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Synthetic MRI for stroke:
a qualitative and quantitative pilot
study

Joachim André®*, Sami Barrit(®? & Patrice Jissendi®?3

Synthetic MR provides qualitative and quantitative multi-parametric data about tissue properties

in a single acquisition. Its use in stroke imaging is not yet established. We compared synthetic and
conventional image quality and studied synthetic relaxometry of acute and chronic ischemic lesions
to investigate its interest for stroke imaging. We prospectively acquired synthetic and conventional
brain MR of 43 consecutive adult patients with suspected stroke. We studied a total of 136 lesions, of
which 46 DWI-positive with restricted ADC (DWI +/rADC), 90 white matter T2/FLAIR hyperintensities
(WMH) showing no diffusion restriction, and 430 normal brain regions (NBR). We assessed image
quality for lesion definition according to a 3-level score by two readers of different experiences. We
compared relaxometry of lesions and regions of interest. Synthetic images were superior to their
paired conventional images for lesion definition except for sFLAIR (sT1 or sPSIR vs. cT1 and sT2 vs.
cT2 for DWI +/[rADC and WMH definition; p values <.001) with substantial to almost perfect inter-
rater reliability (k ranging from 0.711 to 0.932, p values <.001). We found significant differences in
relaxometry between lesions and NBR and between acute and chronic lesions (T1, T2, and PD of
DWI +/[rADC or WMH vs. mirror NBR; p values <.001; T1 and PD of DWI + [rADC vs. WMH; p values

of 0.034 and 0.008). Synthetic MR may contribute to stroke imaging by fast generating accessible
weighted images for visual inspection derived from rapidly acquired relaxometry data. Moreover, this
synthetic relaxometry could differentiate acute and chronic ischemic lesions.

Abbreviations
sMRI Synthetic MR imaging
cMRI Conventional MR imaging

ICH Intracranial hemorrhage

PD Proton density

MAGIiC MAGnetic resonance image Compilation
DIR Double inversion recovery

PSIR Phase-sensitive inversion recovery

NBR Normal brain region

K Cohen’s kappa coefficient

T Kendall’s tau rank correlation coefficient
pu Percentage unit

Stroke care relies on timely and proper imaging. In the acute stage, it guides therapeutic interventions such as
intravenous thrombolysis, endovascular treatments, and neurosurgery by early detection of acute ischemic stroke
and intracranial hemorrhage (ICH) and characterization of infarct core penumbra and cerebral circulation. In the
subacute or chronic stages, it supports the clinician’s diagnosis, management, and prognosis by describing lesion
evolution and associated brain abnormalities. As MRI performance for these purposes is well substantiated, its
scanning duration remains a drawback"? Along these lines, emerging techniques such as synthetic MR imag-
ing (sMRI) are promising by their potential to provide fast single-acquisition of quantitative multi-parametric
data about tissue properties using a multi-dynamic multi-echo sequence. This sequence repeats the same gradi-
ent reversal process used to create a single gradient echo to produce additional gradient echoes after a unique
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Figure 1. Axial conventional (DWI, ADC, cFLAIR, cT1) and synthetic (sSFLAIR, sT1, sPD, sPSIR) weighted
images depicting acute (DWI+/rADC, arrowhead) and chronic (WMH, arrow) ischemic lesions.

radiofrequency pulse*. Synthetic weighted images may be generated by virtually adjusting parameters such as
echo, repetition, and inversion delay times, using mathematical inferences rather than being predetermined by
multiple acquisitions of different sequences as in conventional MR imaging (cMRI). Different uses of sMRI in
neuroimaging were reported for gliomas, brain metastasis, and multiple sclerosis®>~®. To our knowledge, only
two recent studies investigated sMRI application for stroke. Duchaussnoy et al. reported a specific interest in
synthetic T2 mapping to gauge wake-up stroke onset time'’. Li et al. provided a phantom validation study of the
reliability of sMRI relaxometry measures for chronic ischemic stroke'!. Hence, no study has specifically addressed
overall sMRI clinical applicability for stroke. Therefore, we compared synthetic and conventional paired images
and investigated synthetic relaxometry for acute and chronic ischemic lesions in controlled clinical conditions.

