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Introduction: Nowadays, magnetic resonance imaging (MRI) in combination with computed-tomography 
(CT) is increasingly being used in radiation therapy planning. MR and CT images are applied to determine 
the target volume and calculate dose distribution, respectively. Since the use of these two imaging modalities 
causes registration uncertainty and increases department workload and costs, in this study, brain synthetic CT 
(sCT) and synthetic MR (sMR: sT1w/sT2w) images were generated using Atlas-based method; consequently, 
just one type of image (CT or MR) is taken from the patient. 
Material and Methods: The dataset included MR and CT paired images from 10 brain radiotherapy (RT) 
patients. To generate sCT/sMR images, first each MR/CT Atlas was registered to the MR/CT target image, 
the resulting transformation was applied to the corresponding CT/MR Atlas, which created the set of 
deformed images. Then, the deformed images were fused to generate a single sCT/sMR image, and finally, 
the sCT/sMR images were compared to the real CT/MR images using the mean absolute error (MAE). 
Results: The results showed that the MAE of sMR (sT1w/sT2w) was less than that of sCT images. 
Moreover, sCT images based on T1w were in better agreement with real CT than sCT-based T2w. In 
addition, sT1w images represented a lower MAE relative to sT2w. 
Conclusion: The CT target image was more successful in transferring the geometry of the brain tissues to the 
synthetic image than MR target. 
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Introduction 
Magnetic resonance imaging (MRI) and computed 

tomography (CT) are two complementary medical 
imaging techniques for various organs [1, 2]. The 
superiority of CT and MR images in clinical 
applications depends on the imaging goal and the 
target organ. MRI is the modality of choice for 
visualizing the details of brain tissues (e.g., gray 
matter, white matter, cerebrospinal fluid (CSF)) and 
brain tumors [3, 4]. In addition to displaying 
anatomical structures, MRI also provides physiological 
and metabolic information [5]. However, it has some 
disadvantages like long scan time and application 
restrictions such as emergency cases and patients 
with implanted medical devices [6, 7]. 

CT-scan also has its intrinsic advantages and 
drawbacks. CT scan of the brain is used in cases of 
bone fracture, trauma, and presence of foreign metal 
objects, infection, bleeding, and cerebrovascular 
accident [8-10]. This technique has a shorter scan time 

than MRI and therefore has less sensitivity to patient 
movement during examination. It also does not have 
the limitation of presence of ferromagnetic objects in 
the body. Since X-ray is used to produce CT images, 
the main concern in this imaging modality is patient’s 
protection from radiation [11]. 

Radiation therapy planning (RTP) is one of the 
clinical applications used in both CT scan and MRI. MR 
and CT images are applied to determine the target 
volume and calculate dose distribution, respectively 
[3, 12, 13]. In order to transfer the organs and tumor 
delineations from MR to CT image, the two scans must 
be registered and fused, which results in a registration 
error of about 2 mm. This error causes a systematic 
shift in the delineations and leads to target under-
dosage or over-dosage adjacent organs at risk (OAR). 
In addition, these imaging modalities increases 
department workload and costs [14-18]. 
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In this study, synthetic CT and synthetic MR (sMR: 
sT1w/sT2w) images of the brain were created using 
Atlas-based method; consequently, just one type of 
image (CT or MR) is taken from the patient.  

 

Materials and Methods 
In this method, the steps for creating a synthetic 

CT/MR are: (1) collect an Atlas MRI and CT dataset, 
(2) register each Atlas image to the target image (3), 
apply the displacement vector field (DVF) to the 
corresponding Atlas image, and (4) fuse the collection 
of deformed images into a single synthetic CT/MR 
(Table 1). In the following, each of these steps is 
detailed separately. 

 
Table 1. The generation steps of synthetic computed tomography 

and magnetic resonance images 
 

Synthetic CT Synthetic MR (sT1w/sT2w) 

1.Collect an Atlas database (CT/MR pairs) 

2a. Register each atlas T1w to 
the target T1w. 
2b. Register each atlas T2w to 
the target T2w. 
3. Sum two DVF to generate a 
single DVF. 
4. Apply single DVF to the 
atlas CT. 
5. Fuse the set of deformed 
CTs. 

