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Abstract
Magnetic resonance (MR)-only radiotherapy treatment planning requires 
pseudo-CT (pCT) images to enable MR-based dose calculations. To verify the 
accuracy of MR-based dose calculations, institutions interested in introducing 
MR-only planning will have to compare pCT-based and computer tomography 
(CT)-based dose calculations. However, interpreting such comparison 
studies may be challenging, since potential differences arise from a range of 
confounding factors which are not necessarily specific to MR-only planning. 
Therefore, the aim of this study is to identify and quantify the contribution 
of factors confounding dosimetric accuracy estimation in comparison studies 
between CT and pCT. The following factors were distinguished: set-up and 
positioning differences between imaging sessions, MR-related geometric 
inaccuracy, pCT generation, use of specific calibration curves to convert pCT 
into electron density information, and registration errors.

The study comprised fourteen prostate cancer patients who underwent CT/
MRI-based treatment planning. To enable pCT generation, a commercial solution 
(MRCAT, Philips Healthcare, Vantaa, Finland) was adopted. IMRT plans were 
calculated on CT (gold standard) and pCTs. Dose difference maps in a high dose 
region (CTV) and in the body volume were evaluated, and the contribution to 
dose errors of possible confounding factors was individually quantified.

We found that the largest confounding factor leading to dose difference 
was the use of different calibration curves to convert pCT and CT into 
electron density (0.7%). The second largest factor was the pCT generation 
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which resulted in pCT stratified into a fixed number of tissue classes (0.16%). 
Inter-scan differences due to patient repositioning, MR-related geometric 
inaccuracy, and registration errors did not significantly contribute to dose 
differences (0.01%).

The proposed approach successfully identified and quantified the factors 
confounding accurate MRI-based dose calculation in the prostate. This study 
will be valuable for institutions interested in introducing MR-only dose 
planning in their clinical practice.

Keywords: magnetic resonance, radiotherapy planning, dosimetry, MR-only 
treatment planning, intensity modulated radiotherapy, quality assurance

S  Online supplementary data available from stacks.iop.org/PMB/62/948/
mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

In external beam radiotherapy, computed tomography (CT) is the primary imaging modal-
ity for treatment planning (Chernak et al 1975, Pereira et al 2014), since it enables precise 
 calcul ation of dose distributions (Seco and Evans 2006, Skrzyński et  al 2010, Brock and 
Dawson 2014), and provides reference images allowing for pre-treatment positioning (Van 
den Berge et al 2000).

In the last few decades, magnetic resonance imaging (MRI) has found its way into the 
radiotherapy workflow as it provides superior soft tissue contrast with respect to CT (Debois 
et al 1999, Dirix et al 2014), thus enabling more accurate delineation of target regions and 
critical structures (Roach et al 1996, Rasch et al 1999, Villeirs et al 2005).

To benefit from the advantages offered by both imaging modalities, MR images are nowa-
days fused to CT images to transfer target and organ at risk contours (Khoo et al 1997, Paulson 
et al 2015, Schmidt and Payne 2015). However, image fusion potentially causes systematic 
spatial uncertainties and introduces errors during radiotherapy treatment planning (Karlsson 
et al 2009, Nyholm et al 2009). To minimise these uncertainties and errors, an MR-only based 
workflow has been proposed (Fraass et al 1987, Lee et al 2003, Nyholm and Jonsson 2014), 
aiming at prevention of inter-modality registration errors (Nyholm et al 2009). Furthermore, 
an MR-only based workflow will result in practical and logistical advantages: it can simplify 
the workflow and reduce the overall treatment cost (Devic 2012) and workload (Karlsson et al 
2009), and it can decrease exposure to ionising radiation, which is particularly important when 
several replans have to be made (Kapanen et al 2013).

Additionally, based on the growing importance of the exclusive use of MRI in radiotherapy 
(Raaymakers et al 2004, Dempsey et al 2005, Fallone et al 2009, Karlsson et al 2009), we 
foresee that MR-based dose calculations will also be of increasing importance to radiotherapy.

The main obstacle regarding the introduction of MR-only radiotherapy is the lack of tissue 
attenuation information, which is required for accurate dose calculations (Nyholm et al 2009, 
Jonsson et  al 2010). To estimate tissue attenuation properties from MRI, several methods 
have been proposed in the last few decades (Lee et al 2003, Chen et al 2004, Schmidt and 
Payne 2015, Prior et al 2016). More recently, MRI vendors have launched solutions as well 
(Schadewaldt et al 2014, Siversson et al 2015). The proposed methods can be categorised into 
three classes (Prior et al 2016): (1) atlas-based, (2) voxel-based or (3) bulk assignment-based 
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techniques. Along with these techniques, several names have been used all referring to 
MR-based tissue attenuation maps, e.g. synthetic-CT (Kim et al 2015, Siversson et al 2015), 
pseudo-CT (Dowling et al 2012, Korhonen et al 2014), and substitute-CT (Johansson et al 
2012). For clarity, without differentiating among generation techniques, the term ‘pseudo-CT’ 
(pCT) will be used to refer to the tissue attenuation equivalent images, and ‘pseudo-HU’ to 
indicate the assigned Hounsfield unit (HU) values.

