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A B S T R A C T   

Background and purpose: Magnetic resonance imaging (MRI)-only treatment planning is gaining in popularity in 
radiation oncology, with various methods available to generate a synthetic computed tomography (sCT) for this 
purpose. The aim of this study was to validate a sCT generation software for MRI-only radiotherapy planning of 
male and female pelvic cancers. The secondary aim of this study was to improve dose agreement by applying a 
derived relative electron and mass density (RED) curve to the sCT. 
Method and materials: Computed tomography (CT) and MRI scans of forty patients with pelvic neoplasms were 
used in the study. Treatment plans were copied from the CT scan to the sCT scan for dose comparison. Dose 
difference at reference point, 3D gamma comparison and dose volume histogram analysis was used to validate 
the dose impact of the sCT. The RED values were optimised to improve dose agreement by using a linear plot. 
Results: The average percentage dose difference at isocentre was 1.2% and the mean 3D gamma comparison with 
a criteria of 1%/1 mm was 84.0% ± 9.7%. The results indicate an inherent systematic difference in the dosimetry 
of the sCT plans, deriving from the tissue densities. With the adapted REDmod table, the average percentage dose 
difference was reduced to − 0.1% and the mean 3D gamma analysis improved to 92.9% ± 5.7% at 1%/1 mm. 
Conclusions: CT generation software is a viable solution for MRI-only radiotherapy planning. The option makes it 
relatively easy for departments to implement a MRI-only planning workflow for cancers of male and female 
pelvic anatomy.   

1. Introduction 

Computed tomography (CT) is currently the primary imaging mo-
dality for radiotherapy planning. The CT scan grey level (Hounsfield 
Units (HU)) values are normalised units of X-ray attenuation, from 
which relative electron density and mass density can be easily derived 
via a calibration measurement, allowing for calculation of radiation 
attenuation in the body [1]. 

Magnetic Resonance Imaging (MRI) has been increasingly adopted in 
radiation therapy over recent years, due to the improved tumour and 
soft tissue visibility [2–7]. Dedicated MRI scanners and MRI-linear 

accelerator hybrid machines are being introduced into radiation ther-
apy centres, and research into MRI only planning is gaining in popularity 
[8–10]. In order to accommodate MRI based radiation therapy planning, 
electron and mass density information has to be derived, a process which 
has been termed synthetic CT (sCT) creation. Researchers have devel-
oped varying methods to define the electron and mass densities of 
structures derived from MRI scans, to create a sCT from the MRI scan for 
dose calculation. Two such methods include; tissue class segmentation, 
in which tissue types are classed into two or more categories, assigning 
each tissue type an appropriate bulk HU override [11–13], and atlas 
based segmentation, in which the MRI scan is compared to an atlas of 

Abbreviations: DVH, dose volume histogram; HU, Hounsfield Unit; ICRU, International Commission on Radiation Units and Measurements; RED, Relative electron 
density; sCT, synthetic computed tomography. 
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registered MRI/CT pairs, and an average scan pair or local weighted 
voting is applied to define the HU on a voxel by voxel basis, to create a 
sCT [14–16]. Machine learning is also being utilised for MRI planning, 
and has quickly become a popular method of sCT generation [17,18]. 
The application of MRI planning has become more widespread, with it 
being expanded more broadly to be utilised in other radiotherapy based 
clinical trials [19]. 

In recent years, sCT generation software products have become 
available. Such products are based on a tissue class segmentation 
approach, combined with a multi-atlas-based approach of sCT genera-
tion [20]. Some products have been extensively validated in peer 
reviewed journals, for use in prostate, rectal and gynaecological radio-
therapy planning, while other software have had limited validation 
[13,21–24]. As these products had been released for use in all male and 
female pelvic radiation therapy planning, there is therefore a need to 
assess the use of the product for male and female patients with cancers of 
the prostate and greater pelvis. 