2. Register each atlas CT to 
the target CT. 
3a. Apply same DVF to the 
atlas T1w. 
3b. Apply same DVF to the 
atlas T2w. 
4a. Fuse the set of deformed 
T1s. 
4b. Fuse the set of deformed 
T2s 

DVF: displacement vector field 

 
Atlas dataset collection 

In this study, dataset consists of MR and CT paired 
images from 10 brain radiotherapy (RT) patients. The 
corresponding CT images were acquired with a Siemens 
Sensation 64 with tube voltage of 120 kv, exposure of 
150 mAs, in-plane resolution of 0.5×0.5 mm2, and slice 
thickness of 1 mm. The MR images were obtained by 
1.5 T Magnetom Essenza (Siemens, Germany). The MR 
sequences were gradient echo T1-weighted (TE/TR = 
4.5/1700, voxel resolution 1×1×1 mm3, field of view 
512×512, and flip angle 20o) and gradient echo T2- 
weighted (TE/TR = 107/500 and the rest of its 
parameters were similar to gradient echo T1-weighted).  
Sample size calculation and patient selection were based 
on Sjölund et al. study [19]. 

To create Atlas MR and CT images, an image pre-
processing step was performed, which included 
removing the noise with the Gaussian filter and 
separating the image background from the brain with 
morphological operators. Then, each MRI and CT pair 
was resampled and registered rigidly using mutual 
information. The rigid registration using mutual 
information is one of the forms of linear transformation 
models. It is an intensity-based method comparing 
intensity patterns in images via correlation metrics. In 
order to register CT and MR images, the moving image 
(CT), the fixed image (MRI), and metric parameter were 
specified. The transformation matrix that maps points in 
moving image to the corresponding points in fixed 

image was applied to the moving image to align it with 
the fixed image. 

 

Displacement fields estimation 
Since Atlas-based methods strongly depend on the 

correct and accurate registration between Atlas and target 
images, selecting a precise non-rigid (deformable) 
registration method is essential. Demons algorithm is 
used to find DVF to map Atlas image to the target image. 
Demons algorithm is a popular algorithm for non-rigid 
image registration because of its linear computational 
complexity and ease of implementation in MATLAB 
R2015a software. It approximately solves the problem of 
large geometric differences by successively estimating 
force vectors that correspond to the vibrational derivative 
of the dissimilarity measure and smoothing the force 
vectors by Gaussian convolution [20, 21]. Demons 
algorithm estimates the displacement field by aligning the 
target with Atlas image.  

If the target image size is m×n, the output of Demons is 
two matrices m×n, where the first matrix represents 
displacement values along the x axis and the second matrix 
denotes displacement values along the y axis. The 
displacement values are in pixel. The obtained displacement 
fields are applied to the corresponding Atlas image. 

As shown in Table 1, to generate a sCT image, two 
displacement fields (DVF-T1w and DVF-T2w) were 
gathered, and the combined DVF was applied to the 
corresponding Atlas CT image. However, to create sMR 
images (sT1w and sT2w), only one target (CT image) 
was used; hence, DVF was the same for both. 

 
Deformed images fusion 
Deformed images were generated after applying the 

displacement fields to the corresponding Atlas images. 
Then, they were fused to produce a single synthetic CT 
or synthetic MR image. We used  the method presented 
by Sjölund et al. [19] to fuse the deformed images; in 
this method, the set of deformed images are registered to 
their joint mean. 

 

Evaluation 
To compare synthetic CT/MR with real CT/MR 

images, the mean absolute error (MAE) measurement 
was used. MAE is the simplest and most common 
measure in synthetic CT studies. Since CT and MR 
images are fused to transfer MR delineations to CT for 
radiotherapy purposes, the fused images were also 
evaluated. The MAEs of sCT, sMR (sT1w/sT2w), and 
fused images are calculated as [15, 19]: 
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where N is the total number of voxels inside the 
outline of MR or CT. HU, SI, and PI  represent the 
Hounsfield unit (HU) values of the CT and sCT, signal 
intensity (SI) values of the MR and sMR, and pixel 
brightness intensity (PI) values of the fused images at 
the corresponding spatial positions, respectively.  

All the mentioned processes were run in MATLAB 
R2015a. 

 

Results 
The synthetic CT images based on two MR targets 

(the sum of T1w DVF and T2w DVF) and the synthetic 

T1 and synthetic T2 images based on CT were 

generated. In Figure 1, the sCT and sMR (sT1w/sT2w) 

images related to a specific slice of a patient are 

displayed. 