An institution interested in introducing an MR-only planning solution into the clinic will 
face the challenge of determining the accuracy of the MR-based dose planning with respect to 
the gold standard CT planning (Korsholm et al 2014, Schmidt and Payne 2015). Based on the 
quantitative outcome of a comparison study an institute should decide whether the accuracy of 
MR-based planning is acceptable. Very likely, such a comparison study may result in observed 
dose differences (Lee et al 2003, Chen et al 2004, Dowling et al 2012, Johansson et al 2012, 
Korhonen et al 2014, Schadewaldt et al 2014, Kim et al 2015, Siversson et al 2015, Prior et al 
2016). To understand and gauge the potential impact of these differences, and thus, possibly 
facilitate institutions to reduce them (reducing in this way overall treatment inaccuracies), it 
is important to understand their origin. Differences may have origin other than the adopted 
pCT generation technique (Siversson et al 2015, Sun et al 2015). In particular, considering the 
treatment planning workflow, such differences originate from the following processes: image 
acquisition, image processing for pCT generation, and dose calculations. In each individual 
process we hypothesise that at least one among the following four ‘confounding factors’ will 
contribute to the observed dose differences between plan generated using CT and pCT:

 (1) Set-up & positioning differences. During image acquisition the patient is repositioned 
between CT and MR imaging sessions. To minimise possible positioning differences 
between imaging sessions, the use of a flat table top (Mcjury et al 2011), coil supports 
(Kapanen et al 2013, Sun et al 2014), and positioning devices such as lasers (Schmidt 
and Payne 2015) at MR scanner (and also CT scanner) are generally used. We refer to this 
set-up configuration as ‘MR simulator’. However, even if an MR simulator is employed, 
differences in patient positioning, and possible set-up errors may occur (van Herk et al 
1995).

 (2) MR-related geometric inaccuracy. MR image acquisition may be compromised by 
geometric distortions caused by the system and/or patient (Fransson et al 2001, Walker 
et al 2014). Modern scanners are equipped with solutions (Schmidt and Payne 2015) that 
limit system-related displacements to 2–3 mm on the outer edges of a clinically relevant 
volume of approximately × ×25 25 25 cm3 (Wang et al 2004). Patient-related distortion 
may be mitigated by careful choice of scan parameters, e.g. bandwidth and slice thickness, 
ensuring spatial geometric accuracy of MR images (Stanescu et al 2012). Nonetheless, 
residual distortions may still be among the potential factors that confound the accuracy of 
pCT-based dose calculations.

 (3) Pseudo-CT generation. This factor solely originates from the pCT generation method 
used. All the pCT generation techniques (atlas-based, voxel-based or bulk assignment-
based) assign HU voxel values that may differ with respect to the corresponding voxel on 
CT (assuming spatial relationship), thus contributing to observed dose differences.

 (4) Electron density conversion. To enable dose calculations, electron density information is 
derived from tissue attenuation equivalent data (CT or pCT). In particular, for radiotherapy 
planning, each CT scanner is calibrated such that HU can be converted into electron den-
sity by using a calibration curve derived from literature (Knöös et al 1986, IAEA 2008), 
or by using a one-to-one relationship obtained from a phantom made of tissue equivalent 
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materials (Constantinou et al 1992). The use of different phantoms (usually the phantoms 
differ in the high HU region due to the use of slightly different bone-like materials) to 
calibrate CT scanners can result in dose differences up to 1% (Thomas 1999). If a pCT 
generation method assigns HU, it may implicitly assume also a certain calibration curve 
for electron density conversion (Lee et al 2003, Jonsson et al 2010, Lambert et al 2011). 
The assumed conversion curve may differ from the one clinically adopted for CT images, 
thus contributing to observed dose differences.

Moreover, when comparing the output of dose calculations, another factor could contribute to 
observed dose differences:
 (5) Registration errors. During dose comparisons it may be necessary to align the spatial 

coordinates of CT and pCT. When registrations are performed, registration errors may 
play a role in differences between doses calculated on CT and pCT (Roberson et al 2005, 
Nyholm et al 2009).

Factors (1), (2) and (5) together with internal motion may result in inter scan differences-  
between imaging sessions in the case that one session is performed at an MR scanner.

This work aims to quantify the possible contributions of inter-scan differences (as combi-
nation of 1, 2 and 5), pseudo-CT generation (3), and electron density conversion (4) to dose 
differences between CT- and pCT-based dose calculations. The effects of the different fac-
tors were isolated by the specific design of the approach: CT-based pCTs were generated to 
circumvent the presence of inter-scan differences, as these differences are independent of the 
pseudo-HU values assigned by the pCT generation method. This study will focus on the pelvic 
area, with particular attention to prostate radiotherapy treatments.