This article presents a retrospective study, assessing a sCT generation 
product for male and female pelvic treatment regions. The aim of the 
study was to investigate the dose impact and anatomical accuracy of the 
sCT generation method, and further improved on the dose accuracy of 
the sCT using a derived modified relative electron density and mass 
density values for the sCT HU to RED table. 

2. Materials and methods 

2.1. Patient data collection 

Human research ethics committee approval for the study was ob-
tained and forty-one patients receiving radiation treatment to the pelvic 
region gave informed consent to participate in the trial. Patients were 
separated into two cohorts for the study; prostate and greater pelvis 
(gynaecological and colorectal), while one patient was excluded after 
insufficient coverage of the MRI scan due to user error. Detailed patient 
demographics are shown in Table 1. 

Planning CT scans were acquired on a SOMATOM Confidence CT 
scanner (Siemens Healthineers; Erlangen, Germany) at 120 kV with 2.0 
mm slice thickness and positioning tattoos were placed on the patients to 
aid in treatment alignment. The prostate cohort were positioned supine, 
using a knee and ankle immobilisation devices. The greater pelvis cohort 
were scanned supine, legs flat in a CIVCO vac-lok bag (CIVCO Medical 
Instruments; Iowa, USA). MRI scans were performed on a MAGNETOM 
Skyra 3T MRI scanner (Siemens Healthineers; Erlangen, Germany), 
immediately following the CT scan The MRI scanner was equipped with 
a Qfix flat couch (Qfix; Pennsylvania USA) and DORADOnova MR 3T 
external laser bridge (LAP; Luneburg, Germany). Patients were posi-
tioned by a radiation therapist and radiographer, using identical ancil-
lary equipment as their CT scan, and aligned using their tattoos and the 
external laser bridge. An 18 channel body coil was positioned in a Qfix 
INSIGHT MR Body coil holder over the pelvic region to avoid 
compression of the external body contour and a 32 channel spine coil 
was utilised under the flat couch top. All patients were scanned with a 
full bladder and empty rectum for their CT and MRI scan and minimum 
scan range included from the top of 3rd lumbar vertebrae, to mid femur. 

A standard T1 VIBE DIXON was adapted from the original scanning 

protocol (see supplementary material A for details), these adaptations 
made were within the limits outlined in the product terms of use. This 
sequence was added to the patient’s routine MRI scanning protocol and 
care was taken to ensure the external body contour was included. The 
MRI was retrospectively post-processed on the SyngoVia (VB30A_HF03) 
software platform (Siemens Healthineers; Erlangen, Germany) to create 
the sCT utilising Siemens Healthineers’ commercial sCT generation 
product. The sCT creation process, was a hybrid technique utilising a 
multi-atlas based registration method to create bony contours (sepa-
rated into cortical bone and trabeculae bone), a tissue class segmenta-
tion method to outline the fat and muscle/visceral tissue, and 
thresholding to segment air. Each of these five tissue classes were 
assigned a bulk HU value to create the sCT [20]. 

Treatment planning was performed using the Eclipse treatment 
planning system (version 15.6; Varian Medial Systems) and AAA_13623 
calculation algorithm. An in-house calibration curve (REDCT) was used 
for HU to electron and mass density conversion on the conventional CT 
scan. Thirty-nine patients were planned as 6-MV, 2–3 arc VMAT 
(Volumetric Modulated Arc Therapy), while one patient in the prostate 
cohort was planned as 6-MV, 7 field sliding-window IMRT (Intensity 
Modulated Radiation Therapy) due to radiation oncologist preference. 

2.2. Validation 

The MRI and paired sCT were imported into the treatment planning 
system. A HU to RED curve supplied by Siemens Healthineers (REDsCT) 
was applied to the sCT, values for this curve are outlined in Table 2. The 
MRI was registered to the planning CT scan using automatic rigid 
registration, while the sCT was registered to the MRI scan by mutual 
frame of reference information. The CT based treatment plan and 
structure set was copied to the sCT and the treatment plans were 
recalculated with identical monitor unit values and calculation 
algorithm. 

