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Magnetic resonance imaging (MRI) is 
increasingly applied for external radiation 
therapy (RT) target delineation owing to the 
superior soft tissue contrast in MR images 
compared to that in computed tomography 
(CT) images. CT image has remained the 
standard reference for other parts of RT 
treatment planning (RTP) workflow; dose 
calculation and image guidance, due to the 
restrictive features of MR images for these 
tasks; such as lack of explicit relation 
between MR signals and electron densities. 
Consequently, currently widely employed 
practice of RTP workflow necessitates 
imaging with two modalities that increases 
RTP uncertainty by requisite image co-
registration, exposes patients' healthy 
tissues to the additional ionizing radiation 
applied in CT, and increases hospital staff 
workload. This study introduces RTP 
workflow for prostate cancer patients that 
relies solely on MRI-based RTP images, and 
shows that this process can be conducted 
accurately according to required standards 
of modern RT, thus demonstrating a possi-
bility to omit CT imaging from the workflow. 

Juha K
orhonen 

M
agnetic resonance im

aging -based radiation therapy 
A

alto
 U

n
ive

rsity 

Aalto University School of Electrical Engineering 

Magnetic resonance 
imaging -based radiation 
therapy 
Methods enabling the radiation therapy treatment planning workflow 
for prostate cancer patients by relying solely on MRI-based images 
throughout the process 

Juha Korhonen 

DOCTORAL 
DISSERTATIONS 



Aalto University publication series 
DOCTORAL DISSERTATIONS 35/2015 

Magnetic≤resonance≤imaging≤-based≤
radiation≤therapy≤

Methods≤enabling≤the≤radiation≤therapy≤treatment≤
planning≤workflow≤for≤prostate≤cancer≤patients≤by≤
relying≤solely≤on≤MRI-based≤images≤throughout≤the≤
process≤

Juha Korhonen 

A doctoral dissertation completed for the degree of Doctor of 
Science (Technology) to be defended, with the permission of the 
Aalto University School of Electrical Engineering, at a public 
examination held at the lecture hall S1 of the school on 30 April 2015 
at 12. 

Aalto University 
School of Electrical Engineering 
Department of Electrical Engineering and Automation 
Health Technology 



Supervising professor 
Professor Raimo Sepponen 
 
Thesis advisors 
Docent Mika Kapanen, HUCH Cancer Center, Helsinki University 
Central Hospital, Finland 
Docent Mikko Tenhunen, HUCH Cancer Center, Helsinki University 
Central Hospital, Finland 
 
Preliminary examiners 
PhD Tufve Nyholm, Department of Radiation Sciences, Umeå 
University, Sweden 
PhD Teo Stanescu, Department of Radiation Oncology, University 
of Toronto, Canada 
 
Opponent 
Professor Peter Greer, Department of Radiation Oncology / Physics, 
University of Newcastle, Australia 

Aalto University publication series 
DOCTORAL DISSERTATIONS 35/2015 
 
© Juha Korhonen 
 
ISBN 978-952-60-6123-8 (printed) 
ISBN 978-952-60-6124-5 (pdf) 
ISSN-L 1799-4934 
ISSN 1799-4934 (printed) 
ISSN 1799-4942 (pdf) 
http://urn.fi/URN:ISBN:978-952-60-6124-5 
 
Unigrafia Oy 
Helsinki 2015 
 
Finland 



Abstract 
Aalto University, P.O. Box 11000, FI-00076 Aalto  www.aalto.fi 

Author 
Juha≤Korhonen≤
Name of the doctoral dissertation 
Magnetic≤resonance≤imaging≤-based≤radiation≤therapy≤
Publisher School≤of≤Electrical≤Engineering≤
Unit Department≤of≤Electrical≤Engineering≤and≤Automation≤

Series Aalto≤University≤publication≤series≤DOCTORAL≤DISSERTATIONS≤35/2015≤

Field of research Health≤Technology≤

Manuscript submitted 15≤October≤2014≤ Date of the defence 30≤April≤2015≤

Permission to publish granted (date) 2≤January≤2015≤ Language English≤

Monograph Article dissertation (summary + original articles) 

Abstract 
This≤study≤introduces≤a≤radiation≤therapy≤treatment≤planning≤(RTP)≤workflow≤for≤prostate≤

cancer≤patients≤that≤relies≤solely≤on≤magnetic≤resonance≤imaging≤(MRI)≤-based≤RTP≤images≤
throughout≤the≤process.≤
≤
Scanner-specific≤intensity≤values≤of≤T1/T2*-weighted≤in-phase≤MR≤images≤and≤Hounsfield ≤
units≤(HUs)≤of≤computed≤tomography≤(CT)≤images≤in≤the≤male≤pelvis≤were≤analyzed.≤The≤results≤
were≤utilized≤to≤generate≤a≤dual≤model≤conversion≤technique≤transforming≤the≤MRI≤data≤into≤
pseudo-HUs≤by≤separate≤conversion≤models≤within≤and≤outside≤of≤bone≤segment.≤The≤technique≤
was≤implemented≤by≤constructing≤pseudo-CT≤images≤for≤15≤prostate≤cancer≤patients.≤The≤
feasibility≤of≤the≤obtained≤images≤for≤RTP≤was≤evaluated≤by≤comparisons≤against≤the≤standard≤
CTs.≤Dose≤distributions≤were≤analyzed≤e.g.≤with≤volumetric-modulated≤arc≤therapy≤calculated≤
by≤means≤of≤a≤Monte≤Carlo≤algorithm.≤The≤feasibility≤of≤MRI-based≤reference≤images≤for≤image≤
guidance≤was≤investigated≤for≤patient≤position≤verification≤with≤X-ray≤-based≤localization≤
images.≤The≤potential≤susceptibility-induced≤bone≤outline≤shift≤in≤MR≤images≤and≤the≤effect≤of≤
different≤bone≤parts≤to≤the≤absorbed≤dose≤were≤quantified≤with≤a≤dedicated≤fresh≤bone≤phantom.≤

≤≤
The≤local≤soft-≤and≤bony≤tissue≤presentation≤uncertainties≤in≤the≤pseudo-CTs≤were≤on≤average≤

11≤HUs≤and≤99≤HUs,≤respectively.≤The≤prostate≤dose≤level≤differences≤between≤those≤in≤pseudo-
CTs≤and≤those≤in≤CTs≤ranged≤from≤-1.0%≤to≤0.8%.≤The≤percentages≤of≤dose≤points≤in≤the≤body≤
passing≤the≤1≤mm≤&≤1%≤2D≤gamma≤index≤criteria≤between≤the≤images≤ranged≤from≤79%≤to≤100%.≤
The≤maximum≤dose≤distribution≤inconsistency≤behind≤the≤bones≤was≤1.3%≤measured≤for≤a≤
single≤6≤MV≤radiation≤field.≤The≤bone≤outlines≤in≤the≤MR≤images≤were≤illustrated≤correctly≤
within≤a≤1≤mm-pixel≤size,≤but≤each≤1≤mm-sized≤systematic≤error≤in≤bone≤segmentation≤resulted≤
in≤~0.4%≤change≤to≤the≤prostate≤dose≤level≤in≤the≤pseudo-CTs.≤The≤SDs≤of≤differences≤between≤
cone-beam≤CT≤(CBCT)-to-pseudo≤and≤CBCT-to-CT≤automatic≤registrations≤were≤≤ 1.0≤mm≤&≤
≤ 0.7°.≤The≤SDs≤of≤differences≤between≤pseudo-digitally≤reconstructed≤radiograph≤(DRR)≤and≤
CT-DRR≤-based≤manual≤registrations≤with≤planar≤localization≤were≤≤ 1.0≤mm≤(kV)≤&≤≤ 1.7≤mm≤
(MV).≤

≤
This≤work≤shows≤that≤it≤is≤possible≤to≤construct≤heterogeneous≤pseudo-CTs≤of≤the≤pelvis≤by≤
transforming≤the≤intensity≤values≤of≤a≤single≤MR≤image≤into≤pseudo-HUs,≤and≤that≤by≤adopting≤
these≤images≤for≤dose≤calculation≤and≤image≤guidance,≤the≤entire≤MRI-based≤RTP≤workflow≤for≤
prostate≤cancer≤patients≤can≤be≤conducted≤according≤to≤required≤standards≤of≤modern≤RT.≤
Keywords MRI-based≤RT,≤radiotherapy,≤treatment≤planning,≤magnetic≤resonance≤imaging≤
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Tiivistelmä 
Tämä≤työ≤esittelee≤magneettikuvaus≤-pohjaisen≤sädehoidon≤suunnitteluketjun≤

eturauhassyöpäpotilaille.≤
≤
Tietyn≤magneettikuvauslaitteen≤T1/T2*-painotettuja≤kuvia≤ja≤tietokonetomografia≤(TT)≤-kuvia≤
lantion≤alueesta≤vertailtiin≤keskenään,≤ja≤tulosten≤perusteella≤kehitettiin≤konversiotekniikka,≤
joka≤muuntaa≤magneettikuvan≤intensiteettiarvot≤pseudo-Hounsfield≤yksiköiksi≤erikseen≤luu-
segmentin≤sisä-≤ja≤ulkopuolella.≤Tekniikkaa≤käytettiin≤pseudo-TT-kuvien≤muodostamiseksi≤15≤
eturauhassyöpäpotilaalle.≤Kuvien≤soveltuvuus≤sädehoidon≤suunnitteluun≤arvioitiin≤TT-kuvien≤
kanssa≤suoritettujen≤vertailutestien≤avulla.≤Annosjakaumia≤analysoitiin≤esimerkiksi≤
käyttämällä≤intensiteettimuokattua≤kaarihoitoa≤yhdessä≤Monte≤Carlo≤annoslaskenta-
algoritmin≤kanssa.≤Kuvien≤käyttökelpoisuus≤kuvantaohjauksen≤referenssi-kuviksi≤tutkittiin≤
kartiokeila-TT≤(KKTT)≤ja≤tasoröntgenkuva≤-pohjaisille≤lokalisointi≤menetelmille.≤
Potentiaalinen≤luun≤reunan≤paikan≤kemiallinen≤siirtymä≤magneettikuvissa,≤sekä≤eri≤luuosien≤
vaikutus≤absorboituneeseen≤säteilyannokseen≤määritettiin≤luu-liivate≤-testikohteen≤avulla.≤
≤
Pseudo-TT-kuvissa≤kudosten≤paikallinen≤Hounsfield≤yksiköiden≤epävarmuus≤oli≤keskimäärin≤
11≤pehmytkudoksissa≤ja≤99≤luukudoksissa.≤Eturauhasen≤säteilyannostason≤erot≤pseudo-TT-≤ja≤
TT-kuvien≤välillä≤olivat≤-1.0%–0.8%.≤Lisäksi,≤79%–100%≤annoslaskentapisteistä≤lantion≤
alueella≤täyttivät≤1≤mm≤&≤1%≤2D≤gamma-indeksi≤-kriteerit≤kuvien≤välillä.≤Suurin≤ero≤
annosjakaumassa≤luiden≤takana≤yhtä≤6≤MV≤säteilykenttää≤käytettäessä≤oli≤1.3%.≤
Magneettikuvissa≤luun≤reunan≤paikka≤oli≤esitetty≤oikein≤1≤mm≤pikselikoon≤tarkuudella,≤mutta≤
kukin≤1≤mm≤-kokoinen≤systemaattinen≤virhe≤luiden≤segmentoinnissa≤aiheutti≤~0.4%≤muutoksen≤
eturauhaseen≤laskettuun≤säteilyannostasoon≤pseudo-TT-kuvissa.≤Keskipoikkemat≤
automaattisten≤KKTT-pseudo≤ja≤KKTT-TT≤-kuvarekisteröintien≤välillä≤olivat≤≤ 1.0≤mm≤&≤≤ 0.7°.≤
Vastaavat≤erot≤tasolokalisointikuvien≤perusteella≤(referenssinä≤pseudo-TT-≤ja≤TT-kuvista≤
digitaalisesti≤rekonstruktuoidut≤röntgenkuvat)≤suoritetuissa≤manuaalisissa≤rekisteröinneissä≤
olivat≤≤ 1.0≤mm≤(kV)≤&≤≤ 1.7≤mm≤(MV).≤
≤
Tämä≤työ≤osoittaa,≤että≤on≤mahdollista≤muodostaa≤heterogeeninen≤pseudo-TT-kuva≤lantion≤
alueesta≤muuntamalla≤magneettikuvan≤intensiteettiarvot≤pseudo-Hounsfield≤yksiköiksi,≤ja≤että≤
kyseistä≤kuvaa≤käyttämällä≤sädehoidon≤annoslaskennassa≤ja≤kuvantaohjauksessa,≤kaikki≤
eturauhassyöpäpotilaiden≤magneettikuvaus≤-pohjaisen≤sädehoidon≤suunnitteluketjun≤
työvaiheet≤voidaan≤suorittaa≤tarkasti≤nykyaikaisen≤sädehoidon≤edellyttämillä≤menetelmillä.≤
Avainsanat Sädehoito,≤sädehoidon≤suunnittelu,≤magneettikuvaus,≤eturauhassyöpä≤
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1. Introduction 

1.1 Radiation therapy treatment planning 

Radiation therapy (RT) constitutes one of the three major cancer treatment methods, in 
addition to surgery and medication. RT is a carefully planned multi-tasked process 
conducted individually for each patient from the prescription to the radiation delivery 
according to the required standards of modern RT. This RT treatment planning (RTP) 
workflow begins with a procedure called RT simulation, which includes patient 
imaging with a carefully planned positioning that needs to be repeated for the 
treatment delivery. The obtained RTP images of patient anatomy are employed 
throughout the workflow; i.e. for target delineation, dose calculation, and image 
guidance. Target delineation is a process conducted to contour target volumes and 
healthy organ constraints into the RTP images. The contoured images are then applied 
to dose calculation part of the process that includes planning of the treatment 
technique and field directions. Image-guided RT (IGRT) employs RTP images as a 
reference against localization images to verify patient treatment positioning similar to 
that in RT simulation. The localization images are applied before the treatment 
delivery by means of imaging modalities integrated with the RT treatment device, e.g. 
X-ray -based imaging modalities integrated with a linear accelerator.  
 