2. Materials and methods

We conducted a study using data from prostate cancer patients undergoing external beam 
radiotherapy to compare CT/MR-based and MR-only based dose calcul ations. The study is 
divided into five parts. First, we acquired CT and MR images (section 2.1). Second, we gener-
ated a series of CT- and MR-based pCTs which allows disentanglement of the confounding 
factors hypothesised in section 1 (section 2.2). Third, we performed dose planning on pCT 
images (section 2.3). Fourth, we evaluated the body contour differences between the CT-based 
and MR-based pCTs (section 2.4). Finally, we quantified the impact of possible confounding 
factors on dose calculations (section 2.5).

2.1. Patient data collection

In the first part of the study we collected data of fourteen prostate cancer patients (57.7–80.2 
years old) who underwent standard treatment planning between November and December 
2015. As part of the treatment planning, gold fiducial markers (HA2 Medizintechnik 
GmbH, Germany) were transperineally implanted for position verification purposes one 
week before acquisition of planning images. The data collection was conducted follow-
ing the local statutory requirements, and in accordance with the local medical ethical 
guidelines.

Image acquisition. The patients underwent a CT scan (Brilliance CT Big Bore Oncology, 
Philips Healthcare, Best, The Netherlands—figure 1(a)) and a 3 T MR scan (Ingenia—70 cm 
wide bore, Philips Healthcare, Best, The Netherlands—figure 1(b)) as part of clinical treat-
ment planning.
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CT scans were performed with the following imaging parameters: 120 kV, exposure 
time  =  923 ms, tube current between 121 and 183 mA, in-plane matrix of ×512 512 pixels, 
and 3 mm slice thickness. The resolution was variable depending on the field of view (FOV) 
used. The typical size of the FOV was × ×500 500 300 mm3, which corresponds to an in-
plane resolution of ×0.98 0.98 mm2.

MR scans were carried out 1–2 h after CT scans. To simulate treatment positioning, the 
patients were marked with three skin tattoos at the CT scanner, and the position of the tattoos 
was used to reposition the patient at the MR scanner. To facilitate patient positioning, the 
MR scanner was equipped with an external laser positioning device (Dorado 3, LAP GmbH 
Laser Applikationen, Lueneburg, Germany), and an in-house-built flat table top. Patients were 
scanned using anterior and posterior coils (dS Torso and Posterior coils, Philips Healthcare, 
Best, The Netherlands). To avoid compression of patients, two in-house-built coil bridges sup-
ported the anterior coil.

Figure 1. Schematic of the study. After patient data collection (1) on CT (a) and MR(b), 
via image processing (2) three CT-based pCT datasets (c), and two MR-based pCT 
datasets (d) were produced. CT-based pCT generation (c) was performed after image 
registration and couch removal (CTreg) to obtain a dataset similar to MRpCT (CTstrat) and 
a homogeneous water density dataset (CTwater). MR-based pCTs (d) were generated 
using the MRCAT method (MRpCT), and, from its body contour, a homogeneous water 
density dataset (MRwater) was created. Planning and dose calculations (3) followed the 
pCT generation, and finally image and dose evaluation (4) was performed to disentangle 
and quantify possible confounding factors.
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To generate MR-based pCTs, a two echoes 3D Cartesian radio frequency spoiled gradient echo 
sequence was added to the standard MR exam. In particular, two images were acquired with 
the following imaging parameters: echo times  =  1.21/2.53 ms, repetition time  =  3.93 ms, flip 
angle  =  10°, FOV  =  × ×477 477 300 mm3, acquisition matrix  =  × ×248 281 120, recon-
structed matrix  =  × ×480 480 120, bandwidth  =  1083 Hz, and acquisition time of 2 min 13 s. 
A Dixon (Dixon 1984) reconstruction (Eggers et al 2011) was performed to obtain in-phase, 
fat, and water images (figure 1(b)).

2.2. Image processing for pCT generation

In the second part of the study, we generated five image datasets (figures 1(c) and (d)) com-
prising two pCTs based on MR data (figure 1(c)), one registered CT, and two pCTs based on 
CT data (figure 1(d)), for all fourteen patients. Each pCT dataset was generated with a specific 
goal, as described below.

To enable MR-only dose planning, we generated pCTs using a vendor solution tailored to 
prostate patients which is called MR for attenuation correction (MRCAT prototype rev. 257, 
Philips Healthcare, Vantaa, Finland). MRCAT is a bulk assignment pCT generation method 
based on sequential intensity- and model-based segmentation techniques (Schadewaldt et al 
2014). In particular, MRCAT segments images from a dedicated MR sequence (see section 2.1) 
into five classes, and assigns to each class the pseudo-HU specified in table 1. MRCAT uses 
a constrained shape model to estimate body contour and to segment bone structures. Within 
the bone structures two classes are assigned: spongy and compact bone. Similarly, soft tissue 
structures are assigned either fat or muscle. MRCAT does not recognise gold fiducial markers 
implanted in the patients, and classifies them as soft tissue. Furthermore, MRCAT produces 
images with no air compartments within the body contour. As MRCAT converts pseudo-HU 
in electron density using a vendor specific curve, MRCAT can be considered an electron den-
sity map generation method. The term MRpCT (figure 1(d)) was used to refer to the dataset 
produced by MRCAT.

