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ABSTRACT

Purpose: To qualitatively and quantitatively compare synthetic and conventional MRI sequences acquired on a 1.5T system for patients with multiple sclerosis (MS).
Methods: Prospective study that involved twenty-seven consecutive relapsing-remitting MS patients scanned on a 1.5 T MRI scanner. The MRI protocol included 2D transverse conventional spin-echo sequences: proton density-weighted (PD), T2-weighted, T2-FLAIR, and T1-weighted. Synthetic images were generated using 2D transverse QRAPMASTER and SyMRI software with the same voxel size, repetition, echo, and inversion times as the conventional sequences.
Four raters performed a crosstab qualitative analysis that involved evaluating global image quality, contrast, flow artefacts, and confidence in lesion assessment introducing the concepts of predominance, agreement and disagreement. A quantitative analysis was also performed and included evaluating the number of lesions (periventricular, juxtacortical, brainstem, and cerebellum) and the contrast-to-noise ratio between regions (CSF, white matter, grey matter, lesions).
Results: The global image quality assessment showed predominance for better scores for conventional sequences over synthetic sequences, whereas contrast, confidence in lesion assessment and flow artefacts showed predominance for agreement between sequences. There was predominance for disagreement between all pairs of raters in most of the evaluated qualitative parameters. Synthetic PD and T2-FLAIR images showed higher contrast-to-noise ratios than the corresponding conventional images for most comparison between regions. There were no significant differences in the number of lesions detected for most of the study regions between conventional and synthetic images.
Conclusion: Synthetic MRI can be potentially used as an alternative to conventional brain MRI sequences in the assessment of MS.
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Abbreviations: Acq, Acquisition; Acs, agreement between conventional and synthetic images; Arkrl, agreement between raters; CLWM, contrast of lesions to white matter; CNR, contrast-to-noise ratio; CSF, cerebrospinal fluid; DArkrl, disagreement between raters; DF, distance factor; EDSS, Kurtzke expanded disability status scale; FA, flip angle; FAPF, flow artefacts in the posterior fossa; FOV, field of view; FLAIR, fluid attenuated inversion recovery; GIC, global image contrast; GIQ, global image quality; GM, grey matter; iPAT, integrated parallel acceleration techniques; LA, whole lesion; LCLA infra, level of confidence in the assessment of lesions in the infratentorial location; LCLA supra, level of confidence in the assessment of lesions in the supratentorial location; LI, inner lesion; MRI, magnetic resonance imaging; MS, multiple sclerosis; Pc, predominance on conventional images; PD, proton density; Prl, predominance of rate l; Prk, predominance of rater k; Ps, predominance on synthetic images; ROI, region of interest; RRMS, relapsing-remitting multiple sclerosis; SD, standard deviation; TA, acquisition time; TE, echo time; TI, inversion time; TR, repetition time; WM, white matter.
1. 
Introduction 
Magnetic resonance imaging (MRI) is the main radiological technique for assessing neurological diseases, such as multiple sclerosis, [1][2][3][4] due to its excellent discrimination between tissues and high safety profile. Technical developments over the years have provided neuroradiologists with a large number of possibilities, and although rapid acquisition techniques have helped to reduce scan times, MR exams still require long acquisition times, which may cause discomfort to disabled patients or affect the quality of the study. MRI is a quantitative technique, but the technical protocols currently used in clinical practice do not take advantage of this capacity, and consequently, radiological reports rely on the qualitative visual assessment of the recorded images. Several reasons have hampered the use of quantitative techniques in clinical practice. The most important is the long acquisition times associated with the measurement of longitudinal (T1) and transverse (T2) relaxation times. Another factor is the lack of consistent evidence supporting the clinical interpretation of quantitative values and their changes.
Synthetic MRI is a simulation method in MRI, for generating contrast weighted images based on measurement of tissue properties. The synthetic images are generated after an MR study, from parametric maps of tissue properties. It is thereby possible to generate several contrast weightings from the same acquisition. This is different from conventional MRI, where the signal acquired from the tissue is used to generate an image directly, often generating only one contrast weighting per acquisition. Synthetic MRI could help to mitigate some of the problems previously described because this method can reduce scan times while providing quantitative T1, T2 and proton density (PD) maps and, from them, create synthetic images with different contrast weights using a single acquisition [5]. Other advantages of this technique include all of the images and maps being aligned since they are all derived from the same acquisition and they can be calculated using identical scanner settings as the conventional images. [5]
Previous studies have evaluated the value of synthetic MRI in the assessment of multiple sclerosis (MS). Conventional and synthetic images, obtained with a thickness of 4 mm and a gap of 30%, have previously been evaluated in terms of diagnostic accuracy, image quality, number of lesions visualized, contrast-to-noise ratio (CNR), and volume measures [6] as well as the ability to detect focal MS plaques [7]. Moreover, the relaxation rates and PD maps of contrast-enhanced and non-enhanced lesions before contrast administration have also been studied [8]. Finally, a comparison of lesion detection, lesion-to-white matter contrast, signal-to-noise ratio, and intraobserver agreement, based on conventional and synthetic images obtained with a thickness of 3 mm and a gap of 10% after contrast administration, has also been performed [9].
Since MR guidelines for MS [10] recommend for 2D imaging the use of different acquisitions of 3-mm or less thick transverse contiguous slices covering the whole brain to obtain images with different contrast weights before gadolinium administration, the aim of this study was to perform a qualitative and quantitative radiological assessment of conventional and synthetic images acquired with a slice thickness of 3 mm. To do this, the qualitative analysis was based for conventional and synthetic images on the comparison of image quality properties and the presence of lesions and artefacts, whereas the quantitative analysis was focused on the comparison of number and location of MS lesions just as image quality features.