Methods

Study population. The institutional review board (Comité déthique du CHU Saint-Pierre) approved the
study and waived the need for informed consent. This study was performed in accordance with relevant guide-
lines and regulations. We prospectively enrolled a total of 45 consecutive adult patients (aged 18 or more) admit-
ted for sudden onset of neurological deficit or symptoms highly suggestive of stroke from January 2017 to March
2018. Our inclusion criteria were (i) the conclusion of the early management (i.e. at least 24 h after their admis-
sion) with (ii) no therapeutic interventions (i.e., intravenous fibrinolysis, endovascular treatment, or neuro-
surgery) and (iii) no acute ICH diagnosed. We performed a dedicated MRI session comprising conventional
and synthetic acquisitions for this purpose. We observed four technical incidents: two patients presented major
motion artifacts hindering conventional image interpretation, and two did not undergo the synthetic acquisition
due to human operator error. A diagram illustrates the flow of participants through the study (Fig. S1) and the
demographic data are given (Table S1) in Supplemental Material.

MRI acquisition. The whole patient group was scanned on a 1.5 T MR imaging scanner (GE Healthcare,
Chicago, IL) using a 24-channel head coil. Institutional cMRI stroke protocol includes 2D axial T1, FLAIR, T2%,
DWT and apparent diffusion coefficient (ADC) mapping, coronal PROPELLER T2, and 3D TOF sequences. A
2D axial multi-dynamic multi-echo acquisition was then performed to provide the quantitative mapping of T1,
T2, and PD using MAGnetic resonance image Compilation (MAGIC, GE Healthcare) post-processing software”.
Synthetic images generated by MAGIC based on longitudinal R1 relaxation rate, transverse R2 relaxation rate,
and PD maps have been adapted to maximize tissue contrast. The total protocol duration was 24 min (17 min
20 s for the conventional protocol and 6 min 40 s for the synthetic acquisition). The acquisition details are given
(Table S2) in Supplemental Material.

Ischemic lesions definitions. DWI-positive with restricted ADC (DWI+/rADC)—i.e., appearing bright
on DWI and dark on ADC maps—or white matter T2/FLAIR hyperintensities not meeting the previous criteria
(WMH)—i.e., appearing bright on T2/FLAIR images but not dark on ADC maps—were defined based on the
cMRI images (Fig. 1) by consensus between an experienced neuroradiologist (PJ) and a neuroradiologist trainee
(JA) and mapped in a common data collection sheet. For this purpose, DWI+/rADC and WMH were referred
to as acute and chronic ischemic lesions respectively.
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PD map (quantitative)
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Figure 2. Representative examples of ROI in lesions (a acute ischemic lesion DWI+/rADC, b chronic ischemic
lesion WMH) and contralateral mirror NBR in a sT2 weighted image (upper left quadrant) with R,R, Plot
(scales: 0-2.5 [1/s]; 0-20 [1/s]) and R1 (lower left quadrant, red-to-blue colorbar scale: 0-2000 [ms]), PD (upper
right quadrant, red-to-blue colorbar scale: 0-100 [pu]) and R2 (lower right quadrant, red-to-blue colorbar scale:
0-200 [ms]) quantitative maps.

Qualitative analysis. We performed the qualitative analysis for the first 25 consecutive eligible patients.
The two reviewers assessed weighted image quality independently, randomly, and blinded to the clinical infor-
mation and other reviewer assessment after a minimal 2-week memory-washout period of the consensus men-
tioned above on PACS consoles using the same settings for image display. We collected the qualitative assessment
of lesions visibility and definition using a data collection sheet according to a 3-level score for each sequence of
c¢MRI (cT1, cT2, cFLAIR) and sMRI (sT1, sPSIR, sT2, sFLAIR) as 1 (no lesion visible), 2 (lesion visible), 3 (well-
defined lesion) for acute and chronic ischemic lesions. Finally, we compared the two individual data collection
sheets of qualitative assessments with the common data collection of the consensus.

