(2021) 16:66
Lerner et al. Radiat Oncol
https://doi.org/10.1186/s13014-021-01794-6

Open Access

RESEARCH

Clinical validation of a commercially
available deep learning software for synthetic
CT generation for brain
Minna Lerner1,2* , Joakim Medin1, Christian Jamtheim Gustafsson1,2, Sara Alkner3,4, Carl Siversson5 and
Lars E. Olsson1,2

Abstract
Background: Most studies on synthetic computed tomography (sCT) generation for brain rely on in-house developed methods. They often focus on performance rather than clinical feasibility. Therefore, the aim of this work was
to validate sCT images generated using a commercially available software, based on a convolutional neural network
(CNN) algorithm, to enable MRI-only treatment planning for the brain in a clinical setting.
Methods: This prospective study included 20 patients with brain malignancies of which 14 had areas of resected
skull bone due to surgery. A Dixon magnetic resonance (MR) acquisition sequence for sCT generation was added to
the clinical brain MR-protocol. The corresponding sCT images were provided by the software MRI Planner (Spectronic
Medical AB, Sweden). sCT images were rigidly registered and resampled to CT for each patient. Treatment plans were
optimized on CT and recalculated on sCT images for evaluation of dosimetric and geometric endpoints. Further
analysis was also performed for the post-surgical cases. Clinical robustness in patient setup verification was assessed
by rigidly registering cone beam CT (CBCT) to sCT and CT images, respectively.
Results: All sCT images were successfully generated. Areas of bone resection due to surgery were accurately
depicted. Mean absolute error of the sCT images within the body contour for all patients was 62.2 ± 4.1 HU. Average absorbed dose differences were below 0.2% for parameters evaluated for both targets and organs at risk. Mean
pass rate of global gamma (1%/1 mm) for all patients was 100.0 ± 0.0% within PTV and 99.1 ± 0.6% for the full dose
distribution. No clinically relevant deviations were found in the CBCT-sCT vs CBCT-CT image registrations. In addition,
mean values of voxel-wise patient specific geometric distortion in the Dixon images for sCT generation were below
0.1 mm for soft tissue, and below 0.2 mm for air and bone.
Conclusions: This work successfully validated a commercially available CNN-based software for sCT generation.
Results were comparable for sCT and CT images in both dosimetric and geometric evaluation, for both patients with
and without anatomical anomalies. Thus, MRI Planner is feasible to use for radiotherapy treatment planning of brain
tumours.
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Background
Due to its excellent soft tissue contrast, the use of Magnetic Resonance Imaging (MRI) is considered standard
for radiotherapy planning in treatment of brain tumours
[1]. However, CT images are still used in the workflow
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since they provide information about electron densities
in various tissues, expressed in Hounsfield units (HU),
which are needed for dose calculations performed by the
treatment planning system. As a result, the MR images
need to be registered to the CT images. This process
introduces an undesired systematic geometrical uncertainty in the treatment planning process, which for brain
images has been found to be in the order of 2 mm [2].
In order to avoid this registration uncertainty, the use of
a single imaging modality would be advantageous. This
was recently pointed out for stereotactic brain radiotherapy [3]. If information regarding various electron densities in the patient could be provided from MR images,
the CT examination could be excluded from the workflow, thereby avoiding the image registration uncertainty
and enabling an MRI-only workflow.
The development of methods for generating images
with electron density information (HU) from MR images
of different parts of the body has gained considerable
attention, and the subject has recently been the topic of
two major review papers [4, 5]. The information from MR
images acquired with one or several MRI pulse sequences
are converted into images representing HU, often
referred to as pseudo CT or synthetic CT (sCT) images.
The latter nomenclature will be used in this paper. Both
review papers [4, 5] grouped the sCT generation methods into three main categories: bulk density assignment,
atlas-based techniques, and voxel-based techniques. All
three methods have been applied to the brain region
with acceptable results but they are marred by certain
limitations [5]. For the bulk density method, one limitation is the necessary segmentation of bone prior to sCT
generation [6], which often requires manual input. The
atlas-based methods are limited by the capability to handle patients with anatomical anomalies [7–9]. Atypical
anatomy may not be a problem for voxel-based methods.
However, the voxel-based methods frequently rely on
the use of MR images from multiple sequence acquisitions [10], which results in extended scanning time and
increased risk for patient motion. In addition, timeconsuming manual segmentation of bone or air is often
needed also for this method.
Recently, an additional category of methods for sCT
generation for the skull was suggested [11]. The new
method is based on deep learning using convolutional
neural networks (CNN). Deep learning is a sub field of
machine learning, where algorithms are developed to
solve problems by learning from data and experience. The
goal is to create models that can be trained to predict and
produce new and accurate information from previously
unseen data and the proposed technique has numerous
of applications in medical imaging [12]. Deep learning
differs from the other sCT methods since it relies on a
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dedicated elaborate machine learning training procedure
in which matching or independent data sets of CT and
MR images are fed into the model construction.
There are several examples of recent studies using
deep CNN for generating sCT images of the skull. Various computing techniques have been applied and the
sCT images have been evaluated against CT images with
respect to HU and dosimetric accuracy for treatments of
brain tumours or metastases. Reported results show differences in mean absolute error of HU between 55 and 85
HU [11, 13–17] and dosimetric differences between sCT
and CT below 1% in the planning target volume [14, 15].
Quantitative evaluation of the overlap in bone for sCT
and CT images using dice similarity coefficient (DSC)
resulted in a DSC of 0.85–0.98 [13–15].
One aspect that has received less attention in previous
studies using deep learning methods is anatomical anomalies such as bone resection due to surgery. Since deep
learning methods allow for extensive data augmentation
and typically generalizes much better than other methods, the network may be robust also to features occurring rarely in clinical data. Patients with primary brain
tumours or brain metastasis often have received surgery
prior to the start of radiotherapy [18, 19], and as a result
the anatomy of the skull may diverge from the normal
shape. A correct depiction of the skull is important for
accurate treatment planning and delivery. In particular,
the small anomalies, e.g. missing skull bone, are attractive
anatomical landmarks when visually verifying the automatic registration during patient positioning. If the sCTgeneration software cannot handle post-operative cases,
patients may have to be excluded from the use of this
technique. Hence, an accurate result of the anatomical
anomalies from the sCT-generation method is important
for a more general clinical implementation of an MRIonly radiotherapy planning workflow for brain.
The aim of this study was to evaluate the recently
released software MRI Planner (Spectronic Medical AB,
Helsingborg, Sweden), which utilizes the deep learning
based Transfer Function Estimation (TFE) algorithm to
generate sCT from MR-images of the skull, head-neck
and pelvic regions [20]. The dosimetric and geometric accuracy for sCT images compared to conventional
CT images was studied for patients with brain tumours,
including anatomical anomalies due to pre-irradiation
surgery. Finally, patient positioning using sCT images as
references was investigated.