The RTP images need to provide information to conduct the RTP workflow. For each 
task in the process it is important that the images visualize the heterogeneous patient 
anatomy with high spatial resolution. To enable dose calculation in external RT, it is 
essential that the images present the patient anatomy including body outline with 
natural heterogeneity of tissue electron density (ED) information [1, 2]. The image 
data are applied to the computationally conducted dose calculation with algorithms in 
RTP systems. These dose calculation engines are configured with the output of the 
treatment device in use. 
 

1.2 CT-based radiation therapy 

Conventionally, the external RTP workflow is conducted by relying on three-
dimensional (3D) anatomical information acquired with a computed tomography (CT) 
scanner. The CT simulator is equipped with such accessories as a flat indexed couch, a 
laser-localization system and patient immobilization to enable imaging in RT 
treatment position [1, 2]. The imaging is based on the transmission measurements of 
narrow X-ray beams rotating 360° around the patient lying on a couch which is 
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moving through the scanner aperture (helical CT) [1, 2]. The method enables 
reconstruction of geometrically accurate 3D images presenting the distribution of 
attenuation coefficients as Hounsfield units (HUs) [1, 2]. The linear relationship 
between HUs and attenuation coefficients enables voxel-by-voxel calibration of HUs 
to tissue EDs relative to that of water [1-5]. The scanner-specific HU-to-ED 
calibration is verified with phantom measurements in regular quality assurance (QA) 
with respect to accuracy criterion of ~20 HUs enabling dose calculations in the natural 
heterogeneous presentation of human body EDs [1-10]. Consequently, CT imaging is 
regarded as the standard for dose calculation in modern RT. CT images can also be 
adopted as reference for 3D or 6D IGRT techniques achieving patient position 
corrections through automatic registration between the RTP images and cone-beam 
CT (CBCT) localization images [11-13]. The bony tissue presentative digitally 
reconstructed radiographs (DRRs) can be reconstructed from CT to obtain reference 
images also for the IGRT methods relying on 2D planar localization [1, 2]. 
 

1.3 MRI in radiation therapy 

The soft tissue contrast in CT images is inferior to the soft tissue visibility in magnetic 
resonance (MR) images, and thus MR images are increasingly employed for RT target 
delineation [14-16]. As a multi-parametric imaging modality, MRI can provide a 
powerful integration of anatomical details including also other clinically relevant 
information e.g. tissue metabolism and functionality [16-19]. A basic difference with 
MRI compared to CT is that the imaging is performed without ionizing radiation. MRI 
relies on natural magnetic properties of protons in Hydrogen nuclei [17, 18]. Imaging 
is accomplished at the presence of a strong static magnetic field adjusting the net 
magnetization of the protons to the direction of the magnetic field. The aligned 
magnetization of protons can be excited by applying radiofrequency (RF) pulses. The 
excited protons emit an MR signal, which can be measured with a receiver RF coil. 
The spatial location of the MR signal is obtained by varying the main magnetic field 
with magnetic field gradients. The localization is based on the relationship between 
magnetic field strength, and precession frequency and phase of the nuclei. The MR 
signal is highly dependent of a complex combination of tissue properties and chemical 
environment of Hydrogen. Consequently, the relation between MR signals and EDs is 
inexplicit. This section presents the challenges faced if aiming to introduce MRI-based 
RT in a clinic, and introduces previous research conducted for MRI-based RT, 
focusing on the pelvis.  
 
 
MRI-based RT: challenges and motivation 

The magnetic field and the MR signal measurement cause special requirements for the 
accessories needed to enable imaging by following the general requirements of RT 
patient positioning. To employ MR scanner as the primary or only image source for 
RTP, i.e. to construct an MR simulator for MRI-based RT, the scanner should be 
equipped with such accessories as MR-compatible patient immobilization, flat table 
top, laser-localization system and MR signal receiver coil frame [20, 21]. Without 
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these accessories the patient positioning in imaging would generally not be the same 
as in RT treatment situation. 
  
The inherent geometrical distortion in MR images and the lack of explicit relation 
between MR signals and EDs are the major restrictive factors for use of MR images 
throughout the RTP workflow. Consequently, the increasingly applied RTP workflow 
necessitates patient imaging with two modalities: MRI for target delineation and CT 
for dose calculation and image guidance. Although this workflow is built on the main 
benefits of these imaging modalities for RT, the process also has its downsides: it 1) 
increases RTP uncertainty by requisite image co-registration, 2) is resource-intensive, 
3) is time-consuming, and 4) exposes patients’ healthy tissues to the additional 
ionizing radiation applied in CT. These drawbacks could be avoided by solely 
resorting to MR images throughout the RTP process, and thus have motivated research 
introducing methods enabling MRI-based RT. MRI-based dose calculation could 
enable also on-line adaptive RT (ART) treatment in dedicated MRI-guided RT 
treatment facilities, or with such new technological developments for IGRT as MR 
scanners integrated with either a linear accelerator (MRI-Linac) or a Cobalt-60 
radiation source (MRI-60Co system, ViewRay®, Oakwood Village, OH, USA) [22-31]. 
With these MRI-guided RT techniques, it would be particularly reasonable to rely 
solely on MR images throughout the RTP process.  
 
 
Influence of geometrical distortion on RTP accuracy 

The inherent geometrical distortion in MR images can limit the possibilities for 
accurate MRI-based RT or even prevent the adoption of some MR platforms into the 
RT process. In addition to the potential influence of geometric errors on target 
delineation and image guidance, geometrical distortion could also influence the dose 
calculation accuracy in the MRI-based RTP workflow. As an example: for a single 6 
MV beam, >1 cm error in patient body contour can introduce >3% dose calculation 
errors, thus not achieving international recommendations on dose calculation accuracy 
and not leaving room for other error possibilities to reach sufficient overall accuracy 
level of modern RT [1, 2, 32-34]. The ultimate dose calculation accuracy goal of 1% 
could potentially be reached with multi-field treatment plans if the average body 
contour shift is within few millimetres [1, 2, 32-34]. Sub-mm-sized geometric errors 
introduce no considerable uncertainties for dose calculation or IGRT, and thus do not 
limit the possibilities for accurate MRI-based RT. 
 
The geometric accuracy depends on the scanner type, distance from the scanner 
isocenter and quality of geometric correction software, and thus the distortion 
magnitudes can range from sub-mms up to >2 cm [20, 21, 35-50]. Consequently, the 
geometric accuracy needs to be carefully evaluated in the commissioning of each MR 
simulator. Recent studies have shown that the geometric errors can be within 
acceptable limits for RTP, and thus several research groups have concluded that the 
geometrical distortion is no restrictive issue for MRI-based RTP in the head or in the 
pelvis [20, 35-45]. 
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Previous studies have mainly focused on evaluating the system-related distortion 
caused by magnetic field inhomogeneities and imaging gradient nonlinearities by 
conducting examinations with synthetic phantom materials. The magnetic 
susceptibility variations between different body tissues and chemical shift effects can 
result in additional geometric errors by shifting and distorting the tissue boundaries in 
the patient MR images [17, 18, 20, 21, 37, 50-54]. Susceptibility differences create 
small local magnetic field gradients and may cause low MR image intensities for the 
tissue boundary in images obtained with gradient echo (GE) sequences due to spin 
dephasing within a voxel. Local magnetic field variations generated by the 
susceptibility effect are also added to the image encoding gradients, and the shift of a 
voxel position coordinate may be either positive or negative depending on the 
direction of the encoding gradient, and the shape and the orientation of the volumes 
having different susceptibilities [17, 18].  
 
In addition to quantifying the system-related distortion, Kapanen et al. evaluated 
magnitudes also for the patient-induced distortions including gradient non-linearity, 
magnetic field distortions and susceptibility differences between the soft tissues and 
the air with the MR simulator 1.5 T imager GE Optima MR450w (GE Medical 
Systems Inc., Waukesha, WI, USA) [20]. The geometric errors measured in the ADNI 
geometric phantom within ± 9 cm from the magnet isocenter were on average within 
0.3 mm with the maximum deviation of 0.7 mm [20]. The determined location errors 
for the body outline contour of the pelvis and for the interface between soft tissue and 
rectal gas were on average ~1 mm with maximum errors of 5 mm and 2 mm, 
respectively [20]. This accuracy can be considered sufficient for MRI-based RT in the 
pelvis because sub-mm-sized errors in internal anatomy cannot result in substantial 
target delineation or patient positioning failures, and body contour shifts of few 
millimetres would not introduce >1% dose calculation uncertainty. However, the study 
did not quantify the potential bone outline shift stemming from substantially different 
susceptibility values of bone cortex and surrounding soft tissues [20, 50-56]. 
 
 
Representing HUs by pseudo-CT images 

The human tissues include genuine variety of EDs [56-58]. In the pelvis, the EDs 
range from those in high density bony tissues to those in low density soft tissues (EDs 
from ~1.90 to ~0.90, i.e. from ~1500 HU to ~-100 HU) [1-5, 56-58]. In MRI-based 
RT, the ED information is represented by reconstructing so-called pseudo-CT images, 
which include at least a simplified representation of the body tissues as pseudo-HUs 
[35-38, 59-70].  
 
With conventional techniques suggested for the pelvis, the pseudo-CTs are 
constructed by assigning the entire body as water-equivalent, or additionally by setting 
a separate single pseudo-HU for a whole bone segment to separately represent the low 
density soft tissues and the high density bony tissues [35-37, 60-62]. Eilertsen et al. 
contoured only the most dense pelvic bone parts and assigned this segment with a 
pseudo-HU higher than that of water [59]. However, with these methods the 
heterogeneous human tissue ED information is represented only by one or two 
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assigned pseudo-HUs leading to considerable simplification of patient anatomy. The 
HU misrepresentation is substantial especially within the bone segment, in which the 
natural EDs range from those in the high density bone cortex to those in low density 
core (the cortical bone: ED ~1.90 i.e. ~1500 HU, and the fatty bone marrow: ED ~0.98 
i.e. ~-20 HU, respectively) [1-5, 56-58].  
 
Kapanen & Tenhunen suggested that heterogeneous bony tissue representation could 
be achieved by converting the intensity values of T1/T2*-weighted MR image 
(obtained by the 1.5 T imager GE Optima MR450w) into pseudo-HUs within the 
contoured bones and representing only the body volume outside of the bone segment 
with a homogeneous value [64]. The major benefits of this method include its 
possibility to obtain pseudo-HUs for the bones from data of a single MR image 
achieved by a clinically available MRI sequence, and allowing an increase in 
heterogeneity of tissue representation in pseudo-CTs compared to manual assignment 
of bulk pseudo-HU to the entire bone segment. Nevertheless, the study did not 
evaluate explicitly HU accuracy for different bony tissues in the obtained pseudo-CTs, 
and did not provide a solution for obtaining information about heterogeneous soft 
tissue HUs. Soft tissues, especially muscle and fat, comprise a large proportion of 
body volume in the pelvis, and their relative amounts can vary considerably between 
individuals. If representing these tissues, in which relative EDs to water vary roughly 
between 0.90 (~-100 HU) and 1.05 (~50 HU), as a homogeneous segment, it is likely 
that the average soft tissue ED is misrepresented for individual patient anatomies [1-5, 
56-58]. Inclusion of soft tissues into pseudo-CTs could potentially improve the MRI-
based dose calculation accuracy and enable IGRT with the state-of-the-art method 
relying on the current position of the moving organs. 
 
Johansson et al. proposed a technique applying MRI data to generate heterogeneous 
pseudo-CTs of the head [67-69]. The method employs voxel value combinations of 
three MR image series, out of which two image series were achieved with dual echo 
ultra-short echo time (TE) sequences and one with T2-weighted 3D spin echo (SE) 
sequence. The technique is greatly potential to obtain heterogeneous pseudo-CTs of 
various body parts because it enables also separation of the bone cortex and the air 
cavities without a need of segmentation. MRI sequences with extremely short TEs are 
currently clinically unavailable that can delay wide adoption of the technique. 
 
Dowling et al. proposed that ED information for prostate cancer patients could be 
adopted from a CT-based ED atlas by co-registering an MR image with the developed 
atlas [63]. In addition to enabling heterogeneous tissue representation, another major 
advantage of the method is that the pseudo-HU mapping and a possibility for organ 
contouring were implemented into an automatic workflow. Automation of pseudo-CT 
construction methods is important to enable routine clinical MRI-based RT. If 
adopting a pseudo-CT construction method requiring image co-registration in a clinic, 
the accuracy and reliability of the applied co-registration technique should be verified. 
Possible co-registration offsets could cause tissue misrepresentation in pseudo-CTs 
and systematic uncertainties in RT [63, 70, 71]. Precise heterogeneous tissue 
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representation and localization in pseudo-CTs could enable accurate and reliable dose 
calculation and image guidance.  
 