 
 
Figure 1. Example of the generated sCT (a), sT1w and sT2w (b) 

images 

 

As shown in Table 2, the MAEs of synthetic CT 

images were 62.3±9.5 HU, 78±13.7 HU, and 83 ±19.7 

HU for the two T1w/T2w targets, only T1w, and only 

T2w target, respectively. The sCT images generated by 

two targets (T1w and T2w) showed less error than one 

target (T1w or T2w). As previously mentioned, the 

same CT target was used to create sMR images; and the 

MAEs were 47±7.3 SI for sT1w and 52±9.1 SI for 

sT2w. In radiotherapy, in order to transfer delineations 

from MRI to CT, these images are fused together. MAE 

was also calculated for the real CT and sMR fused 

images. The MAEs were 2.5±0.2 PI and 2.6±0.2 PI for 

the CT/sT1w and CT/sT2w fused images, respectively. 

 
Table 2. Mean absolute error of the synthetic computed 

tomography and synthetic magnetic resonance images for 10 brain 
patients 

Images MAE (HU/SI/PI *) 

sCT (based T1w and T2w) 62.3±9.5 HU 

sCT (based only T1w) 78±13.7 HU 

sCT (based only T2w) 83 ±19.7 HU 
sT1w 47±7.3SI 

sT2w 52±9.1SI 

Fusion real CT and sT1w 2.5±0.2 PI 
Fusion real CT and sT2w 2.6±0.2 PI 

* Hounsfield Unit (HU), Signal Intensity (SI), Pixel Intensity (PI), 

MAE: mean absolute error 

 

For further analysis, regions of interest (ROIs) in 

real CT/real MR and sCT/sMR images were selected in 

seven regions (i.e., bone, soft tissue, air, tumor, soft 

tissue-bone, air-soft tissue, and air-bone boundaries). In 

order to reduce the uncertainty caused by Gaussian 

noise, the ROIs were circulars with a diameter of 5 mm 

[12]. MAEs of each region are shown in Table 3. The 

lowest MAE was related to soft tissue (18±5.2HU), 

bone (12±2.4) and tumor (13±4.3) in sCT, sT1w and 

sT2w, respectively.  

 
Table 3. Average mean absolute error of regions of interest in 

seven regions 

Mean MAE 

(SI) 

sT2w 

Mean MAE 

(SI) 

sT1w 

Mean MAE 
(HU) 

sCT 

(based T1w 
and T2w) 

ROIs 

18±4.6 12±2.4 68±12.3 bone 

44±9.8 34±6.7 18±5.2 Soft tissue 

15±3.9 18. ±4.1 47±9.1 air 

31±7.7 28±5.7 52±8.9 
Soft tissue-bone 

boundary 

29±5.6 26±4.6 61.6±10.2 
Air-soft tissue 
boundary 

25±4.8 23.4.1 77±11.4 
Air-bone 
boundary 

13±4.3 16±5.1 23±5.2 tumor 

ROI: region of interest 

MAE: mean absolute error 

 

The average run time for generating sCT, sT1w and 

sT2w using a Core i5 PC system is shown in Table 4. 

The run time was calculated 13±3.2 min and 9±0.6 min 

for sCT based on one and two targets, respectively. This 

time for creating sT1w and sT2w was the same (10±0.8 

min). 
 

Table 4. Computing time to generate sCT and sMR images (min) 
 

 sCT 

based T1w or 

T2w 

sCT 

based T1w and 

T2w 

sT1w/ sT2w 

based CT 

Average 9 13 10 

SD 0.6 3.2 0.8 
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Discussion 
In this study, synthetic CT and MR images were 

generated by Atlas-based method. The results showed 
that the MAE of synthetic MR was less than that of 
synthetic CT images (Table 2). As a general conclusion, 
the CT target image appears to be more successful in 
transferring the geometry of the brain tissue to the 
synthetic MR image than MRI target. 

Considering the capability of MRI to detect soft 
tissue, it is possible that a more complete description 
could be obtained by summing the DVFs of the two MR 
sequences (T1w and T2w) for creating the sCT. In the 
Atlas-based method, just one target (T1w or T2w) for 
generating sCT is often employed [22, 23], but this 
study used two pieces of target information (DVF-T1w 
and DVF-T2w). The results showed that the MAE of 
sCT based on the two targets (T1w and T2w) is lower 
than that of sCT based on one MR target (T1w or T2w). 