2. 
Materials and methods

2.1 Patients
Patients aged 18 to 60 years with relapsing-remitting multiple sclerosis (RRMS) were eligible for inclusion in this study. The exclusion criteria were pregnancy or nursing for women, a pacemaker or any other factor that would preclude proximity to a strong magnetic field, and severe claustrophobia.
This prospective study included 27 consecutive RRMS patients (18 women; overall mean age, 43.9 years; standard deviation, 6.86 years; range, [28, 59] years), [11] with a median Kurtzke Expanded Disability Status Scale (EDSS) score of 3.5 (range, [1.0, 7.0]) and a mean disease duration of 20.46 years (range, [6.75, 28.92]). The study was approved by the Ethics Committee of our institution, and written informed consent was obtained from all patients for participation.

2.2 MRI acquisition
All patients were examined on a 1.5T MRI scanner (Magnetom Aera, Siemens, Erlangen, Germany) using a 20-channel head and neck coil. The MRI protocol included the following conventional sequences:
1) Transverse PD and T2-weighted fast spin-echo (repetition time [TR], 2800 ms; echo time [TE], 11-85 ms; field of view [FOV], 250 mm; voxel size, 1.0x1.0x3.0 mm3; distance factor [DF], 10%; flip angle [FA], 150°; acquisitions [Acq], 2; integrated parallel acceleration techniques [iPAT], 2; acquisition time [TA], 5:12 min);
2) Transverse fast T2-FLAIR (TR, 8500 ms; TE, 98 ms; inversion time [TI], 2440 ms; FA, 150°; FOV, 250 mm; voxel size, 1.0x1.0x3.0 mm3; DF, 10%; Acq, 1; TA, 5:59 min);
3) Transverse T1-weighted spin-echo (TR, 635 ms; TE, 17 ms; FOV, 250 mm; voxel size, 1.0x1.0x3.0 mm3; DF, 10%; FA, 90°; Acq, 1; TA, 4:31 min).
In addition, synthetic MRI was performed using the 2D transverse QRAPMASTER pulse sequence [5]. This is a multi-section, multi-echo, multi-saturation delay saturation-recovery turbo spin-echo acquisition method in which images are collected for different combinations of TEs and saturation delay times. At our institution, we used a sequence implementation for Siemens equipment developed by Granberg et al. [6] in which 2 TEs and 4 delay times were used to generate 8 complex images. The TEs used were 22 and 101 ms, and the delay times were set automatically by the sequence. The rest of the synthetic MRI parameters were as follows: TR, 6760 ms; voxel size, 1.0x1.0x3.0 mm3; DF, 10%; FA, 150°; Acq, 1; iPAT, 2; and TA, 11:18 min.
The TR, TE, and TI parameters used to produce synthetic PD-, T2-, T1-weighted, and T2-FLAIR images were the same as those used to acquire the conventional images. These images were generated with SyMRI software v. 8.0.4 (SyntheticMR, Linköping, Sweden). Fig. 1 shows an example of conventional and synthetic images of the same subject.