 
Dose calculation accuracy in images with simplified tissue representation 

Tissue inhomogeneities influence photon absorption and scattering, and thus 
simplified representations of body tissues reduce RTP dose calculation accuracy [1]. 
This has been concluded also by the previous investigations illustrating that dose 
calculation accuracy in pseudo-CTs can be improved by increasing heterogeneity of 
tissue representation [35-38, 59-70]. For prostate cancer patients, the reported MRI-
based dose calculation accuracies compared to those in standard CTs have been within 
4% in pseudo-CTs representing the entire body volume as water-equivalent, mostly 
within 2-3% in pseudo-CTs with additional bulk density segments, and within 2% in 
pseudo-CTs constructed either by the bone conversion technique or by the atlas-based 
ED mapping method [35-37, 60-64]. The results are encouraging for MRI-based RT in 
the pelvis, considering the dose calculation accuracy recommendations of 2-3% in 
realistic treatment situations [32-34]. On the other hand, previous examinations have 
not reached the 1% ultimate goal of dose calculation accuracy, have shown substantial 
dose calculation errors in organs-at-risk (OARs), and were not performed with Monte 
Carlo (MC) algorithms which are considered reference for all other dose calculation 
methods [1, 2, 33, 59, 72]. Conventional dose calculation algorithms employed for 
RTP include approximations about e.g. the influence of tissue inhomogeneities and 
scattering [1, 2]. 
 
If representing the soft tissue volume, or even the whole body, with an average 
homogeneous HU in a pseudo-CT, it can be assumed that this average value may be 
appropriate for some patients with certain treatment techniques, but this HU 
estimation would be insufficient for some individual anatomies, thus causing 
considerable dose calculation uncertainty for these patients. It is likely that dose 
distribution accuracy cannot be optimal in the entire body volume, such as in the 
OARs, although the dose might be averaging to nearly optimal for the target volume 
with some individual anatomies. Previous studies have neither evaluated dose 
distribution accuracy locally in the body volume nor addressed dose calculation 
accuracy for different-sized patients with varying tissue proportions.  
 
The substantial differences between EDs of different bony tissues, ranging from those 
in high density bone cortex to those in low density core, may cause that the absorbed 
dose distal to a bone not necessarily correlate only with the physical thickness of the 
bone as it does if applying a modelled single HU for the bones in a pseudo-CT. A 
study examining in detail the effect of different bone parts to regional absorbed dose 
profiles of a single RT beam has not been conducted. This has not been investigated 
either by measurements or calculations, which would include also the examination of 
local calculation errors in pseudo-CTs. These investigations would be of particular 
value in one field treatments and also in increasingly applied intensity-modulated RT 
(IMRT) methods, in which a major part of the planned dose in a specific volume in 
target can be delivered from limited field directions due to healthy organ constraints. 
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Misrepresentation of tissue boundaries in pseudo-CTs could result in additional RTP 
uncertainty. In pseudo-CTs of the pelvis, especially the bone outline misrepresentation 
is possible due to the susceptibility-induced bone outline shift and perturbations, and if 
the bone-outline contouring is mandatory and not conducted precisely. The bone 
outline accuracy might be especially important with the bone conversion technique 
because under- or over-segmentation of bone outline could cause either substantial 
underestimation of the cortical bone HUs or major misrepresentation of the adjacent 
soft tissues, respectively. Previous studies have not evaluated the influence of bone 
outline errors on dose distribution [35-38, 59-66]. Relation between bone contouring 
precision and dose calculation accuracy could be determined to evaluate the feasibility 
of pseudo-CT construction methods for a routine clinical RTP workflow and to 
quantify acceptance limits for bone segmentation. 
 
 
Possibilities for image guidance 

The most reasonable method for conducting IGRT in MRI-based RT would be 
through automatic MR-to-MR image co-registration between the RTP- and the 
localization images. MRI-guided RT is currently available only in few clinics, which 
have either constructed a dedicated MRI-guided RT treatment facility or installed the 
MRI-60Co system recently [22-24, 29, 30]. MRI-Linacs are not commercially available 
[25-28]. Consequently, it is likely that the X-ray -based localization methods will 
maintain their status as the most widely employed IGRT techniques in the near future.  
 
Previous studies have suggested that IGRT with planar localization images could be 
conducted by relying merely on MRI by reconstructing the 2D reference DRRs from 
pseudo-CTs [36, 64, 65, 73, 74]. However, no previous work has demonstrated the 
feasibility of MRI-based patient position verification by following a standard clinical 
workflow such as achieving patient position corrections by co-registering the planar 
localization images and pseudo-DRRs. It would be especially reasonable to examine 
feasibility of MRI-based reference images for the increasingly applied IGRT 
technique achieving patient position corrections through automatic registration 
between the RTP images and CBCT localization images.  
 

1.4 Aims of the study 

There is a growing interest in RT community to include MRI into the RT workflow 
[16, 21, 31]. It can be expected that in the near future there will be an increase in the 
number of RT departments installing dedicated MR simulators and/or MRI-guided RT 
treatment platforms [16, 21, 31]. These clinics, and those already conducting MR 
simulations or MRI guidance, could find it particularly valuable to introduce methods 
enabling the entire RTP workflow by relying merely on MRI-based images. To 
quantify whether the MRI-based RTP workflow could be performed accurately 
according to the required standards of modern RT, it would be beneficial to conduct 
the related investigations with the state-of-the-art dose calculation and IGRT methods 
that are clinically available and widely adopted. To reach this goal, it could be 
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advantageous to enable construction of heterogeneous tissues-presentative pseudo-
CTs of the pelvis from MRI data. 
 
This work aimed to design an MRI-based RTP workflow for prostate cancer patients 
that could be conducted accurately according to the required standards of modern RT. 
The overall research objective could be broken down to four main research goals: 
  

1) Developing a technique for construction of heterogeneous 
tissues-presentative pseudo-CT images of the pelvis based on 
image data obtained by a clinically available MRI sequence 
[II]. 

2) Determining dose calculation accuracy in these heterogeneous 
pseudo-CTs [I-III]. 

3) Measuring potential susceptibility-induced bone outline shift 
and geometric perturbations in MR images by applying a 
dedicated phantom, and evaluating the effect of bone outline 
errors on dose calculation accuracy in the pseudo-CTs [III]. 

4) Investigating whether IGRT with X-ray -based localization 
images could be performed with MRI-based reference images 
in the pelvis [IV]. 

 
Additionally, the study aimed to quantify uncertainties in the MRI-based RTP 
workflow compared to standard CT-based process, and to evaluate potential benefits 
of MRI-based RT with heterogeneous pseudo-CTs compared to using conventional 
homogeneous representations of body and bone volumes in the pseudo-CTs [I-IV].  
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2. Materials and Methods 

2.1 MR and CT imaging 

The CT and MR images employed in the present work were acquired by the RT 
simulators of Helsinki University Central Hospital (HUCH) Cancer Center. The 
patient imaging had been performed during the same day for each patient with both 
imaging modalities by following the clinical protocols and the general requirements of 
RT patient positioning [I-IV, 20]. The compact imaging protocol in the clinic has been 
designed to obtain essential information about patient anatomy for diagnostics and 
RTP, by exploiting the possibilities of MRI as a multi-parametric imaging modality 
for powerful integration of anatomical details [20]. Figure 1 presents the employed 
MR simulator 1.5 T imager GE Optima MR450w in HUCH Cancer Center. The 
scanner has a wide bore (Ø: 70 cm), and it is equipped with such accessories as a 
laser-localization system, MR-compatible fixation and a flat indexed table top to 
which a constructed receiver coil frame can be attached without patient body contact 
[I-IV, 20]. This section presents the applied processes for imaging and patient 
selection in this study. 
 

        

Figure 1. The MR simulator in HUCH Cancer Center (2011). a) shows the scanner with the 
goal-post laser system, and b) presents patient positioning for pelvic imaging with MR-
compatible immobilization. The anterior part of receiver coil is attached to the constructed 
frame, and posterior part of the coil is placed below the flat table top. 
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Applied MR and CT images 

MRI was performed with T1-weighted 2D SE, T2-weighted 3D fast SE (FSE), and 
T1/T2*-weighted 3D dual echo fast GE (FGE) sequences [I-IV, 20]. Table 1 presents 
the applied MRI sequence parameters. The dual echo FGE sequence provides four 
images with the single acquisition, i.e. out-of-phase image (fat and water signals are 
out-of-phase, TE 2.1 ms), in-phase image (fat and water signals are in-phase, TE 4.2 
ms), water-only image and fat-only image [75, 76]. The water and fat –only images 
are generated with the two-point Dixon method [75, 76]. With the dual echo FGE 
sequence, parallel imaging is applied to shorten acquisition time (<5 minutes with 
prostate cancer patients). The frequency encoding direction was posterior-anterior 
(PA), and 3D images were reconstructed axially. Geometrical distortion caused by 
nonlinearity of imaging gradients and signal intensity inhomogeneity of MR image 
series were corrected with vendor software (GradWarp3® [based on theoretical shape 
of image encoding gradient field spherical harmonic decomposition, 3D] and PURE® 
[phased array uniformity enhancement, multi-channel RF coil sensitivity 
normalization based on calibration series, 3D], respectively) [20, 21, 77-80]. 
Moreover, the DICOM headers of MR images were modified (set as CT) to ascertain 
capability of using MRI-based images with all employed RTP systems and software. 
 
Table 1. The applied MRI sequences with their parameters. 

Sequence Name® 
TE     

(ms) 
TR     

(ms) 

Flip 
angle 

(°) 

Bandw. 
(kHz) 

[Hz/px] 
FOVa 
(cm2) 

Acquis. 
matrixa 
(f. × p.) 

Voxel 
sizeab 
(mm3) 

T1/T2*–
weighted 
3D FGE 

LAVAc 
Flex 

2.1, 
4.2 6.8 15 90.9 

[425] 42 × 42 428 × 
448 

0.98 × 0.94 
× 1.2     

T1–
weighted 

2D SE 
T1 SE 20 500 90 25 

[156] 32 × 32 320 × 
320 1 × 1 × 1 

T2–
weighted 
3D FSE 

Cube 124 2000 90 62.5 
[326] 37 × 37 384 × 

320 
0.96 × 1.16 

× 1.2 
a Imaging of the phantom (Section 2.2). In patient imaging the parameters may be adjusted. 
b Slice thickness interpolated (e.g. 1.2 mm interpolated from 2.4 mm). 
c Liver Acquisition with Volumetric Acceleration. 
 
CT imaging was carried out with the 4-slice CT scanner GE LightSpeed RT (GE 
Medical Systems Inc., Waukesha, WI, USA). The simulator is subject to regular QA 
including HU-to-ED calibration with the RMI-phantom (Gammex, Middleton, WI, 
USA) [I-IV, 20]. The unit was operated at 120 kVp with 2.5 mm slice thickness (1.25 
mm for phantom imaging), 50 cm × 50 cm field-of-view (FOV), and 512 × 512 matrix 
size (0.98 mm pixel size). 
 
The CT and MR images of each patient were co-registered by a commercial medical 
image processing software (rigid registration relying on mutual information, MIM 
Software Inc., version 5.4, Cleveland, OH, USA), and both images were set in the 
coordinate system of the CT image [I-IV]. Visual inspection was conducted to verify 
optimal image co-registration of internal anatomy, i.e. further re-adjustments would 
have not improved the co-registration accuracy. 
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Patients 

The study included 25 prostate cancer patients whose RTP had been conducted 
applying two imaging modalities: MRI for target delineation, and CT for dose 
calculation and image guidance. The study did not have any impact on treatment of 
these patients. The patients were selected retrospectively from the patient database of 
HUCH Cancer Center. First, 20 patients were randomly selected in order to form two 
groups: 10 for generation of conversion-based heterogeneous pseudo-CT construction 
technique (data collection group), and other 10 for pseudo-CT construction and testing 
of these images (test group) (Sections 2.3-2.5) [II]. The division of patients was 
performed by estimating the amount of subcutaneous fat in the pelvis, because 
different soft tissue proportions affect the MR signal and may thus limit the accuracies 
of the HU conversion and dose calculations in the constructed pseudo-CTs [II]. The 
patients were set in order according to the amount of subcutaneous fat, and every other 
patient was selected for the data collection group, and every other for the test group to 
ensure appropriate patient heterogeneity within both groups [II].  

 
The patients in the test group were divided into three sub-groups according to the used 
localization imaging method (Section 2.5: kV CBCT, kV planar or MV planar 
localization). In order to obtain 5 patients for each sub-group, 5 other test patients 
were selected for the study based on the employed localization imaging method. These 
5 patients were included also into the dose calculation investigation in addition to the 
10 previously selected test patients (Section 2.4). The clinical target volume (CTV) of 
each patient included the prostate and the seminal vesicles. 
 

2.2 Determination of bone outline accuracy in MR images 

A measurement procedure for the potential susceptibility-induced bone outline shift 
and geometric perturbations was developed to complement the previous research on 
geometrical distortion with the MR scanner 1.5 T imager GE Optima MR450w [III, 
20]. The patient imaging workflow and parameters introduced in Section 2.1 were 
adopted for the phantom imaging [I-IV, 20]. This section describes the phantom 
construction and the bone outline measurements. 
 
 
Bone and gelatine phantom 

To evaluate the bone outline accuracy in the images with respect to actual physical 
bone outline locations, and to conduct the research with patient-like materials, a 
dedicated phantom was constructed by using fresh bones of a wild deer and gelatine 
made out of pig skin [I, III]. The author affirms that the reported research was 
conducted in accordance with the ethical policies of HUCH. Figure 2 presents the 
phantom with its construction schematics (the phantom was designed to enable also 
examinations on dose distribution behind the bones, Section 2.4). Figure 3 illustrates 
the bone contrast in the obtained phantom images [I, III]. The fat-only image achieved 
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by the dual FGE sequence was excluded from the investigation, because the image 
contrast enables no reliable visual bone outline localization and segmentation.  
 