By reviewing previous studies related to the three 
common Atlas methods (i.e., patch, deformable and 
hybrid), the range of MAE for brain was obtained 
between 85-114 HU [4, 15, 19, 24-26]. The produced 
sCT with patch-based method has the best agreement 
with the real CT; the MAE of this method using T1w 
target was calculated 85 HU [17]. Unfortunately, the 
patch-based method has a serious problem as it is 

heavily dependent on anatomical similarity, which 
affects the accuracy of the sCT, especially in tumors or 
other brain abnormalities.  

The MAEs of deformable and hybrid (deformable 
and patch) methods were calculated 113.4 HU using 
Morphon deformable algorithm [19] and 101 HU [27], 

respectively, with T1w target. In addition, the average 
MAEs for the multi-modal and multi-scale methods 
were calculated 118.7 ± 10.4 HU and 99.69±11.07HU 
[28], respectively, using an MR target. We also obtained 
the MAE to be 62.3±9.5 HU with two targets; however, 
sCTs generated by one target were also in agreement 
with previous studies. The feasibility of using T1w and 
T2w as targets for generating sCT in the brain was 
investigated, and the MAE for sCT was 124 ± 10HU 
[29]. We obtained an MAE of 62.3±9.5 HU with two 
targets; however, sCTs generated by one target yielded 
better results than previous studies. 

The ROIs results showed that CT target has a better 
performance in transferring the geometry of air and air-
bone boundary to sT2w than sT1w. A remarkable point 
in Table 3 is the tumor's declining MAE in the sT2w 
ROIs. This is because brain tumors are usually 
accompanied by edema, and edema in T2w has a 
stronger signal than T1w. In contrast, sT1w images were 
more effective in describing bone information due to 
higher signal of solid in T1w than T2w. Moreover, for 
sCT, the highest MAE was related to air-bone boundary, 
which is visually displayed in Figure 2. 

The fused images of real CT and sT1w/sT2w were 
compared with real CT and real T1w/T2w. The obtained 
MAEs had slight differences (Table 2). In Figure 3, a 
sT1 (Fig.3.c1) and a sT2 (Figure 3.c2) images generated 
by CT target (Figure 3.a) are displayed. The fused 
images were subtracted (Figure 3. f1, f2), which showed 
differences in low intensity related to the dark areas of 
the image. These differences can be attributed to noise.  

 

 

 
 

Figure 2. Inverted and segmented images of real and synthetic computed tomography and magnetic resonance imaging 
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Figure 3. Synthetic magnetic resonance images generated by computed tomography (CT) target (a) related to specific slice: real T1w (b1), real 

T2w (b2), sT1w (c1), sT2w (c2), CT and T1w fused image (d1), CT and T2w fused image (d2), CT and sT1 fused image (e1), CT and sT2 fused 
image (e2), the image subtraction of d1 and e1 (f1) and the image subtraction of d2 and e2 (f2). 

 

The run time to generate sCT image was about 
13±3.2 min on a Core i5 PC system, which is less than 
the time reported by other studies (about 25, 16 and 38 

minutes) [4,15,30]. The Demons algorithm 

demonstrated a high capability for MR-MR and CT-CT 
registration and a fast run time to generate sCT and sMR 
images. 

There are no reports related to sMR creation. The 
innovation of our study is the use of an algorithm to 
create both sCT and sMR images. The advantages of the 
proposed study include 1) saving time and cost because 
only one image (CT or MR) is taken from the patient, 2) 
reducing the registration error because the synthetic 
image geometry is completely based on the target 
image, and 3) being applicable for patients with imaging 
restrictions such as CT restriction for pregnant women 
and MRI restriction for patients with implantable 
medical devices. 

 

Conclusion 
This study proposed a fast and precise algorithm to 

generate synthetic CT and synthetic MR images using 
Atlas-based approach, which could potentially be useful 
for radiotherapy treatment planning system. This study 
concluded that using the sum of two DVFs (DVF-T1w 
and DVF-T2w) is more accurate for generating sCT, and 
the CT target image is more successful in transferring 
the geometry of the brain tissues to the synthetic MR 
image. In addition, the sT2w images were more 
effective in describing tumor information due to the 
presence of edema in most brain tumors. In contrast, 

sT1w images were more powerful in transferring bone 
geometry due to higher signal of solid in T1w than T2w. 
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