2.3 Radiological assessment
[bookmark: _GoBack]First, a neuroradiologist (A.R.) reviewed all images to check for the presence of motion, and as a result, the T1-weighted images of two patients were excluded from the analysis. Then, two approaches were performed to assess the rest of the images. The first qualitative assessment was performed by 4 raters (R1 [M.A.C.]: neuroscientist with 5 years of experience in MS; R2 [J.M.]: neuroradiologist with 3 years of experience in MS; R3 [A.B.]: neuroradiologist with 4 years of experience in MS; and R4 [G.A.]: neurologist with 12 years of experience in MS). The raters analysed the images in a random manner and were blinded to the type of acquisition (conventional or synthetic sequence). This analysis involved assessing global image quality (GIQ) on a 7-level scale (worthless, very poor, poor, moderate, good, very good, and excellent), global image contrast (GIC), the presence of flow artefacts in the posterior fossa (FAPF), contrast of lesions to white matter (CLWM) on a 4-level scale (poor, sufficient, good, and excellent), and the level of confidence in the assessment of lesions in the supratentorial (LCLA supra) and infratentorial (LCLA infra) locations on a 3-level scale (not confident, confident, and very confident). All these analyses were carried out with conventional and synthetic PD-, T2-, T1-weighted, and T2-FLAIR images. In addition, artefacts on T2-FLAIR images were also evaluated for cerebrospinal (CSF) suppression at the basal cisterns, CSF suppression at convexity on a 4-level scale (poor, acceptable, good, and very good), presence of dural thickening artefacts, and presence of leptomeningeal/ependymal lining on a 4-level scale (highly evident, evident, minimal, and none). We defined different scales for different features in order to consider all the complexity of each feature. In order to make an agreement in the analysis by the raters, a prior training to the analysis under the supervision of the neuroradiologist (*A*) who check the initial quality of images was carried out on a few cases.
Next, the quantitative analysis included evaluating the number and location (periventricular region, juxtacortical region, brainstem, and cerebellum) of MS lesions on PD-, T2-weighted, and T2-FLAIR images and the CNR on PD-, T2-, T1-weighted, and T2-FLAIR images. CNR analyses were performed by manually tracing 12 regions of interest (ROIs). Two ROIs were placed in the CSF (anterior horns of the lateral ventricles bilaterally), six in the grey matter (GM) (thalami, frontal cortex, occipital cortex bilaterally), and four in the white matter (WM) (centrum semiovale bilaterally, genu and splenium), and the measurements were averaged for each tissue type. Additional ROIs were placed in the largest MS lesion and in the inner region of the same lesion (excluding boundaries). Care was taken to avoid regions with artefacts and tissue borders. The CNRs were calculated by dividing the intensity difference of the tissues by the mean SD of all 12 ROIs.