To align the spatial coordinates of the CT with the MR, and to minimise positioning errors, 
the CT was rigidly registered and resampled to the MRpCT. We considered MRpCT as a fixed 
image to prevent changes of the pseudo-HU values during the resampling. A multi-resolution 
registration with a mutual information metric was performed in Elastix (Klein et al 2009, 
2010). The parameter file used has been stored on http://elastix.bigr.nl/wiki/.

To enable planning, the delineations used in the clinical plan were propagated to the 
 registered CT, and the CTV was propagated to MRpCT. To further minimise differences 
between CT and MR, the couch in the CT images was removed by assigning the value  −968 
HU outside body contour. Body contour detection was performed using an intensity threshold 
of  −200 HU. We refer to the resulting dataset as CTreg.

Table 1. The pseudo-HU assigned to the five tissue classes of MRpCT, together with the 
ranges used during the stratification of CTreg (i.e. the generation of CTstrat).

Classes Pseudo-HU (HU) Range stratification (HU)

Outside air −968 (−∞ −; 200]
Fat −86 (−200; 28.5]
Muscle 42 (−28.5; 100]
Spongy bone 198 (100; 575]
Compact bone 949 ( ∞575; )
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To quantify set-up & positioning differences, MR-related geometric inaccuracy, and 
 registration errors (referred to as inter-scan differences), homogeneous water density CT- and 
MR-based pCTs were generated. In particular, the entire body volume of CTreg and MRpCT 
were considered being water-equivalent (pseudo-HU  =  0) after thresholding the images 
at  −200 HU. We refer to these datasets as CTwater and MRwater, respectively. For clarity, the 
only difference between both datasets is the body outline.

To quantify the pseudo-CT generation factor, we aimed to circumvent inter-scan 
 differences by producing CT-based pCTs similar to MRpCT. More specifically, we stratified 
the registered CT by assigning the same pseudo-HU values as employed in MRCAT to the 
different tissue classes. First, the voxels of CTreg were separated into five classes according 
to the ranges shown in table 1. These ranges were chosen by adjusting the values proposed by 
Helle et al (2014). Second, since MRpCT has no air in the body region, air pockets within the 
body outline were classified as fat. Third, since no soft tissue is present within bone regions 
of MRpCT, all voxels that were labelled as soft tissue and surrounded by spongy or compact 
bone regions were reclassified as spongy bone. To do so, a morphological closing filter was 
used. As a final step, the lack of gold fiducial marker on MRpCT was emulated: the voxels in 
the CTV classified as bone were reclassified as muscle. We use the term CTstrat to refer to this 
dataset. In appendix A, we show that CTstrat can be used to quantify the contribution of the 
pseudo-CT generation confounding factor.

Before planning, CTV delineations were propagated to CT-based pCTs. CT (a) and MR 
(b) images of one of the patients, together with the five corresponding datasets ((c) and (d)) 
are shown in figure 1.

The code used to generate CTreg, CTstrat, and CTwater has been made publicly available at 
https://matteomaspero.github.io/pseudo-CT_generation/.

Figure 2. Calibration curves used to convert CT or pCT in relative electron density. 
The (red) straight curve, called Clini, is used in our institute and based on the Catphan 
(The Phantom Laboratory, Greenwich, New York, USA) phantom, while the (blue) 
dashed curve, called MRcal, has been provided along with the MRCAT method and 
based on literature (ICRU 1989, 1992). The (green) vertical dashed line corresponds to 
the pseudo-HU used in the MRCAT method, as presented in table 1.
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2.3. Treatment planning

In the third part of the study, intensity modulated radiotherapy (IMRT) plans, using 5 beams of 
10 MV, were generated for each patient using a Monte Carlo-based treatment planning  system 
(Monaco v5.10.00, Elekta AB, Stockholm, Sweden). The plan isocentre was the centre of 
gravity of the CTV. The beam angles were fixed: 40°, 100°, 180°, 260°, and 320° (considering 
0° the anterior direction and rotating clockwise). The prescribed mean dose to the entire pros-
tate gland was 77 Gy. Plan optimisation was carried out on CTreg to fulfil clinical requirements 
(described by Lips et al (2008)). Dose calculations were performed on a 3 mm3 grid and 1% 
statistical uncertainty per control point.

To eliminate the dose differences that could arise during separated optimisation proce-
dures, the plans were recalculated on each pCT dataset keeping the planning parameters, i.e. 
beam energies, angles, photon fluency, and monitor units unchanged.

The vendor of MRCAT provided a calibration curve to convert pseudo-HU into electron 
density adapted from literature (ICRU 1989, 1992). We refer to this calibration curve as 
MRcal. In our institution, a different calibration curve is currently used, which is a curve 
obtained with a Catphan phantom (The Phantom Laboratory, Greenwich, New York, USA) 
for CT scanner calibration. We refer to this curve as Clini. To investigate the impact of these 
different calibration curves on dose calculations (referred to as the electron density conversion 
factor), dose calculations using both calibration curves were carried out. Figure 2 depicts both 
the MRcal and Clini curve.