Quantitative analysis. A single investigator (JA) performed the quantitative data collection on MAGIC on
the 43 eligible patients. We delineated a circular ROI of DWI+/rADC and WMH lesions aiming to maximize
the ROI-lesion overlap while not including perilesional tissue on the synthetic images based on a visual match-
ing with the cDWTI and cFLAIR images. Then, we placed a circular ROI of the same size in the contralateral
apparent normal brain region (NBR) for each lesion in the same section and location, so-called the mirror ROI
(Fig. 2). For WMH, we considered only the most representative lesion—i.e., the most extensive lesion presenting
a homogeneous hypersignal in cFLAIR with an adequate mirror ROI per patient. The white matter areas show-
ing an overlap between acute and chronic lesions were not considered, as well as lacunar infarcts, because of
their heterogeneity or a small size (millimetric), jeopardizing consistent relaxometry measurements. We manu-
ally placed ten ROIs in different NBR structures: superficial and deep white matter (WM), grey matter (GM),
and cerebrospinal fluid (CSF). The superficial and deep WM structures were corresponding to the left and right
centrum semiovale, and, genu and splenium of the corpus callosum; the superficial and deep GM structures
corresponding to the left and right superior frontal cortex and thalami; the CSF structures corresponding to the
left and right anterior horns of the lateral ventricles. We collected R1, R2, and PD values. The works of Blystad
et al. inspired this approach’.

Statistical analysis. We proceeded to an exploratory data analysis approach and no correction for the
multiple comparisons problem was performed. We compared paired or independent ordinal variables or dichot-
omous dependent variables by nonparametric tests of Wilcoxon signed-rank, Mann-Whitney-Wilcoxon, or
McNemar's test, respectively. The inter-rater reliability was measured by quadratic Cohen’s weighted kappa coef-
ficient (k). We calculated the Kendall rank correlation coefficient (t) for the ordinal association. Statistical sig-
nificance was predetermined as a p value <0.05 with preferred two-tailed tests. We computed statistics and data
visualization on the open-source R, Version 4.0.3 (R statistical and computing software; http://www.r-project.
org/)—all our scripts are available on a dedicated github repository and Supplemental Material.

Ethical approval. The data and code are fully available upon request for reviewers to test reproducibility.
About ethical considerations, the institutional review board approved this study while waiving consent to par-
ticipate/for publication. We certify that the submission is original work and is not under review at any other
publication.
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Figure 3. Stacked bar plot of overall image quality for conventional and synthetic MR imaging for (a) 46 acute
(DWI+/rADC) and (b) 90 chronic (WMH) ischemic lesions in the first 25 consecutive patients. Each contrast-
weighted image quality for lesion definition and visibility was rated according to a 3-level score by two readers
as: 1—no lesion visible (yellow), 2—lesion visible (light green), 3—well-defined lesion (green). Significant
differences (p <0.05) between weighted images are indicated by an asterisk.
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Table 1. Inter-rater reliability (PJ vs JA). PJ, experienced neuroradiologist; JA, neuroradiologist trainee;
Cohen’s k coefficient—[95% CI]. Tp<0.001.

Results

Study population. The 43 patients included were 16 females (age range 25-84 years, mean age 54 years)
and 27 males (age range 22-89 years, mean age 63 years), with a combined total of 136 lesions of which 46
DWI+/rADC and 90 WMH—4 patients being free of diagnosed lesions, and, 430 NBR. We did not find any
DWI/FLAIR mismatched lesion of potentially undiagnosed silent hyperacute stroke or T2* hypointensity of an
acute ICH.