2.4 Statistical analysis
Statistical analysis was performed in SPSS v. 25 (IBM, Armonk, New York). For the qualitative approach, we used Crosstabs. For analysis, we introduced the concepts of predominance and agreement in the comparison of conventional and synthetic images, as follows:
1) Predominance on conventional images:

2) Predominance on synthetic images:

3) Agreement between conventional and synthetic images:

where i and j are the category numbers for conventional and synthetic images, respectively; n(i,j) is the number of instances presenting the combination of categories i for the conventional sequence and j for the synthetic sequence; N is the number of categories; and M is the total number of instances. To obtain an overall comparison of all predominance and agreement values, a Wilcoxon signed rank test was performed.
To analyse the influence of raters, we used the concepts of agreement and disagreement between raters. Hence:
1) Predominance of rater l:

2) Predominance of rater k:

3) Disagreement between raters:

4) Agreement between raters:

where i and j are the category numbers for each quality feature; n(i,j) is the number of instances presenting the combination of categories i for rater l and j for rater k; N is the number of categories; and M is the total number of instances. To obtain an overall comparison of disagreements and agreements, two analyses were considered. First, to evaluate the differences between conventional and synthetic images in the agreement and disagreement for each pair of raters, the Mann-Whitney U-test was applied. Second, Friedman tests were applied to evaluate differences between pairs of raters.
Quantitative analysis was performed for the number of lesions and CNR among different regions. Group differences between conventional and synthetic sequences were studied by using the Wilcoxon signed-rank test. The correlation between conventional and synthetic sequences was studied using the Spearman correlation test and the following scale for its module [12]: [0, 0.3) negligible; [0.3, 0.5) weak/low; [0.5, 0.7) moderate; [0.7, 0.9) strong/high; [0.9, 1.0] very strong/high. The intraclass correlation coefficient (ICC) (two-way mixed model and absolute agreement) was calculated to analyse the agreement between conventional and synthetic sequences. The same scale that we used for the correlation analysis was used for the agreement analysis. Finally, a 2-sided P value < 0.05 was considered significant.
3. 
Results

3.1 Qualitative approach
Fig. 1 shows the conventional and synthetic images, which demonstrate that the synthetic images have higher grey-level values for the fat region and lower grey level values for the majority of the rest of the brain than the conventional images.
Table 1 gives an overview of the comparison between synthetic and conventional sequences with respect to predominance and agreement between sequences. This table shows a clear predominance for better scores with conventional sequences over synthetic ones regarding GIQ, whereas for the rest of the features, a similar or greater predominance for better scores with conventional sequences is observed.
Table 2 shows agreement and disagreement between pairs of raters in the evaluation of conventional and synthetic images. Only raters 1 and 2 presented significant differences in agreement and disagreement scores for both conventional and synthetic images (p=0.018 and p=0.022, respectively). Moreover, the Friedman test did not show statistically significant differences between pairs of raters in the overall comparison of agreements (p=0.352) and disagreements (p=0.499). However, we observed a clear predominance for disagreement values over agreement values for all pairs of raters.
With regard to T2-FLAIR artefacts, we obtained a significantly greater mean agreement value between conventional and synthetic images (0.574) than for the mean predominances for better scores for conventional images (0.255, p=0.016) or synthetic images (0.245, p=0.028). However, for CSF suppression of the basal cisterns, we observed a prevalence towards better synthetic scores, whereas for the rest of the parameters - CSF suppression at convexity, the presence of dural thickening artefacts, and the presence of leptomeningeal/ependymal lining - a predominance for agreement was observed (see Table 3).