 

Figure 2. The constructed bone and gelatine phantom. a) and b) present the construction 
schematics of the phantom: a) illustrates a part of the structure from above; femur, femoral 
head and pelvis in the middle, and a part of the tibia at top left, and b) illustrates 
transversal slice at femur position. Letters from A to E represent the analyzed distances of 
bone outline location measurements. Numbers 1-7 show the ionization chambers that were 
of interest, from which the most important dose measurement positions behind the bone 
are shown by white arrows (Section 2.4). c) shows the phantom positioned for the dose 
measurements. 

 

 

Figure 3. Example transversal images of the deer femoral bone positioned in the gelatine; a) 
T1/T2*-weighted FGE in-phase, b) T1/T2*-weighted FGE out-of-phase, c) T1/T2*-weighted 
FGE water-only, d) T1-weighted SE, e) T2-weighted FSE, and f) CT. 
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The bone structure included the fresh deer back leg bones from the pelvis to the tibia 
with the maximum bone diameters of approximately 5.5 cm, 3.0 cm and 2.0 cm to the 
femoral head (including the greater trochanter), the femur and the tibia, respectively. 
The femur and the tibia were composed of a medullary cavity and an exterior cortical 
bone layer of ~3 mm [I, III]. Before examinations, the soft tissues located exteriorly to 
the bone cortex were removed without damaging the bone surface and the bones were 
attached into a 30×35×20 cm3 PMMA box [I, III]. The femur direction was parallel to 
the longitudinal imaging direction. The femur edge was ~1.5 cm lateral to the box 
middle axis, ~2 cm above the bottom. Part of the tibia was positioned 12 cm lateral to 
the middle axis. The box was filled with a mix of 8 l of warm water and 400 g of pig 
skin -based gelatine, so that all of the bones were covered with the liquid by at least a 
couple of centimeters. The gelatine was solidified by placing the box in a refrigerator. 
Predefined locations for the upcoming measurements were marked onto the box walls 
with laxative pills. The ionization chamber (IC) matrix (2D-Array seven29, PTW 
Freiburg GmbH, Germany) was located underneath the box together with 5 cm of 
water-equivalent material (RW3, PTW Freiburg GmbH, Germany) under the detector. 
 

 
Measurements for the bone diameter and outline location 

The accuracy of the bone edge location and the bone diameter in the MR images were 
evaluated by comparing the measured pixel-based distances with the actual physical 
measurements of the phantom [III]. CT image was also included into the examinations 
to evaluate whether the bone outline location accuracy in the CT is substantially 
superior compared to that in the MR images. The bone diameter and the distances 
from the bone edges to the phantom walls were measured to both phase- (lateral) and 
frequency (vertical) MRI encoding directions (Figure 2) [III]. Additionally, the 
examinations were designed to take into account errors in the sums of the distances, 
which could have revealed whether the possible errors in the distances were 
compensated for, or whether they accumulated, thereby causing amplified errors. The 
measurements were performed at four predefined locations. Three of the locations 
included the femur within ±2 cm from the magnet isocenter and one included the tibia 
12 cm lateral from the magnet isocenter (Figure 2). The physical measurements were 
taken by using a caliper and dipsticks. The corresponding distances in the images were 
measured with a RTP system (Eclipse® 10.0, Varian Medical Systems Inc., Helsinki, 
Finland). With each image series the criterion for the bone edge was determined by 
measuring the pixel values representing the cortical bone and those representing the 
gelatine, and setting a threshold pixel-value in between. By considering the image 
pixel size and the intended segmentation accuracy for RTP, both physical and image-
based measurements were rounded to the nearest 0.5 mm [III]. 
 

2.3 Generation of pseudo-HU information from MRI data 

A possibility to develop a method to obtain heterogeneous tissues-presentative 
pseudo-CTs of the pelvis from MRI data of a single MR image series was investigated 
for the T1/T2*-weighted in-phase MR image [II]. The sequence was applied to the task 



 

22 

because it provides important bone characteristics, T2* correlates with the bone 
density, and the image contrast enables clear separation of different tissues (e.g. the 
bone outlines and its surroundings) [II, 1, 17, 18, 64, 81-84]. The MR signal is derived 
from several tissue components within a voxel and is an integral over different values 
of such as proton density (PD), T1 and T2* [64]. The MR signal is influenced also by 
such as susceptibility effects and geometry. Consequently, the relation between the 
MR image intensity values and electron densities is complex. This section describes 
the examinations evaluating the relation between the intensity values of the T1/T2*-
weighted in-phase MR image and the CT image HUs particularly for each tissue, and 
introduces the dual model pseudo-HU conversion technique for heterogeneous 
pseudo-CT construction in the pelvis.  
 
 
Generation of soft tissue conversion model outside of bone segment 

The relation between the T1/T2*-weighted in-phase MR image intensity values and the 
standard CT image HUs of the pelvic soft tissues was analyzed to evaluate a 
possibility to construct a soft tissue pseudo-HU conversion model. The data collection 
was conducted by volumes-of-interest (VOIs) placed into different tissues all over the 
image series of the 10 variable-sized prostate cancer patients selected based on 
different tissue proportions in the pelvis (Section 2.1) [II]. Figure 4 shows an example 
of the data collection. The examination was conducted with one thousand 5-mm-
diameter circular (65 mm3) VOIs from which the mean voxel-values in both images 
were collected to minimize the uncertainty caused by image co-registration and 
Gaussian noise that could interfere with voxel-by-voxel examinations. Additionally, 
so-called assessment-VOIs were selected by setting lines of VOIs from body outline to 
the image center to examine average HU profiles of soft tissues radiation beam 
traversing through in external RT [II]. Within these assessment-VOI lines, also pixel-
by-pixel mapping was conducted with 5-mm spacing. These pixel values together with 
the assessment-VOIs helped in evaluating the relation between HUs and MR image 
intensity values at tissue boundaries and in recognizing uncertainty of conversion 
model construction caused by image co-registration errors, noise and partial volume 
effects in 5-mm-diameter VOIs [II]. 
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Figure 4. An example of the VOI-selection from different tissues in a transversal CT slice. The 
circles illustrate the VOIs placed in different soft- and bony tissues. 

The soft tissue HU conversion model was constructed by dividing the MR image 
intensity scale into threshold-based sections representing signals from urine, muscle 
and fat. MR signals below the maximum intensity value of the urine-VOIs were 
regarded as urine, MR signals within standard deviation (SD) of muscle-VOIs (from 
average – SD to average + SD) were set as muscle, and all MR image intensity values 
above the SD (average – SD) of fat-VOIs were considered fat [II]. Each of these MR 
image intensity sections was converted into VOI-based average HU of the tissue that 
the MR image intensity section presented. MR image intensity values between those 
presenting urine, muscle and fat were converted into HUs with linear interpolation. 
The model was generated by adopting the structure-based SDs and by including the 
interpolation between the thresholds in order to present correctly also the voxels at 
tissue boundaries and to construct an appropriate model functioning with all patients 
(differences in absolute intensity levels between the images) without need for patient-
specific adjustments, such as MR signal normalization [II]. 
 
 
MR signals from different bony tissues and enhancement of bone conversion model 

The bone conversion technique suggested by Kapanen & Tenhunen relies on a 
simplified model about the relation between intensity values of the T1/T2*-weighted 
in-phase MR image and HUs [64]. The MR signal is normalized by an average 
intensity value of the muscle tissues adjacent to the iliac bones for each patient to 
minimize inter-patient variations in absolute intensity level [64]. The normalized MR 
signal can be presented by the equation: 
 

z               (1) 

 
where R2*is 1/T2*, P is PD, A is a T1-dependent factor determined by the flip angle, 
TR and level of spoiling of transversal magnetization, and  is the 
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fraction of a component having PD, T1, and T2* within a voxel at location x,y,z. [64]. 
The conversion from the normalized MR image intensity values into pseudo-HUs was 
obtained by applying a scanner-specific second order polynomial fit within the 
contoured bones, and realized by dividing the intensity scale into sub-groups [64]. 
 
In this work, the relation between the T1/T2*-weighted in-phase MR image intensity 
values and CT image HUs was investigated particularly for different bony tissues [II]. 
Figure 4 shows also an example of this VOI-based data collection from the cortical 
bone, the bone marrow, and dense/low-dense parts of the spongy bone of the 10 data 
collection patients (Section 2.1). Although the dark appearing bone cortex is clearly 
distinguishable from its surroundings in the adopted MR images, the detected MR 
signal from the cortical bone cannot be assumed genuine with the applied imaging 
sequence (TE >> T2*) [II, 64, 85, 86]. To evaluate origins of the intensity values 
representing the cortical bone and to demonstrate uncertainties related to the low 
signal levels with the applied imaging sequence the noise level was evaluated in the 
patient MR images by measuring intensity values in the air [II]. 
 
The MR signals from low density bony tissues may vary considerably between 
patients due to variations in bone marrow anatomy, such as proportions of fat and 
water in this tissue, although the HUs of these tissues are relatively constant (~0 HU) 
[56-58, 87]. Thus, the previously suggested bone conversion model was modified by 
introducing a patient-specific cut-off MR image intensity value aiming to adjust the 
model to present the low density bony tissues precisely [II, 64]. The cut-off value was 
determined individually for each patient by patient-specific mean value of two VOIs 
from low-density parts of both femoral heads that are mostly composed of bone 
marrow. The MR image intensity values above this cut-off limit were assigned to 0 
HU. 
 
  
Implementation of dual model pseudo-HU conversion technique 

The generated soft tissue- and the enhanced bone conversion models were connected 
to form a dual model pseudo-HU conversion technique [II]. The method was 
implemented by constructing an automatic pseudo-HU conversion workflow into a 
commercial medical image processing software (MIM®), and by generating 
heterogeneous pseudo-CTs for 15 variable-sized prostate cancer patients (Section 2.1) 
[II-IV]. The bone conversion model was applied within manually precisely contoured 
bones by means of the patient-specific adjustments described earlier in this Section, 
and the soft tissue conversion model was applied to MRI voxels located between the 
bone- and body outline contours [II-IV]. The conversion models were employed by 
dividing the MR image intensity range into steps of ~20 each [II].  
 
The image quality of the pseudo-CTs was examined by means of VOI-based analysis 
similar to those used for generation of the models [II]. Here, the HUs in pseudo-CTs 
were compared to the corresponding HUs in the standard CTs, both in soft- and bony 
tissues. Additionally, the potential improvement in pseudo-HU profile accuracy when 
applying the soft tissue conversion model instead of the assumed water-equivalence 
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for soft tissues was evaluated with statistical hypothesis tests (paired t-test and one-
tailed F-test: p≤0.05 were considered significant) [II]. 
 

2.4 Dose calculation 

Dose calculation accuracy in the heterogeneous pseudo-CTs obtained by the dual 
model pseudo-HU conversion technique introduced in Section 2.3 was quantified for 
15 prostate cancer patients (Section 2.1) [II, III]. Possible regional dose 
inconsistencies in the pseudo-CTs were investigated particularly behind the bones by 
using the dedicated bone and gelatine phantom presented in Section 2.2 [III]. The 
phrase “behind bones” in this work refers to the absorbed dose in material distal to the 
bone in the direction of the central axis of a single radiation field. This section 
describes the examinations conducted to quantify the dose distribution accuracy in the 
pseudo-CTs. 
 
 
Dose calculation in heterogeneous pseudo-CTs of prostate cancer patients 

Dose distributions in the prostate patient heterogeneous pseudo-CTs were analyzed for 
360° volumetric-modulated arc therapy (VMAT) and 7-field IMRT treatment plans 
with 6 MV photons [II, III]. These plans were calculated in standard CTs, and then 
copied and re-calculated with equivalent monitor units (MUs) in the pseudo-CTs by 
the X-ray Voxel MC algorithm (XVMC, version 1.6, Monaco® 3.20, Elekta AB, 
Stockholm, Sweden) for the VMAT plans, and with the anisotropic analytical 
algorithm (AAA, Eclipse® 11.0) for the IMRT plans [II, III, 72, 88, 89].  
 
The body and planning target volume (PTV) in standard CT were applied for all 
images in order to minimize uncertainties in dose distribution comparisons between 
the images stemming from patient position differences and from potential minor CT-
to-MR image co-registration errors [II, III]. The volumes in which the patient body in 
MR image unfilled the body in CT were assigned to water-equivalent, and the 
volumes in which patient body in MR image was exterior to the body outline in CT 
were set to air-equivalent.  
 
The dose calculation accuracy in the pseudo-CTs was determined by comparing the 
PTV and OARs (the rectum and the bladder) dose-volume-histogram (DVH) 
parameters in the pseudo-CTs with those in standard CTs [II, III]. Dose distribution 
differences in the pelvis were evaluated locally by adopting the 2D gamma index 
method with dose evaluation software (VeriSoft 4.1, PTW Freiburg GmbH, Germany) 
[II, III, 90]. 
 
The influence of bone segmentation accuracy on dose distribution in the 
heterogeneous pseudo-CTs was also evaluated [III]. For these investigations the bone 
contours in MR images were intently expanded or contracted with 1 mm spacing and 
the pseudo-CTs were constructed individually for each patient with each of the bone 
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segments by the dual model pseudo-HU conversion technique [III]. The treatment 
plans were re-calculated also in each of these pseudo-CTs. 
 