Qualitative analysis. The assessed quality of synthetic images was significantly superior to their paired
conventional images for acute and chronic ischemic lesions except for sFLAIR (sT1 or sPSIR vs. cT1 and sT2
vs. cT2 for DWI+/rADC and WMH definition; p values <0.001). Indeed, sFLAIR qualitative comparison was
only significantly superior for chronic ischemic lesions (sSFLAIR vs. cFLAIR for DWI+/rADC and WMH defi-
nition, p values of 0.49 and <0.001). The readers reported a higher noise level and a greater number of artifacts
consisting of thin and scattered hyperintensities predominantly at the parenchymal interface giving an overall
granulated aspect of sSFLAIR and resulting in lower overall image quality than cFLAIR (Fig. S2). The proportion
of visible lesions on sT1 and sPSIR was significantly superior for acute and chronic ischemic lesions (sT1 or
sPSIR vs. cT1 for DWI+/rADC and WMH visibility, p values <0.001). A grouped and stacked barplot displays
these results (Fig. 3). All inter-rater reliability measures were significant with the lowest observed for ¢T2 and
the highest for cFLAIR (k=0.47 [0.29-0.66] and 0.93 [0.89-0.98], p values <0.001, Table 1). Tables display these
results (Tables S3 and S4) in Supplemental Material.

Quantitative analysis. Al relaxometry measures of acute and chronic ischemic lesions compared to their
mirror NBR were significantly different (T1, T2, and PD of DWI+/rADC or WMH vs. mirror NBR; p val-
ues<0.001). Relaxometry measures of acute compared to chronic ischemic lesions were significantly different
except for T2 (T1, T2, and PD of DWI+/rADC vs WMH; p values of 0.034, 0.697, and 0.008). Concerning NBR
paired relaxometry measures, only the T2 of the right and left frontal cortex, and the genu and splenium of
corpus callosum ROIs were significantly different (p values of 0.042 and 0.035). Age was rank-correlated with
statistical significance for all relaxometry measures of CSF and centrum semiovale, T2 and PD of the thalamus,
and T2 of cortex and genu of corpus callosum (absolute value of T ranging from 0.16 to 0.42, p values from 0.036
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Figure 4. Beeswarm-box plots depicting quantitative synthetic findings of 46 acute (DWI+/rADC) and 23
chronic (WMH) ischemic lesions, and, 430 NBR. Significant differences (p <0.05) between ROI are indicated by
an asterisk.

t0<0.001). A beeswarm-box plot (Fig. 4) and tables display these results (Tables S5 and S6) in Supplemental
Material.

Discussion

Due to scarce evidence available, a full-scale study implementing sMRI in the management of stroke patients
from the outset was considered premature. Therefore, this pilot study aimed to investigate the interest of sSMRI
for ischemic stroke in controlled clinical conditions. Of the 45 consecutive patients enrolled, four were concerned
by technical incidents. None were due to the synthetic acquisition but two related to it as human operator errors.
Specific training and experience combined with dedicated MRI protocols for clinical application should prevent
these. The remaining two technical incidents were major motion artifacts only compromising conventional
images.

Qualitative analysis. The quality of synthetic images was assessed superior to conventional weighted
images for DWI+/rADC and WMH definition—sFLAIR not reaching significance, particularly sT1 and sPSIR
compared to cT1 for acute and chronic ischemic lesions. The interest of sPSIR has been previously reported for
multiple sclerosis lesions detection and intracranial vessel characterization. To our knowledge, no previous study
has evaluated its interest in stroke. Substantial to almost perfect inter-rater reliability was obtained for synthetic
imaging between the two observers but lower than conventional imaging, except for the cT2. Both readers were
naive to sSMRI, which may contribute, combined with a significant difference in experience, to the overall lower
inter-individual agreement observed for synthetic images. However, the lowest inter-rater reliability concerned
a conventional weighted-image (cT2). This notable exception may be due to a coronal acquisition thought to
be more difficult to interpret for inexperienced readers. Interestingly, this suggests that the specification of the
cMRI acquisition protocol may have more effect on inter-reader agreement than the synthetic generation of
weighted images. According to the readers’ feedback, an sFLAIR had lower overall image quality than cFLAIR
due to noise and artifacts. However, this subjective assessment was not associated with a significant difference
in image quality ratings for lesions definition and visibility on FLAIR images for inter-method (synthetic versus
conventional) and inter-readers qualitative assessments (experienced neuroradiologist versus trainee) compari-
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sons. This supports easily detectable artifacts not hindering lesion characterization even for inexperienced read-
ers in line with previous findings of Ryu et al.!> Moreover, deep learning has been recently used to improve the
quality of synthetic FLAIR images with promising results"’.