Method
Study design

This study was a prospective, non-invasive study
approved by the regional ethics review board (dnr:
2018/445). Inclusion criteria were patients with glioma
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or brain metastases referred to MR and CT treatment
planning examinations prior to external radiotherapy of
the brain. The patients received oral and written information prior to study inclusion and signed a written consent
if participating. Study participation did not affect treatment prescription and routine clinical workflow was
followed.
Patient data and imaging

The population included 20 consecutively recruited
patients with prescribed treatment for glioma (n = 10)
or one or several brain metastases (n = 10). 14 of
the patients had parts of the skull bone missing due to
surgical procedures prior to radiotherapy. The largest
piece of resected bone in this set of patients was 3 cm,
but the majority of the patients had drill holes of approximately 1 cm in diameter (for details please see Table 2).
The mean age of the patients was 68 ± 9 years (range:
42–81 years).
Individual neck support and three point hybrid
head immobilisation masks (Orfit Industries NV, Wijnegem, Belgium) fixated the patient during CT and MR
examinations, and in the following radiotherapy treatment sessions. CT images were acquired using a Siemens Somatom Definition AS + (Siemens, Erlangen,
Germany) with tube voltage 120 kV and 2 mm slice
thickness with pixel sizes varying from 0.7 × 0.7 mm2 to
1.0 × 1.0 mm2. MR images were acquired within a few
hours after the CT examination using a 3 T GE Discovery 750 W (Software version DV26.0-R03-1831.b, GE
Healthcare, Chicago, Illinois, USA). During MR examination, a flat table top and 6 channel receiver flex coils were
used.
Dixon MR images (in-phase, out-of-phase, water
and fat) were required by the sCT generation software.
Hence, a 3D IDEAL Dixon fast spoiled gradient echo
(SPGR) acquisition sequence (Table 1), was added prior
to contrast agent injection in the clinical MR protocol,
extending the original 20 min protocol with 4.5 min.
Slice thickness was 2 mm and in-plane resolution was
1.1 × 1.1 mm2. The Dixon output images were automatically reconstructed in-phase, out-of-phase, water and fat
images. The Dixon sequence was modified to also produce a patient specific B0 distortion map, enabled by
using a GE Healthcare customer variable (CV) parameter option in the sequence. Patient specific distortion
was reduced by choosing a bandwidth of 744 Hz/pixel
(440 Hz being the difference in resonance frequency
between fat and water at 3 T) [21].
The vertical position of the treatment couch relative
to the isocenter is a required parameter in the treatment
planning system (TPS) to allow for accurate absorbed
dose calculations due to attenuation in the couch. In the
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Table 1 Scanning
sequences

parameters

of

the

MRI-only

specific

Scanning parameter

3D IDEAL Dixon Fast
SPGR

ZTE

Scanning time

4 min 30 s

21 s

Number of slices

116

20

Slice thickness

2 mm

4 mm

Slice gap

0 mm

0 mm

Bandwidth

744 Hz/px

434 Hz/px

Echo times

2.18, 2.97 & 3.76 ms

0 ms

Number of echo times

3

1

3D distortion correction

Enabled

Enabled

Field of view

240 mm × 240 mm

280 mm × 280 mm

224 × 224

192 × 192

Scanned voxel size
Scan matrix
Reconstructed voxel size
Reconstructed matrix
size

1.1 mm × 1.1 mm

0.5 mm × 0.5 mm
512 × 512

1.5 mm × 1.5 mm

1.1 mm × 1.1 mm
256 × 256

conventional workflow the couch is visible in CT images
and easily handled in the TPS. However, for the MR
Dixon images the field of view did not cover the couch.
Furthermore, due to the used echo times in the Dixon
sequence the couch itself did not yield any substantial
MR signal. Instead, in order to identify the vertical position of the treatment couch a Zero Echo Time (ZTE)
sequence with ultrashort echo time (uTE) and a total
scan time of 21 s was added. The position of the identified treatment couch in the ZTE images was validated
against its position in the CT images, as part of preparing
for a clinical MRI-only treatment workflow.
sCT generation

To generate sCT images, a pre-release of the CE-marked
software MRI Planner (v 2.2, Spectronic Medical AB,
Helsingborg, Sweden) was incorporated to the clinical workflow through a cloud based service. Input files
were the four MR-Dixon images (in-phase, out-of-phase,
fat and water), which were exported directly from the
MR-platform. The MRI Planner uses a high-resolution
residual three dimensional deep CNN, with the TFEalgorithm, as described by the vendor [20]. Part of the
training data set was obtained within a pre-study of this
project, including several post-surgical cases with bone
resection. There was no overlap between the training
data and the data evaluated in this study. The MRI Planner software was recently evaluated for head and neck
patients [22], where further details about the sCT generation method can be found.
The exported DICOM files were automatically pseudoanonymized before leaving the hospital network and
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Table 2 Patient overview with details about treatment, tumour location and bone resection
Patient

