatmap (see Figures 5 
and 6); then a subvolume-based false positive reduction 
net further improves detection accuracy by removing the 
false positives; finally another sub-volume-based PI-RADS 
scoring net stages the level of malignancy for each detec-
tion according to PI-RADS categories.

In a last step, Prostate AI displays the detection and 
classification results on a dedicated platform. As the ability 
of the interpreting radiologist to accept or reject AI-based 
findings has been identified as a prerequisite for adoption 
of these techniques [12], these capabilities have been  
implemented. The user is then able to create a machine- 
readable report with all relevant information for the  
referring physician (see Figure 4). This report can be sent 
to the local RIS/PACS system.

Cases
Case 1
Figures 5A-D demonstrate a lesion in the right midgland 
PZpl/PZa of a 62-year-old man, with a maximum diameter 
of 30.2 mm and a mean ADC-value of 758 µm²/s.  
Prostate AI detected the lesion and assigned a PI-RADS 5  
category. Biopsy results revealed a Gleason 4+3 = 7  
pattern.

4   Data visualization platform with the T2w images, ADC map, and high b-value image as well as the T2w image overlaid with the AI-generated 
heatmap (in red and yellow). Prostate AI automatically detected the suspect lesion in the transition zone (TZ, yellow dot) and pre-populated all 
relevant information according to current PI-RADS guidelines. Next, a machine-readable report based on this information is generated.

5A 5B

5C 5D
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Case 2
Figures 6A-D demonstrate a lesion in the left apical PZpl  
of a 51-year-old man, with a maximum diameter of  
10.2 mm and a mean ADC-value of 961 µm²/s. Prostate AI 
detected the lesion and assigned a PI-RADS 4 category.  
Biopsy results revealed a Gleason 3+3 = 6 pattern.

Conclusion
In this article, we outlined an end-to-end concept to allow 
a standardized workflow with a reproducible and fast data 
acquisition with optimized imaging sequences and an 
AI-empowered data analysis including automated detec-
tion, classification and reporting of suspicious lesions in  
biparametric prostate MRI examinations.

Reproducible and fast data acquisition concepts are 
not only contributing to a standardized reporting per-
formed by human readers but would also help artificial  
intelligence-based solutions to reliably process input data. 
Preliminary results from a study conducted at the Universi-
ty of Innsbruck in Austria including 50 patients referred  
for a prostate MRI examination, compared the tilting angle 
of the auto-alignment of the Prostate Dot Engine against  
axes determined manually by an experienced radiologist,  
serving as the reference-standard. The investigators were 
able to show a mean ± SD deviation of the tilting angle  
of 5.5 ± 4.4 degrees (Ch. Kremser, W. Judmaier, Med.  
Uni Innsbruck, unpublished results). However, to date, 

there is no study investigating workflow differences, such 
as time-saving metrics, between Dot-guided and conven-
tional, technician-guided workflows. Those studies are  
currently planned, and their results will contribute to reveal 
the value of Dot engines in clinical routine.

Concerning the use of abbreviated protocols consisting 
of T2-weighted and DWI only – so-called biparametric  
prostate MRI – several studies [6, 13, 14] have shown  
comparable results as obtained with conventional, mpMRI 
protocols including DCE-MRI. We added another compo-
nent to our suggested workflow, that is performing DWI 
with the ZOOMitPRO. As shown in Figure 2, ZOOMitPRO uses  
a reduced FOV in the phase-encoding direction compared 
with either standard single shot DWI EPI or RESOLVE  
(REadout Segmentation Of Long Variable Echo trains).  
The resulting decreased acquisition time can be invested  
in a superior spatial resolution. Future studies are needed 
to systematically investigate differences between different 
types of DWI acquisition schemes compared to the  
ZOOMitPRO technique.

The last component in our workflow is the use of  
AI-based lesion detection and classification. Schelb et al. 
[15] used the input from T2w sequences and DWI to train  
a deep learning algorithm (Unet) on the histopathological 
outcome, serving as ground truth. They were able to  
show that this algorithm achieved a similar performance  
to human readers using the PI-RADS assessment score.  
Cao et al. [16] used the input of mpMRI images to build a 
convolutional neural network trained on histopathological 
data and used this algorithm to detect suspicious lesions 
and to predict the Gleason score. The results were promis-
ing, with a high sensitivity for lesion detection – compara-
ble to expert human readers – and a high classification 
performance with regards to clinically significant cancer. 
However, the usefulness of these algorithms needs to be 
proven in larger multi-reader, multi-case (MRMC) studies, 
systematically examining their influence on interpretation 
performance and speed, with and without those solutions.

We have identified a need to re-structure existing  
prostate MRI workflows, as patient or – in case of screen-
ing approaches – participant throughput is expected  
to increase. In our vision, current workflows need more  
reliable, reproducible and fast data acquisition steps.  
Furthermore, recent research has shown that deep learn-
ing algorithms can compete with human intelligence in 
prostate MRI reporting. We outlined a possible end-to-end 
solution and demonstrated its feasibility with two case  
examples. Future research will investigate what impact  
the individual components or the combination of those 
components will have on the future of prostate MRI.

6A 6B

6C 6D
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Meet Siemens Healthineers

How did you first come into contact with MRI?
As a medical physicist in radiotherapy departments,  
I was in contact with MR images, but not with MR systems. 
Images were produced elsewhere, and we used them  
to support therapy planning. I was very impressed by the 
soft-tissue contrast MRI could achieve, which is especially 
useful for head and pelvis cases in radiotherapy. My  
first real contact with an MR system was when I joined  
Siemens Healthineers. I’m amazed at everything I’ve 
learned this past year, and at everything that MRI can  
offer to radiotherapy.

What do you find most fascinating about MRI?
That’s a difficult question: The technology is so fascinating 
that it’s hard to choose one thing. Compared to the classic 
CT radiotherapy world, for example, it’s fascinating that 
you can measure different physical processes and obtain 
different images and therefore different clinical informa-
tion, all in one measurement session. I’m also astonished  
at the contrast provided by MRI images. It enables clinicians 
to establish the boundaries between organs and tumors 
much more confidently. I would say that MRI reveals ana-
tomical and physiological details that we could previously 
only guess from CT images. I’m also very interested in the 
possibilities presented by functional imaging for assessing 
treatments or even predicting treatment outcomes. It 
might also play an important role in dose painting in the 
future. Overall, MRI and radiotherapy are a recently mar-

ried pair that are opening up a new world of possibilities 
for cancer treatment.

What do you find motivating about your job?
I see my role as a mediator between the MRI and radio- 
therapy worlds. They have different ways of working, and 
even a different language. And now that the use of MRI  
in radiotherapy is increasing so quickly, they are forced to 
understand each other. As a mediator, I must understand 
both MR and radiotherapy, and build the bridges that  
enable communication. I find this task very interesting, 
and the challenges associated with it are very motivating.

If you could do anything you wanted for a month,  
what would it be?
I’d probably spend some time performing measurements 
with our MR systems, learning all the information we  
can acquire from different sequences, and building my  
expertise for our software solutions. 

Outside of work, you can usually find me with my  
two sons, reading a book, playing a board game, or riding  
a bike. I am very family oriented and I love travelling.  
So when we have free time, we visit my parents in Spain, 
or my parents-in-law in Brazil. I also love discovering  
new places with my husband and my kids. For example, 
we’re traveling to Norway by car this summer and we’re  
already excited about it.
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spent 18 months working in the Department of Radiation Oncology  
at University Hospital Erlangen, before joining Siemens Healthineers  
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imaging for radiotherapy, I work on topics involving the use of 
multimodality imaging in radiotherapy. 
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