Quantitative analysis. Acute and chronic ischemic lesions relaxometry profiles compared to their mir-
ror NBR showed higher lesional T1, T2, and PD. Interestingly, a comparison between acute versus chronic
ischemic lesions profiles retrieved significant differences for T1 and PD but not T2. Experimental studies on
rodent models undergoing middle cerebral artery occlusions have previously outlined for subsequent ischemic
lesions a maximization of T1 and T2 relaxation times and PD at 24-48 h to decline between 4 and 7 days—pre-
sumed to reflect the development of vasogenic edema and increasing tissue water content'*™*¢. Accordingly, the
synthetic quantitative profiles retrieved in our study seem consistent—with the exception of paradoxical but
not significantly lower T2 of acute lesions. However, the acute and chronic stroke groups defined in this study
presented heterogeneous relaxometry values (as depicted in Fig. 4) that may be due to high variability in lesion
age and topography. Therefore, no definitive conclusion can be drawn in absence of precise onset-time and his-
topathological correlations with limited sample size. Along these lines, Duchaussoy et al. reported a correlation
between synthetic T2 mapping and stroke onset-time, supporting it as a potential biomarker of interest for the
management of patients with stroke of unknown onset'. Overall quantitative findings of NBR were in line with
the literature, however variations in populations studied and methods of segmentation of ROIs (automated,
semi-automated, or manually drawn) and technology (e.g., quantitative cMRI, sMRI, or MRI fingerprinting)
to acquire the relaxometry may contribute to differences observed!’-?!. Interestingly, we found a significant dif-
ference in T2 relaxometry between left and right frontal cortex ROIs. We postulate a left-right asymmetric bias
due to the manual segmentation method used*. This asymmetric bias may have only reached significance for
T2 of cortex ROIs due to cortico-subcortical atrophy (associated with the partial volume effect of CSF)? of the
overrepresented elderly patients in the study population. In this study, T1, T2, and PD of WM values increased
with age which is consistent with the recent findings of Hagiwara et al**. Our nonsignificant finding for the
grey matter’s PD decreasing with age may corroborate the previous hypothesis postulated about the potential
left-right asymmetric segmentation bias due to the manual segmentation method used, partial volume effect,
and population studied.

Limits. As a pilot study, only selected patients—i.e., after the conclusion of their early management and
clinical stability ensured—were recruited in a dedicated MRI session. Our study was not designed to evaluate
sMRI diagnosis performance nor its clinical significance—i.e. no clinical correlation was performed. Indeed,
we assessed lesions definition and visibility based on a consensus. Moreover, we used DWI+/rADC and WMH
as surrogate markers of acute and chronic ischemic lesions. However, this approach is limited by this simplistic
categorization of two heterogeneous groups including different etiopathogenic types of ischemic lesions. Also,
as ischemia is a widely accepted cause of white matter changes, clearly not all such lesions are due to it. Fur-
thermore, its small sample size prevented complementary analyses, such as image quality depending on lesion
topography. Finally, we can not exclude confirmation bias from the potential inclination towards a positive
assessment of SMRI.

Perspectives. A full-scale study of sMRI for stroke would be the next step to confirm its clinical applicabil-
ity and significance. The sMRI may fastly provide surrogate cMRI images and unique information for stroke
care. Indeed, sMRI can offer versatile relaxometry weighting parameters dynamically adjustable for contrast and
color-coded visualization. Moreover, the synthetic quantitative data may be particularly suitable for computa-
tional analysis to develop lesion automated detection algorithms (e.g., of hyperacute ischemic lesion or ICH)%,
define biomarkers (e.g., of stroke salvageability, onset time, or topography)'°, and, constitute voxel-wise stroke-
specific atlases?®. However, sMRI diagnostic accuracy and time efficiency for specific stroke imaging endpoints
will have to be determined in clinical settings comprising the critical time window of acute stroke and compared
to current criterion standards (e.g. multimodal MRI) and other MR rapid acquisition techniques.