Glioma (G)/
metastasis (M)

Prescribed
dose [Gy]

Beam configuration

1

M

25.0

2 arcs

2

G

34.0

2 arcs, NC

3

M

30.0

1 arc

4

M

30.0

3 arcs, NC

5

G

40.05

1 arc

6

G

40.05

7

G

8***

PTVvol [cc]

Bone resected
(yes/no)

Max d* [mm]

Tumour location

31

N

–

Right thalamus

408

Y

10

Right frontal/temporal

5

Y

10

Left frontal

Y**

10

Right occipital

181

Y

10

Left frontal/parietal

2 arcs

448

Y

10

Right temporal

40.05

2 half arcs

186

Y

10

Left occipital/temporal

M

30.0

2 arcs

21

Y

20

Cerebellum

9

M

30.0

1 arc

41

N

–

Right frontal

10***

M

30.0

2 arcs

2

N

–

Left occipital

11

G

60.0

4 arcs, NC

439

Y

10

Bilateral frontal/temporal

12

G

34.0

2 half arcs

314

Y

10

Left frontal/temporal

13

M

24.0

2 arcs

63

N

–

Left temporal

14

G

60.0

2 arcs

179

Y

10

Left frontal/temporal

15

G

60.0

2 half arcs

168

Y

10

Left temporal/occipital

16***

G

60.0

2 arcs, NC

430

Y

30

Left hemisphere

17

M

30.0

2 arcs

16

N

–

Left parietal

18

G

25.0

2 arcs

318

Y

10

Left hemisphere

19

M

30.0

2 arcs, NC

21

Y**

10

Right occipital

20

M

30.0

3 arcs, NC

25

N

-

Right parietal

10

Patients identified as having targets in complex regions were number 2, 6, 8, 11, 14, 16 and 18
*

Max d refers to the maximum diameter of the bone resection. One patient may have more than one resection area, in which case the largest one is presented

**

Bone resection from previous surgery, not adjacent to the PTV evaluated in this study

***

Three of the patients are presented in Fig. 1 to represent the range of tumour locations and sizes; patient 10 corresponds to patient A, patient 8 corresponds to
patient B and patient 16 corresponds to patient C

labelled with an individual key identifier. The sCT generation time was 4–6 min [20]. Upon return of the generated sCT the cloud link software restored the patient
information to the images. The sCT images were rigidly
registered to the CT images using bone match in six
degrees of freedom (X, Y, Z, pitch, roll and rotation) with
a registration box including the whole head and a caudal cut-off below the base of the brain. Finally, the sCT
images were resampled to the resolution of the CT before
import to the treatment planning system.
Geometric distortion

Phantom measurements were carried out prior to patient
inclusion to determine the impact of system dependent geometric distortion, due to main magnetic field
inhomogeneities and gradient non-linearities. For this
purpose, the GRADE phantom for geometric distortion
measurements (Spectronic Medical AB, Helsingborg,
Sweden) [23, 24] was imaged using the Dixon sequence
with the same acquisition parameters as in Table 1,
except for the field of view which was set to 500 × 500
mm2 and the scan matrix of 512 × 512 to fit the phantom
size. The phantom contains approximately 1200 spherical

markers which were automatically evaluated relative to a
control template.
Patient specific distortion, due to chemical shift and
susceptibility effects, are manifested as geometric distortions in the frequency encoding direction [25], defined
in the anterior/posterior direction for the used Dixon
sequence. To estimate the patient specific distortion,
each patient’s B0 distortion map was evaluated voxelwise. Each pixel in the distortion map contained the
deviation in resonance frequency compared to the centre frequency in Hz, and was recalculated to mm absolute
distortion (d), according to the following equation:

d=

|B0 |
· pixel size
BW

(1)

The bandwidth (BW) was expressed in Hz/pixel and
the pixel size corresponded to one side of the isotropic
pixel in mm. The geometric distortion was calculated for
three regions; brain, bone and air within the body contour of the patient. The teeth and jaw areas were excluded
as these regions did not intersect with the radiation beam
path. Bone segmentation was extracted from CT images
for voxels of 250 HU and above while air was segmented
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for voxels less than − 900 HU. The binary masks were
overlaid on the distortion maps.
Treatment planning

For each patient a volumetric modulation arc therapy
(VMAT) treatment plan was clinically optimised on the
CT images in the Eclipse treatment planning system
(TPS) (v. 13.6.23, Varian Medical Systems, Palo Alto, CA,
USA). The VMAT plans contained 1–4 arcs to be delivered on Varian TrueBeam. For more details, see Table 2.
Relevant organs at risk (OAR) in relation to target position were defined and all radiotherapy structures delineated on the CT images, except for the body contour,
were then transferred to the sCT images. A new body
structure for the sCT was automatically generated at
image import. Absorbed dose was calculated using the
anisotropical analytical algorithm (AAA, 13.6.23) with
1.0 × 1.0 mm2 or 2.5 × 2.5 mm2 grid size. Only HU values
of voxels within the body contour and the assigned HU
values within the couch structure were included in the
dose calculation. The original treatment plan was recalculated on the sCT images, using identical plan parameters keeping the number of monitor units fixed.
sCT evaluation

The HU of the sCT images were evaluated based on
pixel-to-pixel comparison to the CT images using mean
absolute error (MAE) and mean error (ME) in three
regions; within the intersection of the body contours
(denoted body), brain and bone (excluding teeth and
jaw). Dice similarity coefficient (DSC) was used to evaluate overlap in bone in the sCT and CT images with bone
segmentation done at threshold 250 HU. All evaluations
were carried out in MICE Toolkit (v. 2020.2.1 (Beta),
Nonpi Medical, Umeå, Sweden), R (v. 4.0.0, R Foundation for Statistical Computing, Vienna, Austria) [26] or in
Eclipse TPS.
Dosimetric evaluation