To evaluate dose accuracy, the International Commission on Radia-
tion Units and Measurements (ICRU) reference point for each plan was 
copied from the CT based plan to the sCT. The dose impact to the 
planning target volume (PTV) and organs at risk (OAR) was evaluated 
using relevant dose volume histogram (DVH) parameters for these 
structures, as per standard guidelines for each treatment site [25–29]. 
Several DVH parameters were evaluated for each structure, the average 
dose difference for each structure was a combined average of each of 
these parameters for each structure. The percentage dose difference was 

Table 1 
Patient Demographics.   

Cohort size Age range BMI range (kg/m2) Primary treatment site Staging range Gender 

Prostate Cohort 20 56–80 (mean = 73) 23.3–37.0 (mean = 30.3) Prostate (n = 20) T1c-T3b Male (n = 20)  

Greater Pelvis Cohort 20 38–80 (mean = 62) 18.2–36.7 (mean = 26.4) Rectum (n = 14) T1N0-T4aN1c Male (n = 10)       
Female (n = 4)     

Anal Canal (n = 1) T2N1 Female (n = 1)     
Cervix (n = 2) IIB Female (n = 2)     
Endometrium (n = 3) IIIA-IIIC Female (n = 3)  

Table 2 
Final values for the supplied and derived modified RED and mass density curves.  

Tissue Class Hounsfield Unit 
(HU) 

Relative Electron 
Density 

Relative Mass 
Density (g/cm3) 

Supplied Derived Supplied Derived 

Air − 1000 0.001 0.001 0.001 0.001 
Fat − 75 0.950 0.977 0.950 0.991 
Muscle/ 

visceral 
0 1.017 1.032 1.022 1.046 

Trabeculae 204 1.096 1.125 1.143 1.170 
Cortical Bone 1170 1.695 1.451 1.823 1.540  
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calculated with (DsCT-DCT)/DCT * 100%. Statistical significance of the 
dose difference at ICRU reference point was determined using a paired t- 
test with a significance level of 0.05. Shapiro-Wilk test was used to test 
for normality of the data to validate the use of the t-test. Three- 
dimensional gamma analysis was used to evaluate the dose impact of 
the sCT on the treatment plan with reference to the treatment plan on 
the planning CT scan. This method was performed using an in-house 
MATLAB code (MATLAB; MathWorks), and included a dose-difference 
(%) and distance to agreement (mm) of 3%/2 mm, 2%/2 mm, and 
1%/1 mm. An erosion of 15 mm of the body perimeter was applied to 
exclude failures which occur at skin edge due to small unavoidable 
differences in body contour between data sets. The 3D gamma results 
were deemed acceptable, if the results for all patients was within 
American Association of Physics in Medicine (AAPM) TG218 report 
guidelines of >95% at 3%/2 mm [30]. 

The anatomical accuracy was assessed for the entire body contour 
and bony regions on the CT and sCT, using a DICE similarity coefficient 
DSC = 2[A ∩ B]/A + B and volume comparisons of body and bone 
contours created for the CT, sCT and MRI data sets for each patient. 

2.3. Adaptation of HU to electron density table 

Two methods to derive an optimal HU to RED curve were investi-
gated. In the first method a mapping was derived that, when applied to 
the sCT, gave the same resultant average electron and mass density for 
the five sCT tissue classes as the in-house CT and REDCT curve (REDsCT, 

av). In the second method a mapping was derived to give average point 
dose agreement of ~zero to CT and REDCT at isocentre (REDsCT,mod). 

The entire bone structure was outlined and the fat and muscle/ 
visceral tissue were defined using thresholding on the CT as defined by 
the fat and muscle/visceral peaks on the tissue density histogram. The 
volume of cortical bone present on the sCT varied greatly therefore, the 
cortical bone and trabeculae bone structures were copied from the sCT 
to the CT scan and restricted to the bony region defined on the CT. 