2.4. Evaluation of inter-scan differences

In the fourth part of our study, we investigated inter-scan differences due to possible set-up 
& positioning differences, MR-related geometric inaccuracy, and registration errors. More 
specifically, we took into consideration body contour differences of MR and CT. The body 
contour may be affected by set-up errors and patient repositioning that occurs during dif-
ferent imaging sessions. Additionally, the body contour is the anatomical region expected 
to be  maximally influenced by MR geometric distortion, considering that distortion radially 
increases from the scan isocentre (Baldwin et al 2007). For these reasons, we considered the 
beam depth difference between MRpCT and CTreg as an estimate for inter-scan differences. 
Here, the beam depth is defined as the radial distance between isocentre and body contour. 
The definition of isocentre is dependent on the registration between image modalities. Note 
that, as specified in the introduction, when referring to inter-scan differences we consider also 
potential image registration errors.

We evaluated inter-scan variability in terms of beam depth of the five beam angles and 
in all radial directions. The beam depth of the five beams was directly extracted from each 
control point of the IMRT plans. The beam depth in all the radial directions was obtained by 
planning a single 10 MV 360° arc in Monaco and linearly interpolating at 1° intervals the 
radial beam depth extracted from the control points of the plan.

For each patient, the mean of the beam depth difference between CTreg and MRpCT over a 
complete 360°-arc, and over the five beams were estimated. Figure 3 shows an example of the 
radial representation of the beam depth (top) over a complete 360°-arc, and the beam depth 
difference between CTreg and MRpCT (bottom) for one of the patients.

The average and standard deviation (SD) over the whole population of the mean beam 
depth differences for the five beams and in all the radial directions were calculated. Single 
sample t-tests at p  =  0.01 significance level were also conducted.
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2.5. Dosimetric evaluation

Lastly, we carried out a dosimetric evaluation to quantify the relative contribution of the three 
confounding factors ( inter-scan differences, pseudo-CT generation and electron density con-
version). To estimate their dosimetric contributions, the voxel-by-voxel relative percentage 
dose difference (RelDiff) between two pCTs was calculated as follows:

( )
( )

=
−

∗RelDiff %
Test Ref

max Ref
100

where max(Ref) refers to the maximum dose value of Ref of each patient. To disentangle 
the individual confounding factors, we considered Ref and Test dose distributions as here 
presented:

Figure 3. (Top) Beam depth (in mm) from isocentre to body contour of MRpCT (blue 
continuous line) and CTreg (red dashed line) for one patient. (Bottom) Difference 
between beam depth on CTreg and MRpCT in all the directions as function of the beam 
angle Θ for the shown patient. The location of the five beam angles is also represented 
as a 10° arc in the polar plot (top) and as vertical dashed (red) lines in the bar plot 
(bottom).
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 • Inter-scan differences. CTwater and MRwater differ only due to set-up & positioning 
differences and MR-related geometric inaccuracy, and registration errors (inter-scan dif-
ferences) when the dose calculation is performed using the same calibration curve (Clini 
in this case). The ‘inter-scan differences’ factor was estimated by considering CTwater as 
Ref and MRwater as Test.

 • Pseudo-CT generation. CTstrat is immune to inter-scan differences with respect to CTreg. 
To estimate the ‘pseudo-CT generation’ factor, we considered CTreg as Ref and CTstrat as 
Test converting pseudo-HU into electron density with the Clini calibration curve for both 
datasets.

 • Electron density conversion. To estimate the ‘electron density conversion’ factor, we 
considered the dose on CTreg planned with the Clini calibration curve as Ref and the dose 
on CTreg planned with the MRcal as Test.

To estimate the systematic contribution and error of each confounding factor, we calculated 
the average and SD among all the patients of the mean RelDiff in the CTV and in the VBody. 
The CTV was considered to represent the high dose region (where the largest dose difference 
is expected to be found), while the VBody was considered to represent the largest anatomical 
region common to MR- and CT-based pCTs (CTV included). VBody was defined as intersec-
tion of the body contour of the MRpCT and the CTreg. The resulting contour was isotropically 
eroded by 1.5 cm in each transverse slice to exclude build-up regions which are compromised 
by a steep dose gradient.

We also investigated the scenario taking into account the sum of all the factors, by 
 considering CTreg as Ref and MRpCT as Test. Here, we considered two scenarios: one with dif-
ferent electron density conversions (Clini and MRcal), and one with the same electron density 
conversion (both MRcal). A third possible scenario (same electron density conversion: both 
Clini) has not been considered since the vendor suggests the use of MRpCT in combination with 
MRcal. For these scenarios, we performed the same statistical analysis as described above.

3. Results

3.1. Evaluation of inter-scan differences

The beam depth difference (CTreg minus MRpCT) was ±0.9 0.7 mm (1 SD, p  <  0.01), and 
±0.2 1.5 mm (p  =  0.63) when calculated over the complete 360°-arc and the five beam 

angles, respectively.
As shown in figure  4 considering the average (and SD) of the beam depth differences 

between CTreg and MRpCT over all patients for the complete 360°-arc, the largest variations 
of beam depth differences occur at Θ about 130° and 240°. These angles correspond to the 
locations where the patient contour is not in contact with the flat table top, as figure 3 (top) 
clearly illustrates. As this trend is seen after averaging over fourteen patients, the large varia-
tions may relate to a systematic positioning error, e.g. due to inclination of the in-house-build 
flat table top at MR, or due to a systematically different positioning of the patient legs between 
CT and MR imaging sessions.