The treatment plans were calculated also in simplified pseudo-CTs to evaluate 
potential benefits of the full heterogeneous pseudo-CT on dose calculation accuracy in 
MRI-based RT. The two other employed pseudo-CT images were: 1) bones-only 
conversion -based pseudo-CT, and 2) bulk pseudo-CT, in which the bone segment was 
assigned to represent the average HU of bones: 330 [I-IV, 35, 57, 64]. For both types 
of pseudo-CTs all the tissues outside bone segment were assigned to water-equivalent 
[I-IV, 35, 57, 64]. The statistical hypothesis tests were conducted to examine whether 
error averages (paired t-test) and, more importantly, whether error variances (one-
tailed F-test) in dose distributions (gamma index passed points and PTV DVH-
parameters) decreased significantly (p≤0.05)  when employing soft tissue conversion 
in the pseudo-CTs instead of homogeneous representation of these tissues. 
 
 
Dose level behind different bone parts 

A phantom examination was performed to quantify the magnitude of possible regional 
deviations in dose distribution behind the bones when the dose is calculated in pseudo-
CTs and to determine the effect of different bone parts on the absorbed dose profile in 
tissue behind the them [I]. Dose level measurements were conducted to evaluate 
clinically detectable dose level deviations behind different bone parts. The 
measurements were considered beneficial also to demonstrate proper utilization of the 
image data and to ascertain appropriate configuration of the calculation algorithms for 
clinical situations. 
 
The absorbed doses were measured with the IC matrix detector (PTW®, IC Ø: 5 mm, 
IC center-to-center distances: 10 mm, measurement accuracy: 0.2%) [I, 91]. The dose 
evaluation level was at a depth of 9.6 cm from gelatine surface ~3 cm behind the 
bones. The phantom was irradiated to 100 MUs with an open 9.6 cm by 10.4 cm RT 
field from a gantry angle of 0° at the nominal photon energies of 6 MV and 15 MV. In 
order to set radiation to traverse through the femur and the femoral head, the field 
isocenter was set laterally/longitudinally to the middle of an IC, which was located 
behind the femur edge, and vertically on top of the detectors (Figure 2). The phantom 
position was confirmed with kV CBCT system that is integrated with the gantry of 
linear accelerator (XVI® integrated with Elekta Axesse®) [I, IV, 11, 91]. The effect of 
the bones to the absorbed dose was evaluated by calculating local dose differences 
between the doses behind bones and those obtained with a similar field irradiated 
through gelatine only to eliminate the influence of field shape on the evaluations. The 
dose differences were calculated with dose evaluation software (VeriSoft®) by the 
equation: 
 

         %100
ref

refb
D D

DD                  (2) 
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where ∆D was the dose difference, Db was the dose with the field traversing through 
the bones and Dref was the dose using the reference field through gelatine only [I]. 
Dose difference profiles were investigated in the lateral direction perpendicularly to 
the longitudinal axis of the bone behind the femur and the femoral head with the 
greater trochanter [I]. Special interest was focused on the ICs positioned entirely 
behind the bones (Figure 2).  

 
Dose calculation deviations in the bone conversion- and in the bulk pseudo-CTs 
behind the bones were quantified by comparing the calculation results with those 
obtained in the standard CT of the phantom [I]. The calculations were performed with 
the XVMC and the superposition algorithms (Monaco® 3.00 and XiO® 4.60, 
respectively, Elekta) by using the same field arrangements and dose evaluation level 
as those in the measurements (calculation grid: 1 mm) [I, 72]. 
 

2.5 Image guidance  

Feasibility of conducting IGRT in the pelvis with MRI-based reference images was 
evaluated for two widely used X-ray -based localization methods: 1) automatic 
localization with CBCTs, and 2) manual localization with planar images [IV]. This 
section introduces the tested reference images, and describes the methods applied for 
evaluating the patient positioning accuracy with the MRI-based reference images. 
 

 
IGRT with localization CBCT and automatic position verification method 

The 3D localization images were obtained by the kV CBCT system XVI® integrated 
with Elekta Axesse® providing patient position corrections by automatic grey-value or 
bone rigid registration (based on grey level correlation ratio or chamfer matching 
algorithm, respectively) between localization CBCT and reference CT within user 
specified VOI (either a cubic-shaped “ClipBox” or a contour-shaped “Mask”) [IV, 11-
13, 91-95]. Visual inspection is required to detect potential outliers (i.e. registrations 
that have clearly failed, but the system has not reported any warnings) and to verify 
the registration result before performing patient position corrections [IV, 12, 13, 91-
95]. 

 
In this work, the T1/T2*-weighted in-phase MR, the heterogeneous pseudo-CT and the 
bulk pseudo-CT images were assigned as reference against localization CBCTs (50 
scans with image voxel size of 1×1×1 mm3, 5 prostate cancer patients), and the bone- 
and grey-value registrations were performed separately for each image pair [IV]. The 
feasibility of the reference images for automatic registration was evaluated with a 10-
cm-diameter “ClipBox” VOI positioned to the isocenter. The VOI size was chosen to 
cover also tissues surrounding the moving organs. Additionally, the automatic 
registrations were performed based on the current position of the prostate and the 
seminal vesicles (CTV+5mm “Mask” VOI) [IV, 12, 13]. The position corrections 
obtained by automatic registration between each MRI-based reference image and 
localization CBCT were compared to those obtained by applying standard reference 
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CT. In this study, the contribution of major registration outliers to the results was 
decreased as follows; the registration differences were calculated with all the 
registrations, and based on these results, the registrations with >3 SD difference in any 
direction were excluded, and the registration differences were recalculated without 
these (>3 SD) major outliers. The recalculated averages and SDs were reported. 
 
 
Reconstruction of pseudo-DRRs and IGRT with 2D localization images 

Reference DRRs were reconstructed for 10 prostate cancer patients for whom image 
guidance had been conducted relying on 2D planar localization [IV]. The 
reconstruction was conducted in PA and in right-left (RL) directions from 3D image 
information of HUs over 100 (clinical protocol of HUCH Cancer Center). 
Heterogeneous pseudo-CT, bulk pseudo-CT and standard CT of each patient were 
applied for the DRR reconstruction separately.  
 
The feasibility of the reference pseudo-DRRs for IGRT with planar 100 kV or 6 MV 
localization images (On-board Imager® or PortalVision®, respectively, Varian Medical 
Systems) was evaluated by manual 2D image registrations (Intuity®, XVI® R4.5 
software, Elekta) relying solely on bony tissue presentation in the images [IV]. Ten 
clinical physicists performed registrations in three degrees-of-freedom between the 
localization images and each of the reference DRRs (one pair of localization images of 
each patient). The observers were blind to the resulting patient position corrections, 
from which those obtained with the pseudo-DRRs were compared to those achieved 
with the standard CT-DRRs. Statistical hypothesis tests (paired t-test and two-tailed F-
test) were conducted to evaluate whether the position corrections with either 
heterogeneous- or bulk pseudo-DRRs were significantly (p≤0.05) more similar to 
those achieved with CT-DRRs than with the other. Additionally, the quality of the 
pseudo-DRRs was evaluated with three image similarity metrics to quantify whether 
the image quality in either type of pseudo-DRRs was significantly more similar to CT-
DRRs than in the other [IV]. Table 2 presents a summary of the conducted 
investigations with the images employed in the present work. 
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Table 2. Summary of the investigations and the images used (X) in this study. 
  

The images employed in the investigations  

Investigation MRIa 

 
In-

phase 
MRIb 

Heteroge-
neousc 

pseudo-CT 

Bone 
conversiond 
pseudo-CT 

Bulke   
pseudo-CT 

Water-
equivalent 
pseudo-CT CT 

 
Bone outline 
accuracy in 
the images 
 

X X - - - - X 

Development 
of pseudo-HU 
conversion 
 

- X - - - - X 

HU accuracy 
in pseudo-CT 
images 
 

- - X X X X X 

Dose 
distribution 
behind bones 
 

- - - X X X X 

Dose 
distribution in  
the pelvis 
 

- - X X X - X 

IGRT with 
CBCT 
localization 
 

- X X - X - X 

IGRT with 2D 
planar 
localization 
 

- - Xf - Xg - Xh 

a T1/T2*-weighted FGE, T1-weighted SE and T2-weighted FSE images. 
b T1/T2*-weighted in-phase MR image series obtained by a dual FGE sequence. 
c Constructed by the dual model pseudo-HU conversion technique introduced in this work. 
d Constructed by HU conversion of bones only (exterior to bone segment set as water-equivalent). 
e Constructed by an average bulk HU of bones (exterior to bone segment set as water-equivalent). 
f Heterogeneous pseudo-DRR reconstructed from the heterogeneous pseudo-CT image series. 
g Bulk pseudo-DRR reconstructed from the bulk pseudo-CT image series. 
h CT-DRR reconstructed from the standard CT image series. 
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3. Results 

3.1 Spatial accuracy of bone outline in the images  

Figure 5 illustrates the spatial accuracy of bone outline presentation in the images 
[III]. The determined bone diameter in the MR images was always within 1.0 mm 
compared to the physically measured diameter. In the distances from the bone edges to 
the phantom walls the maximum errors were 1.5 mm, which were obtained at 2 of the 
80 measurements (with T1 SE and T2 FSE; distance D shown in Figure 2). 
 
 

 

Figure 5. Differences between the actual physical measurements and the measured distances 
from each of the image series for the bone outline. Symbols and error bars illustrate 
averages and ranges of the differences, respectively (open symbols in phase- and solid 
symbols in frequency encoding direction). The letters represent the investigated distances 
shown in Figure 2. 
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3.2 Pseudo-HU conversion from MRI data and obtained images 

Conversion models for soft- and bony tissues 

Figures 6 and 7 present the soft- and bony tissue conversion models, respectively, 
which were connected to form the dual model pseudo-HU conversion technique [II]. 
The data collection from each examined soft tissue in Figure 6 (a) shows that MR 
image intensity values from urine, muscle and fat can clearly be separated from each 
other [II]. The conversion model was formulated as follows; the MR image intensity 
values below 112 were converted into the VOI-based average HU value of urine (8), 
the intensity values between 150 and 212 were assigned to the obtained average HU of 
muscle (55), and the intensity values above 346 were set as the average HU of fat (-
104). The model converted the MR image intensity values from 113 to 149 and from 
213 to 345 into HUs by means of linear interpolation. 
 
The data collection from different bony tissues in Figure 7 (a) shows that MR signal 
range from bone marrow (SD from 288 to 410) was wide with a narrow HU range (SD 
from -42 to 44) [II]. The MR signal SD level in spongy bone was from 226 to 293 and 
from 317 to 436 in dense and low density parts, respectively, enabling appropriate 
determination of the cut-off value [II]. The MR image intensity values presenting the 
cortical bone showed only a relatively narrow range (SD from 73 to 136), although the 
HU range was wide (SD from 967 to 1391) [II]. The VOI-based cortical bone MR 
image intensity values were mostly higher compared to the estimated mean 
background noise in the images (ranging from 48 to 70 for 10 patients) [II]. 
 
 
Heterogeneous pseudo-CTs and HU accuracy in the images 

The implemented automatic image transformation from MR image to pseudo-CT by 
the introduced dual model conversion technique can be found online as a video-clip 
[III]. Figures 8 and 9 illustrate examples of the obtained heterogeneous pseudo-CTs 
[II-IV]. For each patient, the soft- and bony tissue -based VOI-value average 
differences between HUs in standard CTs and in the pseudo-CTs ranged from -2 to 5 
HUs in the soft tissues, and from 22 to 78 HUs in the bones [II]. The mean, SD and 
maximum local absolute value differences, i.e. HU uncertainties, were 11, 8 and 97 
HUs in the soft tissues and 99, 100 and 522 HUs in the bony tissues, respectively. HU 
accuracy criterion of 20 HUs in the soft tissues and 200 HUs in the bony tissues were 
passed on average by 87% and 85% of the examined VOIs, respectively [II]. 
Examination of each tissue separately revealed that the highest average uncertainty in 
soft tissues was found in the muscle (12 HUs), and in bony tissues in the cortical bone 
(164 HUs) [II]. The soft tissue HU profiles were -13 and -12 HUs on average with 
ranges from -33 to 7 HUs and from -28 to 6 HUs in CTs and in the pseudo-CTs, 
respectively. The HU profile accuracy improved significantly (p=0.01) by using the 
soft tissue conversion instead of representing these tissues with homogeneous volume 
in the pseudo-CTs [II]. 