The prescribed dose ranged between 24 and 60 Gy
(2–10 Gy/fraction) over the patient population. More
details are found in Table 2. Due to the large variations in
fraction dose, all dosimetric results are presented as percentage of the prescribed dose.
Treatment plans for all patients were initially evaluated on the same criteria as in the clinical workflow. The
analysis included dose volume histogram parameters
for the planning target volume (PTV) and organs at risk
(OAR), which were patient individual due to different
target positions. Dose differences were evaluated using
a Wilcox rank sum test. Separate statistical evaluation
of the dose differences was performed for a subgroup of
seven patients who were identified as having targets in or
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near complex regions, such as the nasal cavity (Table 2,
patients # 2, 6, 8, 11, 14, 16 and 18). 3D global gamma
analysis was performed of the full dose grid (cut-off dose
at 15%) at 3%, 3 mm, 2%, 2 mm and 1%, 1 mm, comparing the dose distributions on sCT and CT images for all
patients.
Anatomical anomalies due to surgery

Patients who had undergone surgery prior to radiotherapy were further evaluated with focus on the skull bone
resection. Volumes of interest (VOI) were manually
delineated in the slices covering the resected bone region,
with an added margin of 1 cm. MAE for bone and DSC
were then calculated within the individual VOI for each
of these patients.
Patient set‑up verification

To evaluate the feasibility of a complete MRI-only workflow, the cone beam CT (CBCT) images from one fraction of the conventional treatment for each patient were
retrospectively registered to the sCT and CT images,
respectively. Registration was performed in the TPS,
using rigid bone registration (200–1700 HU) in six
degrees of freedom. The registration box included the
whole head, and a caudal cut-off at the skull base. Since
the CT and sCT images were already in the same frame
of reference, the results from the image registration of
CT-CBCT could be subtracted from sCT-CBCT and
compared separately for each degree of freedom.

Results
Geometric evaluation of MRI for sCT generation

The mean geometric distortion was 0.3 mm within a
radius of 15 cm from the MRI isocenter obtained for the
system related distortion, as measured using the GRADE
phantom. The corresponding maximum distortion within
15 cm was 1.1 mm.
The average patient specific geometric distortion in the
frequency encoding direction for the whole brain, air and
bone was estimated to 0.07 ± 0.04 mm, 0.16 ± 0.06 mm
and 0.10 ± 0.03 mm, respectively. The corresponding
maximum distortions within the patient population were
0.9 mm, 1.3 mm and 1.2 mm, for brain, air and bone
respectively. Finally, the maximum distortion within the
99% percentile was 0.9 mm or less for all patients and
regions.
ZTE evaluation

A representative case of a ZTE image is presented in
the Additional file 1: Fig. E1. The vertical position of the
treatment couch was successfully identified in the ZTE
images within 0.1 ± 0.2 cm compared to its position in
the CT images for the evaluated patients.
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well for the soft tissue in the brain. Average DSC was
0.92 ± 0.01 [0.90–0.94].
Dosimetric evaluation

Fig. 1 Transversal MR-Dixon (in-phase), synthetic CT and CT images
for three patients (a–c) with PTV structures displayed in blue and
regions of bone resection due to surgery within the red box (patient
b, c). The volumes of the PTVs are displayed in the leftmost column

For the evaluated DVH parameters, the absorbed dose
deviations between sCT and CT calculated treatment
plans were within 0.5% except for one value at 0.7%
(Fig. 2). The OAR doses are included for those patients
where the structure was delineated (chiasma: n = 13,
brainstem: n = 18). The average deviation for Dmean
(PTV) and D98% (PTV) ± 1 S.D. [range] was 0.1 ± 0.2%
[− 0.3 to 0.5%] and 0.1 ± 0.2% [− 0.1 to 0.5%], respectively. The corresponding results for D2%(brainstem)
was 0.0 ± 0.1% [− 0.2 to 0.3%], and for D2%(chiasma)
0.0 ± 0.2% [− 0.7 to 0.3%]. None of these are statistically significant (p > 0.05). Neither for the sub group of
patients with targets near complex regions compared to
the patients with targets in non-complex regions were
there any statistically significant difference (p > 0.05) in
absorbed dose.
The 3D global gamma evaluation of the full dose distribution with 15% dose cut-off at three different dose and
distance criteria was performed for all patients (Table 4).
Pass rate for gamma evaluation (1%, 1 mm) of the voxels
within the PTV was 100.0 ± 0.0% [99.9–100.0%].
Anatomical anomalies due to surgery

sCT evaluation

Patients included in the study had PTV sizes in the range
2–448 cm3. Representative cases of MR-sCT-CT images
for three patients (A-C) with different PTV sizes and
tumour locations are shown in Fig. 1. Patient B and C had
regions of skull bone resection due to surgery. The corresponding representative images for all patients can be
found in the supplementary material (Additional file 1:
Figs. E2–E5).
The average MAE and ME for the studied patient population are presented in Table 3. The ME shows that HUvalues in the sCT images within the patient population
were underestimated for bone, whereas the HU agreed

A subgroup of 14 patients had regions of bone resection due to surgery prior to radiotherapy. The sub-analysis resulted in average MAE of 176.5 HU ± 18.8 HU
[153.1–208.0 HU] for bone in the whole skull and 222.0
HU ± 59.8 HU [99.9–359.2 HU] for bone in the volume
surrounding the resection area (VOI). The DSC calculated for the whole skull averaged over the 14 patients
was 0.92 ± 0.01 [0.90–0.94] compared to 0.90 ± 0.04
[0.81–0.95] in the VOI. For comparison, the remaining non bone resected six patients had an average MAE
of 164.1 HU ± 14.4 HU [144.3–179.7 HU] for bone and
average DSC of 0.93 ± 0.01 [0.90–0.94].