3.2 Quantitative approach
A quantitative approach was adopted to analyse the number of lesions and CNR. For CNR, as shown in Table 4, synthetic PD and T2-FLAIR images showed better CNRs than conventional images in most of the comparisons between regions. For T1-weighted images, we observed the same behaviour with the exception of CNR values involving the CSF, which were better on conventional images than on synthetic images. With regard to CNR correlations between conventional and synthetic sequences for the 10 regions we compared, we found weak to moderate correlations on T2-FLAIR images (range, [0.452, 0.699]), negligible to weak correlations on PD-weighted images (range, [0.001, 0.425]), negligible to moderate correlations on T1-weighted images (range, [0.059, 0.686]), and negligible to weak correlations on T2-weighted images (range, [0.154, 0.446]). CNR agreement between conventional and synthetic sequences, as reflected by ICC, was negligible for most of the comparisons, with the exceptions of weak agreement (0.486) between GM and WM for PD sequences, weak (0.334) agreement in CNR between CSF and the inner lesion (LI), moderate (0.685) agreement in CNR between the whole lesion (LA) and LI for T1-weighted sequences, and weak (0.377) agreement in CNR between CSF and the LA for T2-weighted sequences.
With regard to the number of MS lesions, no differences between conventional and synthetic images were found for periventricular and juxtacortical lesions. However, two raters found a significantly greater number of lesions in the brainstem on synthetic T2-FLAIR images, and only one rater found a significantly greater number of lesions in the brainstem on conventional PD images. For cerebellar lesions, three raters found a significantly greater number of lesions on conventional PD images, and two found a significantly greater number on conventional T2-FLAIR images. No significant differences were found between the number of lesions on conventional and synthetic T2-weighted images, regardless of their locations.
The correlations between conventional and synthetic images for periventricular and juxtacortical lesions were mostly moderate to strong (range, [0.525, 0.822]; p<0.05) for the three weighted images, and only one rater found a weak correlation (0.432; p<0.05) in the comparison between conventional and synthetic T2-weighted images for periventricular lesions. For juxtacortical lesions, one rater found weak correlations among the three weighted images, and a second rater found only a weak correlation (0.407; p<0.05) in the comparison between T2-FLAIR images. For lesions located on the brainstem, the correlations were mostly weak or moderate (range, [0.418, 0.699]; p<0.05), whereas one rater found negligible correlations among the three weighted images and only one a strong correlation (0.758; p<0.05) in the comparison between conventional and synthetic T2-weighted images. Most correlations found by the four raters between conventional and synthetic images for lesions located on the cerebellum were moderate or strong (range, [0.542, 0.756]; p<0.05) for the three weighted images.
Finally, agreement among most raters and between sequences, as measured by ICC values, was strong for periventricular lesions, weak or moderate for juxtacortical lesions, moderate or strong for brainstem lesions, and moderate for most cerebellum lesions.