3.2. Dosimetric evaluation

A summary of the quantification of confounding factors described in section 2.4 is reported  
in table 2 as means (±1 SD) over all fourteen patients in view of mean RelDiff to CTV and 
VBody.
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Considering ‘all factors’ combined (first two rows of table 2), the electron density con-
version on CTreg and MRpCT was carried out using the Clini and MRcal calibration curve, 
respectively. We found (first row of table 2) a dose overestimation of ±1.0 0.6% (1 SD) when 
considering the overall dose difference (MRpCT minus CTreg). The observed dose overestima-
tion more than halved when omitting the electron density conversion factor (second row of 
table 2): the average RelDiff between CTreg and MRpCT was ±0.33 0.39% when the electron 
density conversion was performed using the MRcal calibration curve for both datasets. The 

Figure 4. Beam depth (in mm) difference in all radial directions between CTreg minus 
MRpCT as an average over the patient population. The (red) continuous line and the grey 
region indicate the average and the SD over the patient population, respectively. The 
five beam angles are represented by vertical (red) dashed lines.

Table 2. Confounding factors estimation in terms of average relative dose difference  
(RelDiff  ±  1 SD) over all patients for CTV and VBody between the test and ref datasets. 
The calibration curves to convert the test and ref datasets ( MRcal or Clini) into electron 
density are indicated in the columns ‘calibration’.

pCTs compared Calibration
Confounding 
factors

RelDiff  ±  1 SD (%)

Ref Test Ref Test CTV VBody

CTreg MRpCT

Clini MRcal
All factors

1.0  ±  0.6 0.14  ±  0.07

MRcal MRcal 0.33  ±  0.39 0.04  ±  0.06

CTreg CTreg Clini MRcal ED 0.7  ±  0.2 0.10  ±  0.03
conversion

CTreg CTstrat Clini Clini Pseudo-CT 0.16  ±  0.13 −0.03  ±  0.02
generation

CTwater MRwater Clini Clini Inter-scan 0.01  ±  0.35 0.00  ±  0.06
differences

M Maspero et alPhys. Med. Biol. 62 (2017) 948



959

dose comparison considering all the factors (first and second rows of table 2) for each patients 
is reported in the supplementary material (stacks.iop.org/PMB/62/948/mmedia).

When comparing the possible confounding factors separately, the electron density con-
version (row three of table  2) was found to contribute the largest relative dose difference 
( ±0.7 0.2%), followed by the pseudo-CT generation (row four of table  2) into five bulk-
assigned tissue classes ( ±0.16 0.13%). For these two confounding factors the dose difference 
was within two SDs to zero.

The set-up & positioning differences and MR-related geometric inaccuracy (last row of 
table 2) were the only confounding factors within one SD to zero: the average RelDiff was 
±0.01 0.35% between CTwater and MRwater in the CTV.

4. Discussion

In radiotherapy, a high level of accuracy is required to deliver clinically effective treatments 
(Mijnheer et al 1987, Thwaites 2013). To comply with such a requirement, institutions inter-
ested in introducing an MR-only workflow into their clinic should evaluate whether (and how) 
MR-planning impact the geometric and dosimetric accuracy of the radiotherapy treatment.

As part of such an evaluation, the present study was designed to verify the accuracy of 
MR-only dose calculations focusing on the case of prostate cancer patients. Additionally, we 
were interested in disentangling factors which may confound the results of this evaluation and 
that were described in the introduction (section 1). The key aspect of our approach was the 
generation of a series of CT-based pCTs to circumvent the intrinsic geometrical distortions in 
MRI, possible set-up and positioning differences, and registration errors (so called inter-scan 
differences). This allowed the quantification of the sole effect of the pseudo-CT generation 
technique. More specifically, we compared CT-based dose calculations to MR-only based 
dose calculations that were enabled by a commercially available solution known as MRCAT 
(Philips Healthcare, Vantaa, Finland).

The contribution of the aforementioned confounding factors was successfully identified, 
finding that the electron density conversion, and pseudo-CT generation contributed within 
two SDs of zero to the observed dose differences, while inter-scan differences within one SD 
of zero.

In particular, the largest confounding factor was the electron density conversion (0.7% 
dose difference in the CTV). Note that inaccuracy due the use of different calibration curves 
to convert HU (or pseudo-HU) in electron density has been already reported in literature as a 
possible source of inaccuracy in CT-based dose calculations, causing comparable dose differ-
ences (Thomas 1999, Inness et al 2014). The electron density conversion is a factor which is 
not specific of all pCT generation methods, however the fact that this was the largest contrib-
uting factor in our study highlights the importance of its evaluation during the introduction of 
an MR-only workflow.