 

32 

 

Figure 6. The corresponding soft tissue HUs for the MR image intensity values in the male 
pelvis and the introduced pseudo-HU conversion model for soft tissues. (a) presents the 
VOIs that were selected from different soft tissues and used for the model construction, (b) 
shows the assessment-VOIs that were collected as lines of VOIs from the body outline to 
the center of transversal image slices, and (c) illustrates the pixel-by-pixel mapping within 
the lines of assessment-VOIs. The grey areas in (b) and (c) demonstrate the HU SD levels 
of the collected assessment data in each Figure. The SD levels were calculated separately 
for the flat HU sections of the conversion model (MR intensity values below 112, from 
150 to 212, and above 346) and for the linear interpolation sections (the section from 213 
to 345 was divided into 3 segments). The SD levels are not precisely symmetric about the 
conversion model, because the assessment data were collected from different locations 
compared to the data used for model construction. 
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Figure 7. The corresponding bony-tissue HUs for the MR image intensity values in the male 
pelvis, examples of the adjustable pseudo-HU conversion model for bones and estimated 
average noise levels in the MR images. (a) illustrates the collected bone-VOIs, (b) 
demonstrates two example patient cases of the predictive bony tissue conversion model 
adjusted by patient-specific normalization factors (patient #1: 165, and #2: 195) and cut-
off values (patient #1: 280, and #2: 350). The individual parameters aim to adjust the 
model for optimal pseudo-HU conversion of each patient’s MR image series. The grey 
dashed vertical lines illustrate the estimated mean noise levels in the MR images; the line 
in (a) shows the average noise level of all patients in the data collection group and the lines 
in (b) represent the estimated mean noise levels in the example patient cases. 
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Figure 8. An example of a heterogeneous pseudo-CT (b) with the original MR image (a) from 
which the pseudo-CT was constructed by the dual model pseudo-HU conversion 
teshnique. The corresponding transversal slice of standard CT is shown in (c). Contrast in 
the images is not perfectly comparable (different windowing properties and scaling). 
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Figure 9. Example coronal views of the heterogeneous pseudo-CTs obtained by the dual 
model pseudo-HU conversion technique with precise (b), 3 mm too narrow (c), and 3 mm 
too wide (d) bone segments demonstrating the influence of segmentation errors to the 
generated pseudo-CT image. The original MR image and the corresponding CT image are 
shown in (a) and (e), respectively. Contrast in the images is not perfectly comparable 
(different windowing properties and scaling). 
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3.3 Dose distributions in pseudo-CT images  

Dose calculation accuracy for prostate cancer patients 

Table 3 presents the prostate PTV DVH parameter differences between the dose 
distributions in the standard CTs and those in the heterogeneous pseudo-CTs obtained 
either with the precise- or the systematically inaccurate bone segments [II, III]. Figure 
10 and Table 4 show the dose distribution comparisons with the gamma index method 
[II, III, 90]. The maximum amounts of failed dose points (ranging up to 21% with 1% 
& 1 mm criteria) were detected in transversal image slices including as many pelvic 
bones as possible. At this image slice level the average percentages of dose points 
passing the local 1% & 1 mm (2% & 2 mm) criteria were 88% (99%) in the VMAT 
plans, and 98% (100%) in the IMRT plans [II, III]. The PTV mean dose level 
inconsistencies were on average (and in the worst cases) -0.2% (-1.0%–0.7%) and 
0.0% (-0.7%–0.8%) in VMAT and in IMRT plans, respectively [II, III]. The OAR 
DVH parameter differences were detectable mainly only in high dose volumes, in 
which the differences were similar with those quantified for the PTV. With 
heterogeneous pseudo-CTs constructed by additional systematic bone segmentation 
errors of -3 mm, -2 mm, … , +3 mm the PTV mean dose level inconsistencies were up 
to 2.1%, 1.8%, 1.2%, -1.3%, -1.8% and -2.2%, respectively [III]. The average dose 
levels of PTV in the bones-only conversion -based pseudo-CTs and in the bulk 
pseudo-CTs were up to 2.3% and 2.6%, respectively, different compared to those 
achieved in the standard CTs. The dose calculation accuracy was significantly lower 
in the pseudo-CTs with homogeneous tissue representations compared to that in the 
heterogeneous pseudo-CTs [II]. 
 
 
Table 3. The prostate PTV dose consistency (%) between CTs and the heterogeneous pseudo-
CTsa with variable-sized bone segments for 15 patients as mean ±SD (range). 

Plan DVH (%) 

 

Additional systematic error in bone segment 
-2 mm -1 mm 0 mm +1 mm +2 mm 

VMATb 95 

 

0.5 ±0.6     
(-0.5–1.4) 

 

 

0.1 ±0.6    
(-0.7–0.9) 

 

-0.3 ±0.6      
(-1.1–0.6) 

 

-0.6 ±0.5     
(-1.3–0.3) 

 

-1.0 ±0.6    
(-2.0–-0.1) 

 50 
0.5 ±0.6     

(-0.4–1.4) 
 

0.1 ±0.6    
(-0.7–0.9) 

-0.3 ±0.6      
(-1.0–0.7) 

-0.6 ±0.6     
(-1.3–0.4) 

-0.9 ±0.6    
(-1.8–0.0) 

 5 
0.5 ±0.6     

(-0.5–1.5) 
0.1 ±0.6    

(-0.8–1.0) 
-0.2 ±0.6      
(-0.9–0.7) 

-0.5 ±0.6     
(-1.2–0.4) 

-0.9 ±0.6    
(-1.6–0.0) 

 

IMRTc 95 

 

0.9 ±0.4 
(0.3–1.5) 

 

 

0.4 ±0.4    
(-0.3–1.0) 

 

0.0 ±0.4       
(-0.7–0.6) 

 

-0.3 ±0.5     
(-1.1–0.4) 

 

-0.8 ±0.5    
(-1.7–0.0) 

 50 
1.0 ±0.5 
(0.3–1.7) 

 

0.4 ±0.5    
(-0.3–1.1) 

 

0.0 ±0.5       
(-0.8–0.7) 

-0.4 ±0.5     
(-1.2–0.4) 

-0.9 ±0.5    
(-1.9–0.0) 

 5 
1.1 ±0.5 
(0.4–2.0) 

0.5 ±0.5    
(-0.3–1.4) 

0.1 ±0.5       
(-0.7–1.0) 

-0.3 ±0.5     
(-1.0–0.7) 

-0.8 ±0.6    
(-1.7–0.2) 

 

a The pseudo-CTs were constructed by the introduced dual model HU conversion technique. 
b 360° VMAT calculated by the XVMC algorithm (MC uncertainty: 0.5%, grid-size: 2 mm). 
c 7-field IMRT calculated by the AAA (grid-size: 1 mm). 
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Figure 10. Example patient case presenting dose distribution errors between CT and the 
heterogeneous pseudo-CTs with the 2D gamma index method for a 360° VMAT plan 
calculated by the XVMC (MC uncertainty: 0.5%, grid-size: 2 mm). The tested pseudo-CTs 
are presented as follows; the image obtained by the dual model pseudo-HU conversion 
technique without additional segmentation error is shown in (b), and the images with 
additional -3 mm and +3 mm bone segmentation errors are illustrated in (c) and (d), 
respectively. The reference CT is shown in (e). These planning images illustrate the PTV 
(red) and the isodose lines for 100% (brown), 90% (orange), 60% (yellow), and 20% (light 
blue) of prescription dose. Figures from (f) to (h) represent the dose points, which have 
failed (cold=blue and hot=red) the local gamma index criteria of 1% & 1 mm. The original 
MR image is shown in (a). 
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Table 4. Dose distribution comparisons between CTs and the heterogeneous pseudo-CTsa with 
variable-sized bone segments. The percentages of dose points that passed the local 2D Gamma 
index criteriab are shown as mean ±SD (range) for 15 prostate cancer patients. 

Plan Criteria 

 

Additional systematic error in bone segment 
-2 mm -1 mm 0 mm +1 mm +2 mm 

VMATc 1% & 1 mm 

 

82 ±8      
(62–94) 

 

 

88 ±5     
(74-96) 

 

 

88 ±4        
(79-96) 

 

 

86 ±6      
(71–94) 

 

 

79 ±9        
(56–90) 

 

 2% & 2 mm 
98 ±2      

(91–100) 
 

99 ±1     
(97–100) 

 

99 ±0      
(99–100) 

 

99 ±1      
(97–100) 

 

98 ±2        
(91–100) 

 

 3% & 3 mm 
100 ±1     

(98–100) 
 

100 ±0    
(all 100) 

 

100 ±0      
(all 100) 

 

100 ±0     
(all 100) 

 

100 ±0       
(99–100) 

 

IMRTd 1% & 1 mm 

 

91 ±7      
(78–99) 

 

 

97 ±4     
(88-100) 

 

 

98 ±2        
(95-100) 

 

 

97 ±3      
(88–100) 

 

 

91 ±7        
(75–99) 

 

 2% & 2 mm 
99 ±1      

(95–100) 
 

100 ±0     
(99–100) 

 

100 ±0      
(all 100) 

 

100 ±0     
(all 100) 

 

99 ±2        
(94–100) 

 

 3% & 3 mm 
100 ±0     

(all 100) 
 

100 ±0    
(all 100) 

 

100 ±0      
(all 100) 

 

100 ±0     
(all 100) 

 

100 ±0       
(all 100) 

 

a The pseudo-CTs were constructed by the introduced dual model HU conversion technique. 
b The dose evaluations were conducted for a transversal image slice including as many pelvic 
bones as possible (such as the femoral heads, the greater trochanters, the acetabulums, the 
pubic bone and the coccyx). Doses < 20% of the maximum were suppressed from the analysis. 
c 360° VMAT calculated by the XVMC algorithm (MC uncertainty: 0.5%, grid-size: 2 mm). 
d 7-field IMRT calculated by the AAA (grid-size: 1 mm). 
 
 
Absorbed doses behind bones 

Figure 11 illustrates transversal dose difference profiles (∆D by Eq.2) between those 
behind the bones and those through gelatine only with the single 6 MV radiation field 
[I]. The measurement results indicated that the dose difference behind the middle part 
(IC #5) of the femur is smaller (6 MV: 1.3%, 15 MV: 0.9%) compared to the dose 
difference behind the bone edge (#4), although the distance of radiation traversing 
through bone is smaller behind the bone edge compared to the middle part. Table 5 
presents the statistics of dose deviations between those calculated in pseudo-CTs and 
those in CT behind the bones [I]. The dose difference profiles in the bulk pseudo-CT 
was in a different form compared to the profiles obtained in the CT (Figure 11 a). As a 
result, the dose point deviations rose up to 1.8% behind the middle part of the femur, 
and up to 2.1% behind the bone edge, but in the opposite direction. The calculated 
dose difference profiles in the bone conversion pseudo-CT followed more those 
calculated in the standard CT with maximum dose point deviation of 1.3%. The dose 
profile shapes behind the femoral head in both pseudo-CTs followed roughly the 
profile calculated in the CT with maximum deviations of 1.1% and 2.7% in bone 
conversion- and in bulk pseudo-CTs, respectively. The average deviations of all 
calculation points behind the bones were also at least a factor two larger in the bulk 
pseudo-CT than in the bone conversion pseudo-CT (1.1% and 0.4%, respectively, at 6 
MV by XVMC). Calculations with the XVMC algorithm indicated that the 
percentages of all calculation points behind bones with deviation exceeding 1% were 
55% (6 MV) and 36% (15 MV) in the bulk pseudo-CT, and 5% (6 MV) and 1% (15 
MV) in the bone conversion pseudo-CT. The dose deviations were clearly smaller in 
the calculations with superposition algorithm than with the XVMC algorithm [I]. 
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Figure 11. The dose difference profiles (∆D by Eq.2) behind bones (radiation traversed through 
bones) compared to those obtained through gelatine only at 6 MV. a) shows a profile 
behind a 2.2-cm-thick femur, and b) behind a 5.5-cm-thick femoral head (and greater 
trochanter). In the diagrams the 5-mm-wide bars represent measurement results and the 
calculation results in the standard CT image are presented with the solid lines 
(superposition) and solid dots (XVMC). In the upper diagrams there are presented 
calculation results in the bulk pseudo-CT with dashed line (superp.) and open squares 
(XVMC). In the lower diagrams there are illustrated calculation results in the bone 
conversion pseudo-CT with dashed line (superp.) and open triangles (XVMC). 

 
Table 5. The calculated dose point deviations (absolute values) between those in the bone 
conversion [and in the bulk] pseudo-CT and those in standard CT of the bone phantom. 

Position 
Energy 
(MV) 

Calculat.  
algorithm 

 

Deviation     
average    

(%) 

 

Deviation 
maximum 

(%) 

 

Correlation 
coefficient 

 

> 1% dose 
deviation 

(%) 
 

Femur 
(Figure 
11 a) 

 

6 
 

Superp. 
 

0.3 [0.6] 
 

0.7 [1.8] 
 

0.91 [0.67] 
 

0 [21] 
 XVMC 0.5 [0.8] 

 

1.0 [2.1] 
 

0.88 [0.62] 
 

7 [38] 
 

15 Superp. 0.2 [0.4] 0.5 [1.1] 0.91 [0.70]  0 [7] 
  XVMC 

 

0.4 [0.5] 
 

1.0 [1.3] 
 

0.83 [0.69] 
 

3 [17] 
 

 

Femoral 
head 

(Figure 
11 b) 

 

6 
 

Superp. 
 