REDsCT,av was created by mapping the tissue class HU values of the 
sCT to the average electron and mass densities obtained from the cor-
responding segmented tissue classes from the CT and REDCT. The REDave 
was then applied to the sCT, doses recalculated and the percentage dose 
difference at ICRU reference point to the CT plan was recorded for each 
patient. 

For the second method an REDmod was created, by calculating the 
optimal relative electron density of each tissue type using Choi et al.’s 
method of a linear plot, applied to electron density rather than HU [12]. 
This method relies on the relationship between tissue density and dose 
difference at the ICRU point. When a higher or lower density is applied 
to a tissue type, the dose at the reference point is respectively lesser or 
greater. The percentage dose difference can be plotted against tissue 
density at two tissue densities, and the equation of a line can be used to 
derive the ideal tissue density; when the percentage dose difference 
between CT and sCT equals zero, for each tissue type separately. Optimal 
values were investigated for each tissue type to create the REDsCT,mod 
curve, which was then applied to the sCT and doses were re-calculated 
on both the CT and sCT using AcurosXB_15605 dose to medium 

calculation algorithm. 

3. Results 

The 3D gamma results for the sCT with the supplied REDsCT applied 
are outlined in Table 3. The results were deemed acceptable, as the 
gamma pass rate for all patients were within AAPM TG218 report 
guidelines, with a 99.6% ± 1.0 (mean ± 1 SD) pass rate at a criteria of 
3%/2 mm for all patients. At a criteria of 1%/1 mm, the pass rate was 
84.0% ± 9.7 for all patients, with a higher pass rate in the prostate 
subgroup (88.6% ± 5.3) than the greater pelvis subgroup (79.5% ±
11.0). 

The percentage dose difference was statistically significant (t = 8.14, 
p < 0.005) between the treatment plan on the CT and the sCT (REDsCT) 
at the ICRU reference point for all patients at 1.2% ± 0.9% (range 0.8% 
− 3.9%); 1.3% ± 0.6% for prostate subgroup and 1.1% ± 1.1% for 
greater pelvis subgroup. The DVH percentage dose difference for all 
parameters combined was 1.0% ± 1.4% for all patients, 0.9% ± 1.9% for 
prostate subgroup, and 1.1% ± 0.6% for greater pelvis subgroup (Fig. 2). 
The greatest discrepancy in DVH results was for the bladder in the 
prostate subgroup (0.8% ±5.1%). The greater variation was due to 
outliers, however these corresponded to very low dose values, the 
average absolute dose differences for these was less than 1.0 Gy. 

On average, the sCT tissue volume was greater than the MRI (0.5% ±
1.5%) and CT (0.1% ± 1.2%) tissue volume. The sCT bone volume was 
greater than the MRI volume (0.1% ± 3.8%) and lesser than the CT 
volume (20.2% ± 6.9%). The Dice similarity coefficient for the MRI and 
sCT bone was 0.95 ± 0.04, and for the MRI to sCT tissue was 0.99 ± 0.0. 

When a uniform electron density equivalent to water, was applied to 
the body contour for both the CT and sCT, and the treatment plans on 
each was recalculated. The differences in body contour was found to 
have the greatest dose impact in the 1%/1 mm criteria of the 3D gamma 
dose comparison pass rate, for the greater pelvis cohort (93.5%) than the 
prostate cohort (99.2%). Indicating that body variations, away from the 
ICRU reference point, had a greater effect on the greater pelvis cohort 
than the prostate cohort. 

The resulting mean difference in relative electron density was greater 
on the CT scan for fat (+0.002), muscle/visceral (+0.015) and trabec-
ulae bone (+0.029), while cortical bone was lesser (− 0.244). 