The second-largest factor was the pseudo-CT generation (0.2% dose difference in the 
CTV). Siversson et al (2015) reported dose differences to the CTV of ±0.0 0.2% between 
registered CT and MR-based pCTs. Siversson circumvented inter-scan differences, employing 
non-rigid registration, which is a different method to isolate the pseudo-CT generation factor 
with respect to the one adopted in the present study. However, the contribution of the pseudo-
CT generation to the relative dose difference is consistent with their observation.

When focusing on the impact of set-up & positioning differences, MR-related geometric 
inaccuracy, and images registration errors, we found that such confounding factors resulted 
in a dose difference within one SD of zero ( ±0.01 0.35%). As a result, we concluded that 
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residual discrepancies in inter-scan body outline between MR and CT imaging sessions did 
not contribute to the dose inaccuracy when planning with IMRT. Lambert et al (2011) quanti-
fied inter-scan differences, comparing doses planned on homogeneously assigned water-
equivalent CT- and MR-based pCTs. The authors observed a dose difference of 1.3%. This 
difference is larger than what has been found in the present study. However, Lambert et al 
(2011) did not use coil support during MRI. In this way, the skin surface of the patient may be 
compressed, possibly leading to the larger observed differences. Sun et al (2015) showed that 
external body deformation due to lack of coil support resulted in an observed dose difference 
of approximately 0.6 Gy, which corresponds to about 0.9% of the prescribed dose. This is 
comparable with our findings, and shows that the MR-simulator configuration adopted in this 
study minimises inter-scan differences.

From a geometric perspective, we found differences in body shapes that may originate 
from an inclination of the in-house built flat table top or from consistently different patient 
positioning on the CT and MR scanners. Further research will investigate the possible causes 
taking also into consideration that MR-related geometric inaccuracy and registration errors 
could play a role. In any case, even if systematic set-up errors and incorrect patient positioning 
may have occurred, contributing to observed beam depth differences, they did not contribute 
to observed dose differences.

Within our study, we demonstrated that exclusion of the electron density conversion factor 
(planning on the same calibration curve) reduced the difference between CT-based and pCT-
based dose calculations from about 1% to 0.3%. In previous work, several authors concluded 
that comparable, or even higher observed dose differences would enable accurate MR-only 
dose calculations (Dowling et al 2012, Korhonen et al 2014, Kim et al 2015, Siversson et al 
2015). We concluded that MRCAT enables accurate MR-based dose calculation to the target.

A limitation of the present study is that for each patient a large number of plans (6) needs 
to be recalculated. In this regard, we believe that the proposed strategy is suitable mainly for 
initial evaluations of the MR-only workflow.

It would be desirable to show in future work a generalisation of the approach to other 
pCT generation techniques and anatomies. We believe that the application of the proposed 
approach is independent of the chosen pCT generation technique. This hypothesis is sup-
ported by the fact that the identification of confounding factors relies on the generation of 
CT-based pCT images that emulate MR-based pCT images: in principle the strategy is not 
dependent of irradiation modalities, or anatomical locations. Continuing this thought, we fore-
see as a straightforward possible application the situation in which MR-only planning merely 
relies on bulk assignment-based pCT generation techniques. Note however that the image 
processing pipeline to generate CTstrat would require optimisations for any pCT generation 
other than MRCAT.

Finally, we would like to underline that the here presented dose accuracy evaluation of an 
MR-only pCT generation method is not sufficient to introduce MR-only radiotherapy in the 
clinic. The clinical introduction of MR-only radiotherapy involves more steps, e.g. evaluation 
of MR-only delineations, and evaluation of MR-based position verification. These steps also 
contribute to the overall dose delivery accuracy and have to be taken into consideration by 
institutions interested in MR-only radiotherapy.

5. Conclusion

In this work, factors confounding accurate MRI-based dose calculation in the prostate were 
identified and quantified. This is a crucial step when aiming to introduce MR-only treatment 
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planning into the clinic. With this regard, the method presented to quantify the confounding 
factors will be valuable for institutions interested in introducing MR-only dose planning in 
their clinical practice.
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Appendix. Evaluation of CT-based pCT similarity

In this section we demonstrate the similarity between the CT-based (CTstrat) and the MR-based 
(MRpCT) pCTs. This will justify using CTreg and CTstrat to quantify the contribution of the 
pseudo-CT generation confounding factor. To quantify the similarity we used metrics (1) 
applicable to any pCT generation technique, and (2) applicable only to bulk assignment-based 
pCT generation techniques.

(1) MRpCT served as reference for CTstrat and CTreg. We assumed that the registration of 
CT (and CT-based pCTs) minimises inter-scan differences. For each patient, mean HU, and 
mean average error (MAE) was calculated within the body intersection of CTstrat and MRpCT 
(Johansson et al 2012, Rank et al 2013, Siversson et al 2015). MAE was calculated for all N 
voxels within the body contour as follows:

∑= −
=N

MAE
1

pCT MR ,
i

N

i i
1

pCT

The average and standard deviation (SD) of mean HU and MAE over all the patients was 
considered as representative of similarity among pCTs. We conducted a double sample t-test 
at p  =  0.01 significance level on the MAE.