0.3 [0.6] 
 

0.8 [1.4] 
 

0.97 [0.97] 
 

0 [28] 
 XVMC 

 

0.3 [1.4] 
 

0.6 [2.7] 
 

0.99 [0.96] 
 

0 [73] 
 

15 Superp. 0.2 [0.3] 0.5 [0.9] 0.97 [0.97]  0 [0] 
 XVMC 

 

0.2 [0.9] 
 

0.6 [2.0] 
 

0.99 [0.94] 
 

0 [45] 
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3.4 IGRT with MRI-based reference images 

Image guidance with CBCT localization 

Table 6 presents the differences in automatic 6D patient position corrections between 
those obtained by standard reference CT and those achieved either with the 
heterogeneous pseudo-CT or with the T1/T2*-weighted in-phase MR image [IV]. The 
reported averages and SDs were resulted from recalculations by omitting the major 
registration outliers (>3 SD, with each registration method ≤10% of registrations).  
Figure 12 illustrates the differences with 3D automatic grey-value registrations. Figure 
13 shows the percentages of registrations passing certain difference criteria with the 
6D automatic grey-value registrations. The averages and SDs of registration 
differences were mostly sub-mms and sub-degrees with the “ClipBox” VOI. With this 
VOI the maximum differences of all the registrations between CT and heterogeneous 
pseudo-CT reference images were 2.0 mm (grey-value 3D), 1.7 mm & 1.1° (grey-
value 6D), and 1.6 mm & 1.3° (bone 6D), and between CT and MR reference images 
4.0 mm (grey-value 3D) and 3.5 mm & 1.6° (grey-value 6D). With the prostate-
shaped “Mask” VOI the average registration differences were mainly sub-mms and 
sub-degrees with SDs ranging up to over 2 mm and 3° (the maximums were >20 mm 
and >20°). The bony tissue presentation in the MR images was not sufficient for the 
bone registration (the system reported lack of sufficient tissue and that registrations 
may be inaccurate). Warnings by the system were detected also with the bulk pseudo-
CTs, and thus any of these registration results were not reported. 
 
 
Table 6. Differences in automatic 6D patient position corrections between those obtained by 
MRI-based reference images and those achieved with standard reference CTs registered against 
localization CBCTs as mean ±SDa. 
  CT vs CBCTn – Pseudob vs CBCTn   CT vs CBCTn – MRIc vs CBCTn 

Registr. 
method Dir. 

Includ. 
registr. 

Translation 
(mm) 

Rotation     
(degrees) 

Includ. 
registr. 

Translation 
(mm) 

Rotation   
(degrees) 

Grey-
value with   
“ClipBox” 

 

RL 
 

100% 
 

0.3 ±1.0 
 

0.1 ±0.4 
 

92% 
 

0.6 ±1.0 
 

0.0 ±0.5 
IS  0.2 ±0.4 -0.1 ±0.7  -0.6 ±0.6 -0.4 ±0.8 
PA 

 

 
 

-0.3 ±0.7 
 

0.0 ±0.4 
 

 
 

-1.4 ±0.7 
 

-0.3 ±0.4 
 

Grey-
value with   

“Mask” 

 

RL 
 

92% 
 

0.8 ±1.4 
 

1.1 ±3.3 
 

90% 
 

0.5 ±1.3 
 

1.6 ±3.6 
IS  -0.9 ±1.6 0.1 ±2.4  -0.8 ±1.6 0.3 ±2.6 
PA 

 

 
 

-0.4 ±2.2 
 

-0.5 ±2.3 
 

 -0.1 ±2.5 
 

0.2 ±2.0 
 

Bone       
with    

“ClipBox” 

 

RL 
 

100% 
 

0.3 ±0.9 
 

0.1 ±0.3 
 

- 
 

- 
 

- 
IS  0.1 ±0.4 -0.1 ±0.7  - - 
PA 

 

 
 

-0.3 ±0.7 
 

-0.1 ±0.3 
 

 
 

- 
 

- 
 

a Recalculated by excluding major registration outliers, i.e. >3 SD. 
b The heterogeneous pseudo-CT constructed by the dual model HU conversion technique. 
c The T1/T2*-weighted in-phase MR image series. 
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Figure 12. Differences in 3D automatic grey-value registrations between MRI-based and CT 
reference images i.e. CTvsCBCTn─MRIvsCBCTn (n=1…50). MRI was the T1/T2*-
weighted in-phase MR image series and the heterogeneous pseudo-CT was constructed by 
the dual model pseudo-HU conversion technique. Each symbol represents a patient (from 
#1 to #5). Solid and open symbols illustrate registrations either with the “ClipBox” VOI or 
with the “Mask” VOI, respectively. The grey dashed ellipses show SDs (smaller ticks with 
the “Mask” VOI). 
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Figure 13. Percentages of differences within certain accuracy criteria (over -5 mm/°, -5<x≤-4 
mm/°, -4<x≤-3 mm/°, …, over 5 mm/°) in 6D automatic grey-value registrations between 
MRI-based and CT reference images i.e. CTvsCBCTn─MRIvsCBCTn (n=1…50). MRI 
was the T1/T2*-weighted in-phase MR image series and the heterogeneous pseudo-CT was 
constructed by the dual model pseudo-HU conversion technique. 

 
Image guidance with planar localization 

Figure 14 illustrates examples of the reconstructed pseudo-DRRs [IV]. All the applied 
image similarity metrics were significantly better in agreement between heterogeneous 
pseudo-DRRs and CT-DRRs than between bulk pseudo-DRRs and CT-DRRs (p≤0.01) 
[IV]. Table 7 presents the differences in manual patient position corrections between 
those obtained by the reference pseudo-DRRs and those achieved with the reference 
CT-DRRs [IV]. The differences were at their highest in PA direction with means±SDs 
of -0.3±1.0 & 0.3±1.7 (kV & MV, respectively) between heterogeneous pseudo-DRRs 
and CT-DRRs, and -0.5±1.4 & -0.3±2.1 between bulk pseudo-DRRs and CT-DRRs.  
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Figure 14. Example reference DRRs reconstructed from different 3D image series: the 
heterogeneous pseudo-DRRs (a) & (b), the bulk pseudo-DRRs (c) & (d), and the CT-
DRRs (e) & (f) (PA & RL, respectively). 

 
Table 7. Differences in manual patient position corrections between those obtained by 
reference pseudo-DRRs and those achieved with reference CT-DRRs registered against planar 
localization images as mean ±SD (range). 

Planar 
localiz. 
images 

Transl. 
direct. 

DRRCT
a vs planarn – 

DRRHETER.
b vs planarn 

(mm) 

DRRCT
a vs planarn –    

DRRBULK
c vs planarn    

(mm) 

t- and F-tests  
(pt & pF) 

kV 
 

RL 
 

0.1 ±0.5 (-0.8 ─ 1.5) 
 

0.2 ±0.6 (-1.0 ─ 1.4) 
 

0.55 & 0.36 
 IS 0.2 ±0.9 (-1.6 ─ 2.8) 0.2 ±1.0 (-1.9 ─ 2.7) 0.72 & 0.14 

 PA 
 

-0.3 ±1.0 (-2.5 ─ 1.5) 
 

-0.5 ±1.4 (-3.9 ─ 4.3) 
 

0.33 & 0.01 
 

MV 
 

RL 
 

-0.2 ±0.6 (-1.5 ─ 1.7) 
 

-0.1 ±0.7 (-2.2 ─ 1.2) 
 

0.06 & 0.23 
 IS 0.0 ±1.1 (-2.9 ─ 3.0) 0.1 ±1.2 (-3.6 ─ 2.2) 0.25 & 0.40 

 PA 
 

0.3 ±1.7 (-5.2 ─ 5.1) 
 

-0.3 ±2.1 (-6.4 ─ 6.1) 
 

0.04 & 0.12 
 

a DRRCT was reconstructed from the standard CT image series. 
b DRRHETER. was reconstructed from the heterogeneous pseudo-CT image series. 
c DRRBULK was reconstructed from the bulk pseudo-CT image series. 
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4. Discussion 

4.1 Treatment planning with conversion-based heterogeneous pseudo-
CT images 

The introduced dual model pseudo-HU conversion technique revealed the possibility 
to construct heterogeneous pseudo-CT images of the pelvis by transforming the 
intensity values of a single, clinically available MR image into pseudo-HUs [II]. The 
conversion-based pseudo-CTs enabled the entire RTP workflow of prostate cancer 
patients by relying merely on MRI as the RT simulator. The dose calculation accuracy 
in the pseudo-CTs compared to that in standard CTs was within 1%, thus reaching the 
ultimate RT dose calculation accuracy goal [I-III, 33]. The pseudo-CTs were feasible 
reference images for both bony tissue -based and soft tissue -based IGRT methods 
introducing no considerable patient positioning uncertainty compared to the CT-based 
workflow [IV]. It is important to underline that the MRI-based RTP workflow avoids 
the additional uncertainty of ~2 mm stemming from the image co-registration 
necessitated in the RTP process with the target delineation MRI and the planning CT 
[70, 71]. 
 
The pseudo-HU conversion from MRI data is challenging because the MR signal of a 
particular volume is dependent on the complex relation between multiple parameters 
e.g. PD, T1, T2(*), susceptibility effects and molecular motions (e.g. diffusion and 
perfusion) [17, 18, 64]. Hence, the conversion of MR image voxel-values is inexplicit 
and may also depend on imaging platform, parameters, and image processing methods 
[II]. Although the soft tissue conversion model considered only urine, muscle and fat, 
also many other soft tissues in the male pelvis, such as the prostate, the seminal 
vesicles, the penile bulb, the bladder wall, and the bowels were presented in the 
heterogeneous pseudo-CTs with appropriate HUs [II]. Visual inspection and HU 
accuracy examinations revealed local uncertainties in tissue representation due to the 
largest MR signal deviations in each image (caused by e.g. position-related variations 
in receiver coil sensitivity, and system-related and patient-induced magnetic field 
inhomogeneities), but more importantly, the model was observed to be robust for 
normal MR signal level variance and in the absence of visible image artefacts [II]. 
Considering the model feasibility for clinical use, it is particularly valuable to have 
one general model functioning sufficiently with all the patients, instead of 
necessitating patient-specific model adjustment such as MR signal normalization, 
especially if the adjustments enabled only minor pseudo-HU accuracy improvements, 
which would have been the case in soft tissues. 
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The rectal gas and the prostate gold marker HUs were considerably misrepresented in 
the pseudo-CTs because the soft tissue conversion model transformed low MR signals 
to the HU of urine. The amount and location of rectal gas is regarded unstable, and 
thus gas representation with a soft tissue HU in RTP images can be considered 
appropriate, and can minimize the uncertainties in dose calculation and in the 
automatic IGRT of the prostate [II, IV, 12, 96]. The gold markers could be presented 
in the pseudo-CTs by employing a marker-visualizing MRI sequence, and 
subsequently by inserting marker segments with a representative HU into the pseudo-
CT [II, IV, 20]. Nevertheless, the precise soft tissue representation more importantly 
enabled these images as reference for the state-of-the-art IGRT technique obtaining 
patient position corrections based on the current position of the soft tissues and the 
moving organs. Because the pseudo-HU errors in soft tissues were mostly relatively 
small, further improvements in HU accuracy in the heterogeneous pseudo-CTs should 
primarily be investigated through refinements on bony tissue conversion.  
 
The conversion model for bones enabled heterogeneous bony tissue representation in 
the pseudo-CTs [II]. Although HU uncertainty in the pseudo-CTs remained 
substantially higher compared to the HU deviation levels in CT images, the image 
information was sufficient for precise and reliable automatic bone registration with the 
localization CBCTs [II, IV]. The heterogeneous bony tissue representation enabled 
also reconstruction of pseudo-DRRs with relatively similar contrast with the standard 
CT-based DRRs resulting in accurate image guidance based on visual inspection of 
the 2D images [IV]. Although the results illustrated that dose calculation accuracy of 
1% can be achieved reliably only by applying the dual model pseudo-HU conversion 
technique, the heterogeneous bony tissue representation in pseudo-CTs may have had 
a major impact on dose distribution with the applied IMRT and VMAT treatment 
plans, due to the applied healthy organ constraints adjusting field directions. For 
example, by minimizing the absorbed dose to the rectum and the bladder, intensity-
modulated techniques tend to deliver the prostate target dose with lateral beam 
directions, and thus through e.g. greater trochanters, femoral heads and iliac bones. 
Figure 11 illustrates that the heterogeneous bony tissue representation would be 
particularly essential in these cases and with one field treatment, such as cranio-spinal, 
in which the field is directed to the vertebral column including tissues with a wide 
spectrum of EDs [I, 56]. With treatment techniques employing multiple static fields 
the influence of high local tissue inhomogeneities on the planned dose may be 
minimized due to the additional robustness in multi-field treatment plans. 
 
Although the introduced cut-off value for the bone conversion model improved the 
representation of low-density bony tissues, the wide MR signal range from the bone 
marrow may still challenge future work aiming to improve tissue representation 
accuracy [II, 64]. Another major difficulty in bony tissue conversion derives from the 
minimization of the maximum errors of the few hundred HUs that were detected from 
the cortical bone. The pseudo-HU errors, however, were mostly randomly distributed 
to both too high and too low HU representation (Figure 7) [II]. More importantly, the 
dose distributions investigated particularly behind the different bone parts revealed 
that the cortical bone pseudo-HU representation enabled achieving dose calculation 
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accuracy of ~1% (Figure 11) [I]. The cortical bone presentation is challenging due to 
lack of MR signal with the adopted sequence parameters, and thus the cortical bone 
image intensity values are combinations of factors such as noise and MR signal 
bleeding from adjacent tissues (partial volume artefacts and off-resonance effects, e.g. 
chemical shift) [II]. Further studies could focus on evaluating the model sensitivity to 
noise level and ultimately aim to introduce methods enabling also accurate bony tissue 
pseudo-HU conversion requiring no patient-specific adjustments. This would be of 
particular value considering the model feasibility for routine clinical use. For this 
purpose, MR sequences with extremely short TEs could prove useful [67-69, 85, 86]. 
The ultimate goal for the future MRI-based RT research in the pelvis could be 
generation of heterogeneous pseudo-CTs from MRI data without need for any 
segmentation. A combination of several images obtained by means of different 
sequences and/or parameters, such as extremely short TEs, could promote this aim, 
but would necessitate uncertainty causing image co-registration and most likely the 
increase in total imaging time [85, 86]. The longer the MR acquisition time, the 
greater the probability of movement artefacts that can introduce tissue 
misrepresentation in pseudo-CTs. 
 