Conclusion

An MRI protocol combining conventional and synthetic acquisitions was performed on 43 consecutive stroke
patients in controlled clinical conditions. The qualitative analysis of synthetic MRI found superior overall per-
formance for acute and chronic ischemic lesions definition compared to conventional MRI. Moreover, the inter-
rater reliability between two readers with different experiences supports the accessibility of this technique. The
quantitative analysis of synthetic relaxometry found significant differences in profiles of acute and chronic
ischemic lesions and consistent findings of distinct normal brain regions with the literature suggesting promis-
ing interest in this approach for stroke. Therefore, a full-scale study of synthetic MRI diagnosis performance
in clinical settings comprising the critical time window of acute stroke early management would be the next
step to investigating its clinical significance. Moreover, the synthetic quantitative data may define useful stroke
biomarkers for future radiomics applications.

Received: 18 December 2021; Accepted: 20 June 2022
Published online: 07 July 2022

Scientific Reports |

(2022) 12:11552 | https://doi.org/10.1038/s41598-022-15204-8 nature portfolio



www.nature.com/scientificreports/

References
1. Powers, W. ]. et al. Guidelines for the early management of patients with acute ischemic stroke: 2019 update to the 2018 guidelines
for the early management of acute ischemic stroke: A guideline for healthcare professionals from the American Heart Association/
American Stroke Association. Stroke 50, e344-e418 (2019).
2. Provost, C. et al. Magnetic resonance imaging or computed tomography before treatment in acute ischemic stroke. Stroke 50,
659-664 (2019).
3. Blystad, L et al. Synthetic MRI of the brain in a clinical setting. Acta Radiol. 53, 1158-1163 (2012).
4. Hagiwara, A. et al. SyMRI of the brain: Rapid quantification of relaxation rates and proton density, with synthetic MRI, automatic
brain segmentation, and myelin measurement. Investig. Radiol. 52, 647-657 (2017).
5. Tanenbaum, L. N. et al. Synthetic MRI for clinical neuroimaging: Results of the magnetic resonance image compilation (MAGiC)
prospective, multicenter, multireader trial. AJNR Am. ]. Neuroradiol. 38, 1103-1110 (2017).
6. Blystad, I. et al. Quantitative MRI for analysis of peritumoral edema in malignant gliomas. PLoS ONE 12, 0177135 (2017).
7. Hagiwara, A. et al. Contrast-enhanced synthetic MRI for the detection of brain metastases. Acta Radiol. Open 5,2058460115626757
(2016).
8. Granberg, T. et al. Clinical feasibility of synthetic MRI in multiple sclerosis: A diagnostic and volumetric validation study. AJNR
Am. J. Neuroradiol. 37,1023-1029 (2016).
9. Hagiwara, A. et al. Synthetic MRI in the detection of multiple sclerosis plaques. AJNR Am. ]. Neuroradiol. 38, 257-263 (2017).
10. Duchaussoy, T. et al. Synthetic T2 mapping is correlated with time from stroke onset: A future tool in wake-up stroke manage-
ment?. Eur. Radiol. 29, 7019-7026 (2019).
11. Li, C.-W. et al. Reliability of synthetic brain MRI for assessment of ischemic stroke with phantom validation of a relaxation time
determination method. J. Clin. Med. 9, 1857 (2020).
12. Ryu, K. H. et al. Initial clinical experience of synthetic MRI as a routine neuroimaging protocol in daily practice: A single-center
study. J. Neuroradiol. 47, 151-160 (2020).
13. Hagiwara, A. et al. Improving the quality of synthetic FLAIR images with deep learning using a conditional generative adversarial
network for pixel-by-pixel image translation. Am. . Neuroradiol. 40, 224-230 (2019).
14. Knight, R. A. et al. Temporal evolution of ischemic damage in rat brain measured by proton nuclear magnetic resonance imaging.