3.1. Adaptation of HU to electron density table 

When the optimal RED values were calculated, cortical bone and 
trabeculae bone gave the greatest difference between the prostate and 
greater pelvis cohorts, therefore the bone tissue types were fixed at their 
average values for the final REDsCT,mod model. Fat and muscle gave a 
similar results between the prostate and the greater pelvis cohort. The 
optimal value for fat, derived from the linear plot (Fig. 1), was within the 
range of values derived from the CT, for this tissue type in the cohort. 
The optimal value for muscle did not fall within the range of values. 
Therefore, the optimal value for fat was used, and the average value for 
muscle used in the final REDsCT,mod model. The final relative electron 
density values were used to derive the corresponding mass density 

Table 3 
3D Gamma analysis results for all patients (n = 40), prostate cohort (n = 20) and greater pelvis cohort (n = 20) for plans on sCT with Siemens Healthineers’ REDsCT 
applied.   

3%/2 mm 2%/2 mm 1%/1 mm 

Pass Rate (%) Av Gamma Pass Rate (%) Av Gamma Pass Rate (%) Av Gamma 

All Patients 99.6 ± 1.0  0.18 ± 0.07  98.5 ± 2.6  0.27 ± 0.09  84.0 ± 9.7  0.53 ± 0.17  
range 100.0–96.1 0.03–0.38 100.0–86.8 0.05–0.54 100–52.0 0.10–1.07 
Prostate 100.0 ± 0.1  0.15± 0.04  99.7 ± 0.4  0.22 ± 0.06  88.6 ± 5.3  0.44 ± 0.11  
range 100.0–99.7 0.03–0.21 100.0–98.3 0.05–0.30 100.0–79.6 0.10–0.59 
Greater Pelvis 99.1 ± 1.4  0.22 ± 0.07  97.3 ± 3.3  0.31 ± 0.09  79.5 ± 11.0  0.63 ± 0.18  
Range 100.0–96.1 0.15–0.38 99.6–86.8 0.21–0.54 91.1–52.0 0.43–1.07  
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values from the REDCT curve, and both mapped to the HU values of the 
sCT to create the final REDsCT,mod, these values are outlined in Table 2. 

With the REDave applied, the percentage dose difference at ICRU 
reference point was 0.4% ± 0.7. With the REDsCT,mod (Table 2) curve 
applied to the sCT the percentage dose difference at the ICRU reference 
point improved to − 0.1% ± 0.8 (range = − 1.6–2.0), with no statistically 
significant difference between the CT and sCT values (t = − 1.2, p = 0.2) 
for all patients. The DVH results for the all parameters combined 
improved to − 0.1% ± 1.4% for all patients, − 0.2% ± 1.8% for the 
prostate subgroup and − 0.1% ± 0.9% for the greater pelvis subgroup 
(Fig. 2). The gamma results for all patients were within the AAPM 
TG218 report guidelines with a pass rate of 99.8% ± 0.5 at a criteria of 
3%/2mm for all patients. The 3D gamma analysis outlined in Table 4, 
showed improved agreement, most notably at a criteria of 1%/1mm, of 
which the pass rate was 92.9% ± 5.7 for all patients, with a higher pass 
rate for the prostate subgroup (96.0% ± 2.0) than the greater pelvis 
subgroup (89.8% ± 6.5). The REDsCT,mod was derived using AAA_13623 
algorithm and tested on AcurosXB_15605 dose to medium calculation 
algorithm to test if the derived values of electron density and mass 
density are applicable to algorithms which calculate based separately on 

Fig. 1. Linear relationship between the mean isocentre dose differences for two 
fat tissue electron density values ±1 SD. The x-intercept represents the optimal 
electron density used for fat. 

Fig. 2. DVH results by structure for REDsCT and REDsCT,mod applied to sCT.  