As the use of MR images increase in target delineation and in image guidance, the 
demands for accurate dose calculations in MRI-based RT can be assumed to rise, as 
well. This can be concluded also by considering the history of CT imaging in RT. In 
times when the technological improvements in CT scanners and in image processing 
enabled multi-slice imaging and HU-to-ED calibration, the previously employed 
homogeneous dose calculation image turned into an image series with heterogeneous 
ED information, which is today considered the standard image for RT dose calculation 
[1-5]. With growing interest in developing MRI-based RT methods in clinics, the MRI 
and RTP system manufacturers are also increasing development and implementation 
of techniques supporting this workflow [21, 31].  
 
The examinations indicated that the MRI-based dose calculation uncertainty is 
reduced substantially with the heterogeneous pseudo-CTs compared to conventional 
pseudo-CTs with homogeneous tissue representations. However, the decision on the 
complexity of the employed pseudo-CT in MRI-based RT might be also a matter of 
time and resources that can be spent for the pseudo-CT construction in a clinic, instead 
of merely considering RTP accuracy. The implemented automatic workflow of the 
dual model pseudo-HU conversion technique enabled the image transformation from 
the MR image to the heterogeneous pseudo-CT roughly within 30 seconds [III]. Thus, 
the precise manual bone outline contouring constitutes the only time-consuming issue 
limiting the possibilities for employing the technique in a routine clinical workflow. 
Rapid automatic bone segmentation would be of particular value also when 
introducing efficient and accurate on-line ART methods in the departments employing 
MRI-guided RT treatment techniques [22-31]. If the dual model pseudo-HU 
conversion technique could be applied to the daily localization MR images achieved 
with appropriate imaging sequence, the on-line ART could be performed with better 
dose calculation accuracy compared to that reported for CBCT localization images [II, 
97-101]. According to Tables 3 and 4, a 2% dose calculation accuracy goal can be 
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reached with the dual model pseudo-HU conversion technique even if the bone 
contours were systematically misaligned by 2 mm, and thus still achieving better dose 
consistency compared to those in bulk pseudo-CTs with precise bone segment [I-III]. 
Future work aiming to introduce automatic bone contouring for pseudo-CT 
construction could adopt any of the tested MR sequences for the investigations, 
because the potential bone outline shift and perturbations did not introduce a 
restrictive issue with any of the images. However, a major limiting factor in the 
application of some MR sequences for bone contouring can be the obscure appearance 
of the cortical bone in the images and the bony tissue definition from these images.  
 
Although this work illustrated major advantages for applying heterogeneous tissue 
presentation instead of homogeneous simplifications for pseudo-CT construction, the 
bulk pseudo-CTs can be regarded as an option for RTP in the pelvis, if the assigned 
bulk pseudo-HUs are appropriately chosen, if the dose calculation uncertainty of 2-3% 
is clinically permitted, and if the image guidance is conducted based only on the bone 
outline. Additionally, pseudo-CTs representing large body volumes with average 
homogeneous pseudo-HUs could be applied to the on-line ART, if conversion 
techniques cannot be integrated into the MRI-guided RT treatment systems and 
performed rapidly. Alternatively, it might be optimal to construct the daily pseudo-
CTs by deformable co-registration between the on-line MR image and the original 
heterogeneous pseudo-CT applied to MRI-based RT. The high soft tissue contrast in 
MR images can be expected to provide valuable information for on-line ART, but if 
the dose calculation part of the process is inaccurate, the entire gain of MRI-based on-
line ART could be questioned.  
 
As the dose calculation uncertainty increases, the room for other error possibilities to 
reach sufficient overall accuracy level of RTP decreases. The inclusion of the bones 
into the pseudo-CT even by a simple bulk pseudo-HU assignment minimizes the risk 
for >3% dose calculation errors [I, III]. The dose evaluations in the bone phantom 
showed that even less than 2 cm of cortical bone and roughly 5 cm of spongy bone led 
to 4-5% dose inconsistencies with water-equivalent bone representation [I]. Moreover, 
with the water-equivalent pseudo-CT the IGRT relying on reference DRRs would be 
impossible. The image guidance investigations indicated that IGRT with CBCT 
localization can be conducted with reference MR images, at least with the T1/T2*-
weighted in-phase images, although the automatic position verification was not as 
reliable with MR images as with CTs or heterogeneous pseudo-CTs (Table 6, Figures 
12 and 13) [IV]. The patient position correction differences between those achieved 
with the heterogeneous pseudo-CTs compared to those obtained by reference CTs 
were mainly sub-mms and approximately within the reported uncertainty levels of 
automatic registration [IV, 12, 13, 93]. Moreover, the automatic registration degrees-
of-success (i.e. requiring no further re-adjustments based on visual inspection) were 
similar to both of these reference images [IV]. The manual patient position 
verification uncertainty with the heterogeneous pseudo-DRRs was also similar to 
uncertainty with the CT-based reference images, and thus the reported differences 
could have resulted from co-registration with either of the DRRs [IV]. According to 
the observer feedback, the quality of the applied pseudo-DRRs was sufficient for 
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position verification, and uncertainties mainly stemmed from the localization image 
quality and FOV [IV]. It is important to underline that these investigations were 
conducted with pseudo-CTs obtained by employing precisely contoured bone 
segments. Further studies could aim to determine the needed tissue presentation for 
reliable IGRT. 
 
Future work could aim quantifying the accuracy of MRI-based RT with the dual 
model pseudo-HU conversion technique also for pelvic cases other than prostate 
cancer treatment, and investigate whether the method would prove useful for patients 
with MRI-compatible hip prosthesis and for brachytherapy treatment planning [16, 
102]. Under certain conditions, the conversion technique may work reliably also for 
other sites on top of pelvis. However, the models should be examined and shown to 
function appropriately for each site before starting clinical use. If aiming to adopt the 
presented technique in the presence of air cavities, the technique would most likely 
need to be substantially modified at least by an additional air cavity contouring and by 
an assignment of appropriate pseudo-HU conversion also for this segment. 
 

4.2 Uncertainties and limitations in this study 

In this work, the uncertainties for the MRI-based RTP were mainly evaluated by 
regarding the current practise RTP with standard CT as the optimal workflow. The 
main uncertainties might have derived from factors such as limited voxel-sizes, 
residual errors from planning CT-to-MR image co-registration, different body 
positions in the images, movement of tissues, software capabilities of presenting the 
pixel values, and a limited number of test patients [I-IV, 20, 70, 71, 103, 104]. 
Potential uncertainty caused by the inherent geometrical distortion in MR images was 
also included into the evaluations [I-IV, 20]. The sub-mm-sized geometric errors in 
the vicinity of imaging isocenter cannot introduce relevant uncertainties for the MRI-
based RT. However, the system-related distortions increase gradually with distance 
from the isocenter and could reach relevant magnitudes if a large FOV is needed. In 
dose calculations, the application of similar body outline contour in both CT and 
pseudo-CT images for each patient could have minimized the potential uncertainty 
caused by the geometric errors of body outline. According to Kapanen et al., the body 
outline shift in the pelvis in the applied MR images is ~1-2 mm on average, and thus 
the potential body outline shift should not have introduced substantial dose calculation 
errors with the employed VMAT or multi-field IMRT treatment techniques [II, III, 
20]. However, future research could focus on developing appropriate phantom to 
enable measuring geometric errors precisely within the entire patient FOV (>40 cm). 
These measurements could aim to determine potential limitations on patient size in 
MRI-based RT. In these investigations, as in the reported bone outline measurements 
with ex-vivo bone phantom, it is important to recognize that local susceptibility-
induced distortions are unique to individual anatomies and may be different in the 
complex patient anatomy compared to the phantom. In the present study, changes in 
tissue characteristics and lack of blood circulation of the adopted ex-vivo specimen 
may have influenced the MR image intensity values and thus the pseudo-HU 
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conversion [I, III]. Nevertheless, it is likely that the reported bone outline distortion or 
the dose profiles would not be substantially different in complex patient anatomy 
compared to those quantified in this work with the ex-vivo bone phantom [I, III]. It is 
important to emphasize that the bone outline accuracy was measured only with the 
images obtained with particular imaging parameters. The susceptibility-related 
geometrical distortion is dependent on the exact sequence parameters and sampling 
scheme [21, 54].   
 
The standard CTs were applied to the investigations as they were, and thus rectal gas 
and effects such as beam hardening, may also have caused uncertainty for the 
evaluations, in addition to general dose calculation uncertainty in CT images [I-IV]. 
The currently clinically available dose calculation algorithms and automatic patient 
position verification software include also their inherent uncertainties [I-IV, 1, 2, 12, 
13, 72, 88, 89, 91-96]. Another potential uncertainty-causing issue to the reported dose 
calculation accuracy in pseudo-CTs may have been induced when optimizing the dose 
with intensity-modulated techniques in standard CT image and then copying and 
recalculating the plan in a pseudo-CT. Future work could aim to report the dose 
calculation accuracy in pseudo-CTs also by optimizing the dose in the image with the 
simplified tissue representation. In conclusion, it is likely that the actual uncertainty in 
MRI-based RT dose calculation and image guidance is rather smaller than larger 
compared to the reported level of MRI-based RT uncertainties. 
 
It is essential to underline that the images used in this work were obtained by the 
particular equipment and methods [I-IV]. Any changes to MR platform, sequence 
parameters or pseudo-CT and DRR construction techniques may result in a different 
outcome. For example, any changes influencing the absolute intensity level in the MR 
image or its heterogeneity in the image FOV may result in inaccuracies of the pseudo-
HU conversion. Changes in sensitivity of the RF coils (local heterogeneities in RF 
power transmission and intensity of receiver coil), magnetic field inhomogeneities and 
imaging gradient nonlinearities can increase intensity inhomogeneities, signal loss and 
local noise. Additionally, the greater the magnetic field gradient (caused by the static 
magnetic field and tissue magnetization inhomogeneities), the greater the signal loss. 
Inter-patient variations in the absolute intensity level higher than in the tested images 
may occur e.g. due to changes in receiver gains or in the body outline distance to the 
receiver coils. Future work could investigate the potential influence of receiver coil 
positioning on the quality of conversion-based pseudo-CT images. 
 
Before adopting the dual model pseudo-HU conversion technique in a clinic and after 
any changes in the MR platform, a verification procedure should be performed to 
ensure conversion validity in the obtained MR images, even if the MR scanner and the 
sequence parameters were similar to those applied in this work. Regular QA is also 
required to verify MR image quality and to detect possible changes in the MR signals 
to accomplish a reliable MRI-based RTP workflow. Future research could investigate 
the functioning of the dual model pseudo-HU conversion technique with different 
equipment. If the method could be used with other MR scanners and imaging 
parameters, the possibilities for accurate MRI-based RT would increase. Further 



 

50 

studies could also evaluate the feasibility of the technique in obtaining attenuation 
correction for positron emission tomography/MRI [105]. 
 

4.3 Conclusions 

This work reached its goals in that it: 
  

1) Developed a dual model pseudo-HU conversion technique to 
construct heterogeneous pseudo-CT images from MRI data in 
the pelvis [II]. 

2) Determined dose calculation accuracy in the obtained pseudo-
CTs for prostate cancer patients [I-III]. 

3) Measured the susceptibility-induced bone outline shift in the 
employed MR images and quantified the effect of bone 
outline errors on dose calculation accuracy in the pseudo-CTs 
[III]. 

4) Demonstrated that image guidance with X-ray -based 
localization images can be conducted with MRI-based 
reference images in the pelvis [IV]. 

5) Evaluated the benefits of applying heterogeneous pseudo-CTs 
for MRI-based RT instead of relying on pseudo-CTs with 
simplified tissue representations [I-IV] 

6) Compared the uncertainty level of MRI-based RTP workflow 
to the standard CT-based process [I-IV] 

 
The presented dual model pseudo-HU conversion technique applies separate 
conversion models within and outside of bone segment that transform the intensity 
values of a single clinically available MR image into pseudo-HUs [II]. The obtained 
images enabled heterogeneous tissue representation with average local uncertainties of 
~10 HUs and ~100 HUs in soft- and bony tissues, respectively, compared to those in 
standard CTs [II]. More importantly, the investigations with sophisticated RTP 
techniques and dose calculation algorithms illustrated that the ultimate dose 
calculation accuracy recommendation of 1% can be reached reliably for the target 
volume and for the healthy tissues by applying the conversion-based heterogeneous 
pseudo-CTs in MRI-based RTP workflow for prostate cancer patients [I-III]. The 
examinations with X-ray -based IGRT methods revealed that the heterogeneous 
pseudo-CTs are feasible reference images for both soft tissue -based and bony tissue -
based patient position verification with localization CBCTs, whereas pseudo-DRRs 
can be employed as reference images for bony tissue -based planar localization. With 
these reference images, the patient position correction differences compared to those 
obtained by reference CTs or CT-based DRRs were mainly sub-mms and randomly 
distributed. The potential susceptibility-induced bone outline shift and geometric 
perturbations introduced no relevant additional uncertainty for the MRI-based RTP 
workflow [III]. In conclusion, the results indicate that the accuracy of the introduced 
MRI-based RTP workflow with the heterogeneous pseudo-CT is approximately within 
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1% and 1 mm compared to standard CT-based process for prostate cancer patients. 
Consequently, this work reached its ultimate objective by introducing MRI-based RTP 
workflow for prostate cancer patients that can be conducted accurately according to 
required standards of modern RT, thus demonstrating a possibility to omit CT imaging 
from the process. 
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