Table 3 Overall statistics of mean absolute error (MAE) and mean error (ME) comparing sCT and CT images for body, brain and bone.
The results for bone are also presented separately for bone resected patients (n = 14) and non-resected patients (n = 6)
Number of patients

Body

Brain

Bone

Bone (Resected)

Bone (Non-resected)

20

20

20

14

6

MAE [HU]
Mean ± 1 S.D

Range

62.2 ± 4.1

56.2–70.4

9.5 ± 0.7

8.3–11.2

173.8 ± 18.2

144.3–208.0

176.5 ± 18.8

153.1–208.0

164.1 ± 14.4

144.3–179.7

ME [HU]
Mean ± 1 S.D

Range

− 5.6 ± 4.6

− 13.5–1.5

1.3 ± 2.0

− 2.7–4.5

− 41.9 ± 18.3

− 74.8-(− 16.7)

− 40.0 ± 18.3

− 74.8-(− 16.7)

− 46.3 ± 19.4

− 70.0-(− 22.2)
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Fig. 2 Deviations in percentage between dose distributions calculated on sCT and CT images (sCT-CT) for PTV, brainstem and chiasma

Table 4 Global gamma pass rates comparing the sCT and CT
dose distributions using a 15% dose cut-off
Gamma criteria

Gamma pass rate ± 1 S.D.
(%)

3%, 3 mm

100.0 ± 0.0

2%, 2 mm

99.8 ± 0.2

1%, 1 mm
1%, 1 mm (PTV)

99.1 ± 0.6

100.0 ± 0.0

Range (%)
99.9–100.0
99.1–100.0
97.9–99.8
99.9–100.0

Patient set‑up verification

CBCT images were available for 19 out of the 20 patients.
CBCT images were unavailable for one patient as treatment was re-planned to a different machine with a different imaging modality (TomoTherapy). The differences
between the image registrations sCT-CBCT and CTCBCT for each degree of freedom are presented in Fig. 3.

Discussion
In this study, a commercially available software for sCT
generation was evaluated. The study results confirm that
MRI Planner can generate adequate sCT images for radiotherapy treatment planning of brain tumours. The software could also provide sCT images for those patients
in this study who had bone resection volumes due to
surgery prior to radiotherapy. This is to the best of our
knowledge the first evaluation of a commercially available sCT generation method that successfully handles
patients with bone resection in the skull.
To verify that requirements on geometric integrity
of MR images in a radiotherapy workflow were fulfilled

[21, 25], geometric distortion in the Dixon images, from
which the sCT images were generated, was investigated.
Within a radius of 15 cm from the MR isocenter, a radius
that covered the size of the skull for all patients, phantom
measurements showed 0.3 mm mean geometric distortion and a maximum value of 1.1 mm. The patient specific
evaluation, performed for each patient, yielded a mean
absolute distortion for all investigated regions below
0.2 mm. The largest patient specific distortion was correlated to air cavities, as expected [21], where a maximum
of 1.3 mm was found. The method to assess patient specific distortion reported in this study also included effects
from B0 deviations in the MRI system itself, resulting in
an overestimation of the patient specific distortion. Nevertheless, the maximum distortion found was small and
we could conclude that there was no need to separate
these effects from each other in this study. The effects of
the system and patient specific geometric distortions present in this study were of no clinical concern [27], as also
demonstrated in a previous head-and-neck study [28].
The SRS cases are more sensitive to distortions due to
small or no treatment margins, but deviations less than
one pixel (1 mm) for MR images used for sCT generation,
as shown here, are yet of minor clinical concern. Finally,
due to the fact that geometric distortions are scanner
specific, each clinic needs to evaluate this prior to implementing MRI-only workflows.
Dosimetric evaluation of the treatment plans recalculated on sCT and compared to the original CT-based
absorbed dose distribution, resulted in average absorbed
dose difference in PTV mean dose of 0.1 ± 0.2%, with
maximum deviations of 0.5%. The worst overall observed
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Fig. 3 Difference in image registration results between sCT-CBCT and CT-CBCT in translations (left column) and rotations (right column). The X, Y
and Z axis correspond to the following translations: X = left to right, Y = anterior to posterior and Z = superior to inferior. The histogram cells include
their right-hand endpoint. Bin sizes are 0.1 units

dose deviation was − 0.7% in D2% in chiasma for one
patient, however the corresponding mean dose difference
was only − 0.2%. Seven of the patients were identified
to have targets in complex regions, for example close to
the nasal cavity and sinuses. However, statistical testing
showed no significant difference (p > 0.05) in absorbed
dose deviations for this group compared to the other
patients. Gamma pass rate at the most strict evaluation
criteria, 1%, 1 mm of the full dose distribution, was on