(2) A voxelwise comparison of the tissue classification between CTstrat and MRpCT was 
carried out. Such a comparison was enabled by the voxelwise spatial relationship among 
CT-based pCTs and MR-based pCTs. We performed (i) a volumetric, and (ii) a classification 
analysis.

(i) The mean relative volume percentage of each tissue class in the two datasets for each 
patient was calculated. The average and SD over the whole patient population were reported, 
and a double sample t-test at p  =  0.01 significance level was conducted for each class.

(ii) A confusion matrix (Kohavi and Provost 1998) in terms of percentage of the body 
volume intersection of CTstrat and MRpCT was calculated: the tissue class for each voxel of 
MRpCT was compared to CTstrat tissue class, considering the voxels MRpCT as being correctly 
classified. The average and SD of the confusion matrix were calculated for each combination 
of classes of CTstrat and MRpCT over all the patients. To preliminarily evaluate the impact on 
the dose, differences in radiological path length were examined for the five beam angles (see 
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section 2.2) for CTstrat and MRpCT. Radiological beam paths were calculated in the treatment 
planning system (Monaco), using the Clini calibration curve. Statistical significance of the 
radiological path length differences was tested conducting a t-test at p  =  0.01 significance 
level.

(1) The mean HU difference over all patients was − ±8.3 5.2 HU (1 SD), and − ±12.4 3.3 
HU for the body contour intersection between CTreg and MRpCT, and between CTstrat and 
MRpCT, respectively. The corresponding MAE was ±57.8 8.0 HU (1 SD), and ±36.7 5.9 HU. 
A double sample t-test for MAE resulted in a p-value < 0.01, which indicates that the differ-
ence between the two populations is statistically significant.

Since the MAE is lower when calculated on CTstrat than when calculated on CTreg, we 
conclude that MRpCT is more similar to CTstrat than to CTreg. The value obtained in terms of 
MAE ( ±36.7 5.9 HU) between CTstrat and MRpCT is comparable to the findings reported by 
Siversson et al (2015) ( ±36.5 4.1 HU—in the body contour after non rigid registration).

(2i) Table A1: the result of the volumetric analysis performed in CTstrat and MRpCT shows 
that only the volume of the compact bone class is statistically compatible between the two 
datasets (see further for possible explanation).

(2ii) Table A2 reports the average and SD of the confusion matrix over all the patients. The 
classification into tissue classes between MRpCT and CTstrat was consistent (sum of the val-
ues along the diagonal) for 79.6  ±  11.2% of the body intersection volume. Misclassification 
between muscle and fat occurred for 16.3  ±  2.1% of the body intersection volume. The mis-
classification may originate from the set-up & positioning differences, and the MR-related 
geometric inaccuracy factors, but also from internal motion. Furthermore, misclassification 
may originate also from the image processing proposed to generate CTstrat, in case it dose not 
correctly emulate the voxel content of MRpCT. No statistically significant dose differences 
were observed due to inter-scan variability (section 3), and the range used to stratify CTreg into 
tissue classes (table 1) has been arbitrarily chosen. The range could be further optimised, as 

Table A1. Relative percentage volume of each tissue class in MRpCT and CTstrat within 
the CT body ∩ MR body.

Classes CTstrat (%) MRpCT (%) p-value

Outside air 0 0
Fat 45.4  ±  8.5 39.4  ±  8.3 <0.001
Muscle 46.2  ±  7.5 49.9  ±  6.9 <0.001
Spongy bone 6.9  ±  1.2 9.2  ±  1.4 <0.001
Compact bone 1.4  ±  0.4 1.6  ±  0.5 0.2

Table A2. Confusion matrix within CT body ∩ MR body of the tissue classification in 
CTstrat versus the percentage of voxels in the body contour intersection that belong to a 
specific class of MRpCT and of CTstrat.

CTstrat

Fat Muscle
Spongy 
bone

Compact 
bone

M
R

pC
T

Fat 33.8  ±  8.7 5.5  ±  1.3 0.1  ±  0.1 0.01  ±  0.01
Muscle 10.8  ±  1.6 38.7  ±  6.9 0.3  ±  0.2 0.05  ±  0.05
Spongy bone 0.7  ±  0.2 1.8  ±  0.4 6.2  ±  1.0 0.5  ±  0.1
Compact bone 0.11  ±  0.05 0.3  ±  0.1 0.30  ±  0.09 0.9  ±  0.3
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well as the image processing proposed to generate CTstrat. However, the correct classification 
rate obtained (∼ 80%) was considered satisfactory.

To understand whether the dissimilarity still present between CTstrat and MRpCT may 
 contribute to dose differences, and whether further optimisation of the proposed image pro-
cessing would be required, we investigated the radiological path lengths. The difference in 
terms of average over all the patients of the radiological path lengths between CTstrat and 
MRpCT was ±0.01 1.14 mm (p  =  0.98). Thus, we conclude that the proposed image process-
ing enables the generation of CT-based pCT sufficiently similar to MRpCT.

We believe that the results here discussed demonstrate that CTstrat and CTreg can be used to 
estimate the contribution of the pseudo-CT generation confounding factor.
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