4. 
Discussion
In this study, we introduced two approaches to evaluate the radiological assessments of synthetic and conventional PD, T2, T1, and T2-FLAIR images for the diagnosis of MS. The first approach, the qualitative approach, focused on the analysis of different image quality parameters performed by four raters. The second approach, the quantitative approach, focused on the study of CNR and the number of lesions detected. The synthetic sequence had a shorter acquisition time than the combination of sequences, 11:18 min versus 15:42 min, which excludes the time necessary to perform conventional pulse sequence adjustments prior to starting the acquisition. The acquisition time for our synthetic sequence was longer than that shown in previous MS studies [6][7][9]. This is because in our study, we covered the whole brain with the same acquisition resolution used for conventional sequences and a slice thickness of 3 mm, which is the recommended slice thickness for MS studies using 2D sequences [3] However, we could not completely match the recommended parameters because the QRAPMASTER sequence does not allow for contiguous slices, and consequently, we introduced the minimum possible distance factor of 10% (0.3 mm) in all conventional and synthetic pulse sequences.
Another factor related to the acquisition process is the use of parallel imaging, introduced in the acquisition of PD+T2 conventional and synthetic sequences. Although the use of parallel imaging may have implications on the assessment of CNR, related to a loss of the image quality, we opted by having a protocol where conventional sequences were the used in the clinical practice in our centre, and synthetic sequence was a commitment between image quality and getting a reasonable acquisition time.
Previous studies have shown the potential of synthetic sequences to detect a wide range of brain pathologies [13][14] and diagnose MS [6][7][9][15]. In our study, we also observed this potential, though the perception of some qualitative parameters did not necessarily match the results of the quantitative analysis. This is the case for the GIQ analysed by the raters, which showed a better performance for conventional images than synthetic images and was associated with a low agreement. This is probably because conventional images were the reference for the raters because these kinds of images are routinely used for diagnostic purposes. Moreover, fine tuning imaging parameters is more complex on synthetic images due to the lower signals of these images than of conventional images, as shown in Fig. 1. This may be experienced in images in the form of some pixelation when adjusting the window and level. Consequently, the GIQ parameter is not related to CNR and thus gives an idea of the contrast in the image instead of the overall image quality. Most of the other qualitative parameters more closely reflected the perception of contrast in the images, as shown in Table 1, suggesting that there is no predominance for better scores with conventional images. Instead, the qualitative parameters convey the better agreement between images and sum of agreement and predominance with synthetic images. On the other hand, from the quantitative point of view, synthetic sequences had a higher CNR despite having lower signal values, which can be explained by the much lower standard deviation observed for synthetic images.
There was a difference in experience among the raters, which was reflected by the predominance for disagreement over agreement for all combinations of pairs of raters.
Although some authors have stated that the presence of artefacts degrade the quality of MR images [8][6][14][15][16][17], our results show that the presence of artefacts is not a factor against the use of synthetic images, given the overall agreement shown among the raters in the assessment of these artefacts on conventional and synthetic images.
With regard to contrast between regions, we did not observe agreement between conventional and synthetic sequences, as shown by the poor ICC in most comparisons. This is in agreement with the presence of significant differences in contrast level between the different sequences (conventional vs. synthetic).
In relation to the quantitative evaluation of lesions, our results did not coincide with the study of Hagiwara et al. [7], who found that synthetic MRI enabled the detection of more MS plaques than conventional MRI. In our study, only some raters found different numbers of lesions in the brainstem and cerebellum between conventional and synthetic images, whereas no differences between sequences were found in the periventricular and juxtacortical regions.
Recent MS guidelines [10] recommend the use of dual echo T2-weighted spin echo sequence and transverse T2-weighted FLAIR, when sagittal 3D FLAIR is not acquired. In addition, pre-contrast transverse T1 offered by QRAPMASTER is not necessary, though as our clinical protocol included it we performed its analysis. QRAPMASTER sequence covers these 2D sequences with the advantage of also allowing to obtain other optional sequences such as Double inversion recovery (DIR). Since this sequence have a longer acquisition time it is not included in our clinical protocol, though it could be helpful for detecting cortical or juxtacortical lesions. However, QRAPMASTER sequence has the limitation of not allowing multiplanar acquisitions.  
In the same guidelines, [10] authors stated that, even though 3T scanners provide a higher detection rate for multiple sclerosis lesions and offer potentially shorter acquisition times compared with lower magnetic field strengths, the use of 1.5T scanners continues to be sufficient for detection of brain lesions. Moreover, there is not evidence that 3T MRI leads to an earlier diagnosis of multiple sclerosis. [18][19]
The objective of this study was focused on comparing the quality of the sequences usually involved in MS assessment, and on evaluating this quality in the images when we had the presence of MS lesions. Then, further work would be necessary to evaluate the value of synthetic MRI in the diagnosis and monitoring of MS, being part of a future study.
This study has some limitations. The sample size was relatively small but in line with that of previously presented studies [6][7]. Finally, this study was carried out using a 1.5T MRI scanner, and consequently, the results cannot be directly extrapolated to studies carried out on 3.0 T systems. The reason to select this field strength was that, at the time we started the study, the synthetic sequence was not still available for 3.0T magnets. Moreover, 1.5T magnets are still the ones more commonly used in clinical practice and therefore we considered useful to test the sequence on this field strength.

5. Conclusions
Our study showed that synthetic MRI had lower global qualitative rater-related index scores when global image quality was evaluated. Nevertheless, for all other qualitative rater-related indexes, the synthetic images showed better agreement between images and a higher sum of agreement and higher scores. In addition, quantitative CNR data showed higher values for synthetic images, and the number of lesions assessed was not significantly different. All these results suggest, according to the comparison of the image quality for conventional and synthetic sequences, that synthetic MRI has the potential to be used as an alternative to conventional brain MRI sequences in the assessment of MS.
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Figure Legends
Fig. 1 Example of conventional (top row) and synthetic (bottom row) images for T2-FLAIR (first column), PD- (second column), T1- (third column), and T2-weighted (fourth column) images.
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