average 99.1 ± 0.6% and 100 ± 0.0% when restricted to
the PTV. None of these differences are relevant in the
clinical setting, hence showing that the sCT images of
this study are suitable substitutes for CT images in the
dose calculation.
In the present study, 14 out of the 20 patients had volumes of bone resection due to surgical procedures prior
to radiotherapy. From our evaluation it was evident that
the MRI Planner was able to generate sCT images which
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accurately depicted the anatomy in regions of bone resection. For some patients part of the bone structure in the
sCT was a few mm thicker than in the CT, particularly
around the resection volume. This anomaly had however no significant effect on the results of the dosimetric
evaluation. The resulting MAE for bone and DSC in the
VOI surrounding the post-surgical region were within 1
S.D. of those including the whole skull. The results were
also comparable to those of the patients with intact skull
bone.
Another important evaluation concerns patient positioning at treatment, which in previous work has been
shown to be affected by abnormal anatomy [29, 30].
When excluding the CT in an MRI-only workflow, the
sCT images become the reference of image guided radiotherapy. The anatomical anomalies due to surgery are
often connected or adjacent to the target and therefore
commonly used as landmarks when reviewing the registration result. In this study, setup verification differed
on sub-mm in translational differences and sub-degrees
in rotations between sCT-CBCT and CT-CBCT image
registrations, which is well within reported variations of
automatic registration methods [31]. No significant difference was observed between patients with and without
volumes of bone resection. Hence, patient positioning
using MRI Planner generated sCT images as references
for CBCT-image registration is feasible in an MRI-only
workflow.
Evaluation of sCT for brain with anatomical anomalies
have been scarce in literature [4, 5, 32]. A few atlas-based
methods have been evaluated but the sCT generation
failed to assign the correct HU values in the region where
patient anatomy and atlas did not match [7–9]. A more
recent study reported a deep-learning-based approach
where the sCT images for two patients were visually wellrepresented in the regions affected by surgery [16]. This
study was done on a 1.0 T MR scanner and there was no
detailed or quantitative evaluation of the affected regions
with respect to geometry or dosimetry.
Previously published studies with deep-learning based
methods in the following comparison are based on a T1w
sequence, with or without contrast enhancement [11,
13–16, 33], whereas this study uses four-channel Dixon
MRI. 4–6 min scanning time has been reported for T1w
data acquisition [11, 14], comparable to 4.5 min for our
Dixon sequence. Even though this method requires an
extra sequence in addition to the clinical MR-protocol,
scanning time should not be a major concern given the
original protocol being in the time frame of 20 min. The
overall results in this study were in line with previously
published work, such as our average MAE of 62.2 HU
compared to reported MAE from just under 50 HU up
to 90 HU [13–16, 33]. The mean target dose differences
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between the dose distributions calculated on sCT and
CT images was 0.1 ± 0.2%, which agrees with previously
published values where similar or slightly larger deviations were found [14, 33]. Overlap in bone, DSC, between
sCT and CT images in this study was similar or better
than previously reported values [14, 15]. Mean patient
specific geometric distortion in the MR images used for
sCT generation was below 0.1 mm, which is in line with
previously reported values [14].
The immobilization mask was not depicted in the sCT
images since it did not yield any useful signal in the MR
Dixon images. Although present in the CT images of
comparison, the absence of a mask in sCT did not constitute a problem because absorbed dose calculation in
all images was only performed for the voxels within the
body contour and treatment couch structure. Even with
the fixation included in the dose calculations, the attenuation of the mask for photon irradiation (6–15 MV) is in
the order of 0.5%, according to the manufacturer, which
is not a concern for the dose delivered to the patients.
Due to the attenuation of radiation in the treatment
couch, the position is necessary for accurate absorbed
dose calculations. Since the couch did not provide any
signal in the MR Dixon images a ZTE sequences was
used to image the couch. Although these images had
poor signal to noise ratio, it was sufficient for the purpose
and the couch was successfully identified for all patients
investigated. In the present work, the top of the treatment couch was identified and the distance between the
couch and the lowest part of the patient skull was measured. An alternative method would be to fuse the ZTE
image with the sCT in the TPS directly to easily find the
correct vertical positon of the inserted couch. By adding
the ZTE sequence to the MR protocol, the position of the
couch can be retrieved accurately from image data rather
than an uncertain manual procedure using a ruler. It also
avoids a potential logistics problem transferring the distance information from the person operating the MRI to
the person performing the treatment planning.
To focus on the relevant differences between the
images during evaluation, the sCT was rigidly registered
to the CT in six degrees of freedom, prior to dose calculation. The dosimetric differences that were in fact present, even though small, were therefore a result of the
combined errors due to HU offset between sCT and CT
images, small geometric distortions in the Dixon images
and remaining deviations in positioning between MR and
CT examinations (despite registration). A different way to
evaluate doses would be to not only recalculate but rather
re-optimize the treatment plan on the sCT images, which
may result in different dose planning parameters between
the two plans. However, this adds another dimension of
uncertainty, and was therefore not applied in this study.

Lerner et al. Radiat Oncol

(2021) 16:66

Re-optimization has been shown to yield similar results
to re-calculation [33]. Another approach would be to
perform deformable image registrations to further isolate the relevant differences. However, major anatomical
variations are improbable in the brain or skull between
imaging sessions. Deformable image registration would
be more advantageous for other diagnoses such as head
and neck cancer, where larger anatomical variations are
expected. Hence, our conclusion was that a rigid registration was sufficient for the purpose of this study.
For target delineation in SRS, the recommendation
regarding geometric distortions and spatial resolution in
MR images is below 1 mm [27]. A 3D based T1w + Gd
image series (voxel size 1×1x1mm3) for delineation was
used in the present study, which fulfils this requirement.
However, the Dixon images for sCT generation and dose
calculation had 2 mm slice thickness. This is a limitation,
but for evaluating a steep gradient dose distribution and
CBCT image registrations, as performed in this study,
the spatial resolution was sufficient [34, 35]. Thus, the
validations performed in this study are applicable also
to SRS treatment plans, but to minimize partial volume
effects the Dixon protocol should be adjusted to fulfill
the requirement of 1 mm slice thickness prior to clinical
implementation of MRI-only SRS.
The long-term goal of this research is to implement the
MRI-only workflow for brain tumour radiotherapy using
MRI planner for sCT generation at our clinic. This is a
somewhat different approach from many of the previous
studies, where in-house developed generation methods
have been validated showing proof of principle rather
than a validation prior to a clinical implementation. Some
studies have a limited number of patients compared to
this work [29, 36–38] and most of them did not evaluate
anatomical anomalies [11, 14, 33]. We have observed that
the research field of sCT generation methods for brain in
general has progressed with great results. Yet, this is the
first clinical evaluation of a CE-marked sCT generation
software that enables a wider range of clinics to implement MRI-only radiotherapy planning for brain. We
hope that this study will help to promote further use of
this technology.