Stroke 22, 802-808 (1991).
15. Helpern, J. A. et al. Histopathological correlations of nuclear magnetic resonance imaging parameters in experimental cerebral
ischemia. Magn. Reson. Imaging 11, 241-246 (1993).
16. Carano, R. A. D. et al. Determination of focal ischemic lesion volume in the rat brain using multispectral analysis. J. Magn. Reson.
Imaging 8, 1266-1278 (1998).
17. Deoni, S. C. L., Peters, T. M. & Rutt, B. K. High-resolution T1 and T2 mapping of the brain in a clinically acceptable time with
DESPOT1 and DESPOT2. Magn. Reson. Med. 53, 237-241 (2005).
18. Warntjes, J. B. M., Leinhard, O. D., West, J. & Lundberg, P. Rapid magnetic resonance quantification on the brain: Optimization
for clinical usage. Magn. Reson. Med. 60, 320-329 (2008).
19. West, J., Warntjes, J. B. M. & Lundberg, P. Novel whole brain segmentation and volume estimation using quantitative MRI. Eur.
Radiol. 22, 998-1007 (2012).
20. Warntjes, J. B. M., Engstrom, M., Tisell, A. & Lundberg, P. Brain characterization using normalized quantitative magnetic resonance
imaging. PLoS ONE 8, €70864 (2013).
21. Korzdorfer, G. et al. Reproducibility and repeatability of MR fingerprinting relaxometry in the human brain. Radiology 292,
429-437 (2019).
22. Maltbie, E. et al. Asymmetric bias in user guided segmentations of brain structures. Neuroimage 59, 1315-1323 (2012).
23. Jeon, T. et al. Regional changes of cortical mean diffusivities with aging after correction of partial volume effects. Neuroimage 62,
1705-1716 (2012).
24. Hagiwara, A. et al. Age-related changes in relaxation times, proton density, myelin, and tissue volumes in adult brain analyzed by
2-dimensional quantitative synthetic magnetic resonance imaging. Investig. Radiol. 56, 163-172 (2021).
25. Nael, K. et al. Automated detection of critical findings in multi-parametric brain MRI using a system of 3D neural networks. Sci.
Rep. 11, 6876 (2021).
26. Wang, Y, Juliano, J. M., Liew, S.-L., McKinney, A. M. & Payabvash, S. Stroke atlas of the brain: Voxel-wise density-based clustering
of infarct lesions topographic distribution. Neurolmage Clin. 24, 101981 (2019).

Author contributions

J.A. and S.B. contributed equally to the study: study concept and design; data acquisition and analysis; interpreta-
tion of data; full access to all of the data in the study; responsible for the integrity of the data and the accuracy
of the data analysis; statistical analyses; drafting the manuscript; share first authorship with equal contributions.
PJ.: interpretation of data; critical revision of the manuscript for important intellectual content.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-022-15204-8.

Correspondence and requests for materials should be addressed to J.A.
Reprints and permissions information is available at www.nature.com/reprints.

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

Scientific Reports |

(2022) 12:11552 | https://doi.org/10.1038/s41598-022-15204-8 nature portfolio


https://doi.org/10.1038/s41598-022-15204-8
https://doi.org/10.1038/s41598-022-15204-8
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |  (2022) 12:11552 | https://doi.org/10.1038/s41598-022-15204-8 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Synthetic MRI for stroke: a qualitative and quantitative pilot study
	Methods
	Study population. 
	MRI acquisition. 
	Ischemic lesions definitions. 
	Qualitative analysis. 
	Quantitative analysis. 
	Statistical analysis. 
	Ethical approval. 

	Results
	Study population. 
	Qualitative analysis. 
	Quantitative analysis. 

	Discussion
	Qualitative analysis. 
	Quantitative analysis. 
	Limits. 
	Perspectives. 

	Conclusion
	References