Table 4 
Gamma analysis results for all patients (n = 40), prostate cohort (n = 20) and greater pelvis cohort (n = 20) for plans on sCT with a derived curve REDsCT,mod applied.   

3%/2 mm 2%/2 mm 1%/1 mm 

Pass Rate (%) Av Gamma Pass Rate (%) Av Gamma Pass Rate (%) Av Gamma 

All Patients 99.8 ± 0.5  0.14 ± 0.04  99.6 ± 0.9  0.2 ± 0.1  92.9 ± 5.7  0.4 ± 0.1  
range 100.0–97.5 0.08–0.27 100.0–95.3 0.12–0.37 98.3–71.1 0.24–0.77 
Prostate 100.0 ± 0.1  0.12 ± 0.02  99.9 ± 0.1  0.16 ± 0.03  96.0 ± 2.0  0.30 ± 0.08  
range 100.0–99.8 0.08–0.16 100.0–99.5 0.12–0.25 98.3–91.1 0.24–0.41 
Greater Pelvis 99.6 ± 0.7  0.16 ± 0.04  99.2 ± 1.1  0.22 ± 0.05  89.8 ± 6.5  0.44 ± 0.11  
range 100.0–97.5 0.11–0.27 99.9–95.3 0.17–0.37 94.9–71.1 0.33–0.77  
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electron density and mass density values. 

4. Discussion 

The results of the analysis of a commercial sCT product, presented in 
this article, appeared to have a systematic difference resulting in average 
percentage dose difference between the CT and sCT of 1.2%. The results 
aligned with difference in the average tissue values for the tissue classes 
on the sCT compared to the CT. As the output of HU values cannot be 
controlled by the user in commercial sCT products, this study took a 
novel approach to applying Choi et al.’s linear plot to derive a suitable 
REDsCT,mod table to give optimal dose results [12]. The application of the 
derived modified density curve reduced the average percentage dose 
difference at ICRU reference point, the DVH parameters and the 3D 
gamma comparison between the plan on the CT and sCT. This indicated 
that the derived density curve method was successful in improving the 
dose results for the sCT data set. 

The results presented for MRI only radiotherapy planning in this 
study can be compared to similar studies performed on other sCT gen-
eration software, for patients with prostate, rectal and gynaecological 
cancers [22]. The mean dose difference at reference point, DVH pa-
rameters and 3D gamma comparison was slightly lower for Tyagi et al.’s 
study than this study, with the supplied density curve, however with the 
derived curve applied to the sCT, the results are very similar [22]. The 
results presented in this paper also compare favourably to other sCT 
methods such as a manual tissue class segmentation method and a multi- 
atlas based with patch based local weighted voting method applied to 
prostate cancer treatments, where the multi-atlas based method gave a 
slightly higher agreement in reference point dose difference and gamma 
pass rate [15]. 

The availability of sCT software makes MRI planning more accessible 
and viable for clinical departments, resulting in a more widespread 
application and utilisation of MRI only planning. These sCT generation 
methods have the advantage of the ability to apply the model on male 
and female pelvic anatomy, the speed of sCT generation, and coverage of 
the sCT model; opening the scope to treat more patients with a MRI only 
planning workflow. However, sCT software products are not without 
their potential sources of uncertainty. It is recommended by the authors 
that departments utilise similar dosimetry validation methods presented 
in this study, for sCT software commissioning. An approach has been 
demonstrated in this study for deriving a density curve that yielded more 
accurate dose results, however these results apply to our departmental 
density curves, if departments are looking at adopting this adaptation, it 
is advised to perform similar validation. 

This study has shown that a sCT generation software is a viable so-
lution for MRI only radiotherapy planning for male and female patients 
with pelvic cancer. Although a systematic source of dose difference was 
identified, the gamma dose agreement was within the AAPM guidelines 
of >95% pass rate with a criteria of 3%/2 mm. Additionally the dose 
difference is still relatively low and most likely within department tol-
erances for treatment planning. 
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