Conclusions
This is to the best of our knowledge the first study to
validate a commercial sCT generation software feasible
in the treatment of brain malignancies with and without
anatomical anomalies in the skull due to surgery. Comparable results were found between sCT and CT images for
both absorbed dose calculations and patient positioning.
This study paves the way for a clinical implementation of
MRI-only brain radiotherapy.
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CBCT: Cone beam computed tomography; CT: Computed tomography; DSC:
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resonance imaging; OAR: Organs at risk; PTV: Planning target volume; sCT:
Synthetic computed tomography; SD: Standard deviation; TFE: Transfer function estimation; TPS: Treatment planning system; uTE: Ultrashort echo time;
VMAT: Volumetric modulated arc therapy; VOI: Volume of interest; ZTE: Zero
echo time.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13014-021-01794-6.
Additional file 1. Complete image dataset.
Acknowledgements
The authors would like to acknowledge our excellent MR-staff for their
contribution in this work and thank the entire VINNOVA Gentle Radiotherapy
project group.
Authors’ contributions
Each author participated in either the planning of the study, managing the
study, conducting analyses, interpreting the results, writing or editing the
manuscript. All authors read and approved the manuscript.
Funding
Open access funding provided by Lund University. This work was supported
by Gentle Radiotherapy and The Swedish Agency for Innovation systems (VINNOVA) under grant 2016–02529 and 2016–03847, the Eurostars programme
of the European Commission (E! 12326 ILLUMINUS),”Allmänna sjukhusets I
Malmö Stiftelse för bekämpande av cancer”; Fru Berta Kamprads stiftelse för
utforskning och bekämpning av cancersjukdomar, Lund, SUS foundations,
Region Skåne.
Availability of data and materials
The datasets generated during/or analyzed during the current study are
not publicly available due to patient privacy concerns and institutional
regulations.

Declarations
Ethics approval and consent to participate
This study was reviewed and approved by the ethical review board in Lund
(No. 2018/445). A written informed consent was obtained from all participants.
Consent for publication
Not applicable.
Competing interests
C.S. is an employee of Spectronic Medical AB. The other authors declare that
they have no competing interest.
Author details
1
Radiation Physics, Department of Hematology, Oncology, and Radiation
Physics, Skåne University Hospital, Lund, Sweden. 2 Department of Translational Medicine, Medical Radiation Physics, Lund University, Malmö, Sweden.
3
Department of Clinical Sciences Lund, Oncology and Pathology, Lund
University, Lund, Sweden. 4 Clinic of Oncology, Department of Hematology,
Oncology and Radiation Physics, Skåne University Hospital, Lund, Sweden.
5
Spectronic Medical AB, Helsingborg, Sweden.
Received: 3 September 2020 Accepted: 23 March 2021

Lerner et al. Radiat Oncol

(2021) 16:66

References
1. Dawson LA, Menard C. Imaging in radiation oncology: a perspective.
Oncologist. 2010;15:338–49.
2. Ulin K, Urie MM, Cherlow JM. Results of a multi-institutional benchmark
test for cranial CT/MR image registration. Int J Radiat Oncol Biol Phys.
2010;77:1584–9.
3. Putz F, Mengling V, Perrin R, Masitho S, Weissmann T, Rosch J, Bauerle T,
Janka R, Cavallaro A, Uder M, et al. Magnetic resonance imaging for brain
stereotactic radiotherapy: a review of requirements and pitfalls. Strahlenther Onkol. 2020;196:444–56.
4. Edmund JM, Nyholm T. A review of substitute CT generation for MRI-only
radiation therapy. Radiat Oncol. 2017;12:28.
5. Johnstone E, Wyatt JJ, Henry AM, Short SC, Sebag-Montefiore D, Murray
L, Kelly CG, McCallum HM, Speight R. Systematic review of synthetic
computed tomography generation methodologies for use in magnetic
resonance imaging-only radiation therapy. Int J Radiat Oncol Biol Phys.
2018;100:199–217.
6. Jonsson JH, Karlsson MG, Karlsson M, Nyholm T. Treatment planning
using MRI data: an analysis of the dose calculation accuracy for different
treatment regions. Radiat Oncol. 2010;5:62.
7. Boydev C, Demol B, Pasquier D, Saint-Jalmes H, Delpon G, Reynaert N.
Zero echo time MRI-only treatment planning for radiation therapy of
brain tumors after resection. Phys Med. 2017;42:332–8.
8. Demol B, Boydev C, Korhonen J, Reynaert N. Dosimetric characterization
of MRI-only treatment planning for brain tumors in atlas-based pseudoCT images generated from standard T1-weighted MR images. Med Phys.
2016;43:6557.
9. Uh J, Merchant TE, Li Y, Li X, Hua C. MRI-based treatment planning
with pseudo CT generated through atlas registration. Med Phys.
2014;41:051711.
10. Zheng W, Kim JP, Kadbi M, Movsas B, Chetty IJ, Glide-Hurst CK. Magnetic
resonance-based automatic air segmentation for generation of synthetic
computed tomography scans in the head region. Int J Radiat Oncol Biol
Phys. 2015;93:497–506.
11. Han X. MR-based synthetic CT generation using a deep convolutional
neural network method. Med Phys. 2017;44:1408–19.
12. Lundervold AS, Lundervold A. An overview of deep learning in medical
imaging focusing on MRI. Z Med Phys. 2019;29:102–27.
13. Lei Y, Harms J, Wang T, et al. MRI-only based synthetic CT generation
using dense cycle consistent generative adversarial networks. Med Phys.
2019;46(8):3565–81. https://doi.org/10.1002/mp.13617.
14. Dinkla AM, Wolterink JM, Maspero M, Savenije MHF, Verhoeff JJC, Seravalli
E, Isgum I, Seevinck PR, van den Berg CAT. MR-only brain radiation therapy: dosimetric evaluation of synthetic CTs generated by a dilated convolutional neural network. Int J Radiat Oncol Biol Phys. 2018;102:801–12.
15. Liu F, Yadav P, Baschnagel AM, McMillan AB. MR-based treatment planning in radiation therapy using a deep learning approach. J Appl Clin
Med Phys. 2019;20:105–14.
16. Emami H, Dong M, Nejad-Davarani SP, Glide-Hurst CK. Generating synthetic CTs from magnetic resonance images using generative adversarial
networks. Med Phys. 2018;45:3627–36. https://doi.org/10.1002/mp.13047.
17. Johansson A, Karlsson M, Nyholm T. CT substitute derived from MRI
sequences with ultrashort echo time. Med Phys. 2011;38:2708–14.
18. Laghari AA, Ahmed SI, Shamim MS: Role of surgery in brain metastasis. J
Pak Med Assoc. 2017;67(8):1299–1300 2017, 67:2.
19. Sulman EP, Ismaila N, Armstrong TS, Tsien C, Batchelor TT, Cloughesy T,
Galanis E, Gilbert M, Gondi V, Lovely M, et al. Radiation therapy for glioblastoma: american society of clinical oncology clinical practice guideline
endorsement of the American Society for Radiation Oncology Guideline.
J Clin Oncol. 2017;35:361–9.
20. Cronholm RO, Karlsson A, Siversson C: Whitepaper: MRI only radiotherapy
planning using the transfer function estimation algorithm. 2020.
21. Weygand J, Fuller CD, Ibbott GS, Mohamed AS, Ding Y, Yang J, Hwang KP,
Wang J. Spatial precision in magnetic resonance imaging-guided radiation therapy: the role of geometric distortion. Int J Radiat Oncol Biol Phys.
2016;95:1304–16.

Page 11 of 11

22. Palmér E, Karlsson A, Nordström F, Petruson K, Siversson C, Ljungberg
M, Sohlin M. Synthetic computed tomography data allows for accurate
absorbed dose calculations in a magnetic resonance imaging only
workflow for head and neck radiotherapy. Phys Imaging Radiat Oncol.
2021;17:36–42.
23. Gustafsson C, Nordstrom F, Persson E, Brynolfsson J, Olsson LE. Assessment of dosimetric impact of system specific geometric distortion in
an MRI only based radiotherapy workflow for prostate. Phys Med Biol.
2017;62:2976–89.
24. Wyatt J, Hedley S, Johnstone E, Speight R, Kelly C, Henry A, Short S, Murray L, Sebag-Montefiore D, McCallum H. Evaluating the repeatability and
set-up sensitivity of a large field of view distortion phantom and software
for magnetic resonance-only radiotherapy. Phys Imaging Radiat Oncol.
2018;6:31–8.
25. Baldwin LN, Wachowicz K, Thomas SD, Rivest R, Fallone BG. Characterization, prediction, and correction of geometric distortion in 3 T MR images.
Med Phys. 2007;34:388–99.
26. Team RDC. R: A language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing; 2020.
27. Paulson ES, Crijns SP, Keller BM, Wang J, Schmidt MA, Coutts G, van der
Heide UA. Consensus opinion on MRI simulation for external beam radiation treatment planning. Radiother Oncol. 2016;121:187–92.
28. Adjeiwaah M, Bylund M, Lundman JA, Söderström K, Zackrisson B,
Jonsson JH, Garpebring A, Nyholm T. Dosimetric impact of MRI distortions: a study on head and neck cancers. Int J Radiat Oncol Biol Phys.
2019;103:994–1003.
29. Price RG, Kim JP, Zheng W, Chetty IJ, Glide-Hurst C. Image guided radiation therapy using synthetic computed tomography images in brain
cancer. Int J Radiat Oncol Biol Phys. 2016;95:1281–9.
30. Morris ED, Price RG, Kim J, Schultz L, Siddiqui MS, Chetty I, Glide-Hurst C.
Using synthetic CT for partial brain radiation therapy: Impact on image
guidance. Pract Radiat Oncol. 2018;8:342–50.
31. Sharma SD, Dongre P, Mhatre V, Heigrujam M. Evaluation of automated
image registration algorithm for image-guided radiotherapy (IGRT).
Australas Phys Eng Sci Med. 2012;35:311–9.
32. Owrangi AM, Greer PB, Glide-Hurst CK. MRI-only treatment planning:
benefits and challenges. Phys Med Biol. 2018;63:05TR01.
33. Kazemifar S, Barragan Montero AM, Souris K, Rivas ST, Timmerman R, Park
YK, Jiang S, Geets X, Sterpin E, Owrangi A. Dosimetric evaluation of synthetic CT generated with GANs for MRI-only proton therapy treatment
planning of brain tumors. J Appl Clin Med Phys. 2020;21:76–86.
34. Davis AT, Palmer AL, Nisbet A. Can CT scan protocols used for radiotherapy treatment planning be adjusted to optimize image quality and
patient dose? A systematic review. Br J Radiol. 2017;90:20160406.
35. Fallah Mohammadi G, Mihandoost E. Assessment of CT Imaging
protocols impacts on calculation of point dose in water phantom using
radiotherapy treatment planning system. Frontiers Biomed Technol.
2020;7(2):112–7.
36. Andreasen D, Van Leemput K, Hansen RH, Andersen JA, Edmund
JM. Patch-based generation of a pseudo CT from conventional
MRI sequences for MRI-only radiotherapy of the brain. Med Phys.
2015;42:1596–605.
37. Koivula L, Wee L, Korhonen J. Feasibility of MRI-only treatment planning
for proton therapy in brain and prostate cancers: Dose calculation accuracy in substitute CT images. Med Phys. 2016;43:4634.
38. Paradis E, Cao Y, Lawrence TS, Tsien C, Feng M, Vineberg K, Balter JM.
Assessing the dosimetric accuracy of magnetic resonance-generated
synthetic CT images for focal brain VMAT radiation therapy. Int J Radiat
Oncol Biol Phys. 2015;93:1154–61.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

