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Abbreviated Title Page

Synthetic FLAIR as a substitute for FLAIR sequence in acute ischemic stroke

Manuscript type: Original research

Summary statement
Synthetic fluid-attenuated inversion recovery (FLAIR) generated with deep learning is as

accurate as a real FLAIR sequence for the identification of early stroke.

Abbreviations:

AlIS = acute ischemic stroke

DWI = diffusion-weighted imaging

FLAIR = fluid-attenuated inversion recovery
GAN = Generative Adversarial Network

rSlI = relative signal intensity

WMH = white matter hyperintensities
Key results

- Synthetic fluid-attenuated inversion recovery (FLAIR) can be generated from a
diffusion-weighted imaging (DWI) sequence using deep learning within 22 seconds.

- The diagnostic performance of synthetic FLAIR to identify early (<4.5hrs) ischemic
stroke was similar to that of real FLAIR (sensitivity and specificity: 85% and 92% vs.
82% and 92%, respectively).

- Use of synthetic FLAIR instead of real FLAIR may allow a clinically relevant (=25%)

reduction in stroke MR protocol duration.
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Abstract

Background: In acute ischemic stroke (AIS), fluid-attenuated inversion recovery (FLAIR) is
used for treatment decision when onset time is unknown. Synthetic FLAIR could be
generated with deep learning from information embedded in diffusion-weighted imaging
(DWI) and replace real FLAIR to shorten MRI acquisition.

Purpose: To compare performance of synthetic and real FLAIR for DWI-FLAIR mismatch

estimation and identification of patients presenting within 4.5h from symptom onset.

Materials and methods: In this retrospective study, all pre-treatment and early follow-up

(<48h post symptom onset) MRI datasets including DWI (b=0-1000 sec/mm?) and FLAIR
sequences obtained in consecutive patients with AlS referred for reperfusion therapies
between January 2002 and May 2019 were included. On the training set (80%), a generative
adversarial network was trained to produce synthetic FLAIR, using DWI as input. On the test
set (20%), synthetic FLAIR was computed without real FLAIR knowledge. DWI-FLAIR
mismatch was evaluated on both FLAIR by four independent readers. Inter-observer
reproducibility and DWI-FLAIR mismatch concordance between synthetic and real FLAIR
were evaluated with kappa statistics. Sensitivity and specificity for identification of AlIS <4.5h

were compared in patients with known onset time using McNemar test.
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Results: 1416 MRI scans (861 patients, median [IQR] age: 71yrs [57-81]; 375 men) were
included, yielding 1134 and 282 scans for training and test sets, respectively. Regarding DWI-
FLAIR mismatch, inter-observer reproducibility was substantial for real and synthetic FLAIR
(x=0.80 [95%Cl: 0.74-0.87] and 0.80 [0.74-0.87], respectively). After consensus, concordance

between real and synthetic FLAIR was almost perfect (k=0.88 [0.82-0.93]). Diagnostic value

for identifying AIS <4.5h did not differ between real and synthetic FLAIR (sensitivity: 107/131

[82%] vs. 111/131 [85%], P=0.2; specificity: 96/104 [92%] vs. 96/104 [92%], P>.99,
respectively).

Conclusion: Synthetic FLAIR had similar diagnostic performances to real FLAIR for DWI-FLAIR
mismatch detection and identification of early acute ischemic stroke and may accelerate

MRI protocols.
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Introduction

Time of symptom onset is unknown in up to 27% of patients with acute ischemic stroke (AIS)
(1), especially in the setting of wake-up stroke. Yet, knowledge of estimated time elapsed
since stroke onset is part of current recommendations for reperfusion therapies (2). MRI
plays an important role in estimating time since stroke onset: the presence of an acute
ischemic lesion on diffusion-weighted imaging (DWI) in the absence of a hyperintense lesion
on fluid-attenuated inversion recovery (FLAIR), DWI-FLAIR mismatch, indicates a short
(<4.5h) onset-to-MRI delay (3—5). The WAKE-UP stroke trial showed that in patients with AlS,
unknown time of symptom onset and DWI-FLAIR mismatch, intravenous thrombolysis
resulted in a better functional outcome than placebo (6). DWI-FLAIR mismatch may also help
in selecting patients with unknown time of AIS onset for mechanical thrombectomy (7).
FLAIR is also used to rule out subacute AlS (8) and stroke mimics, and for evaluating the
extent of white matter hyperintensities (WMHSs) (9). A FLAIR sequence is therefore part of
most stroke MR protocols (10), regardless of whether AIS onset time is known.

Because time is of the essence in the management of AlS, short imaging baseline
protocols are needed to allow for prompt treatment decisions (11). FLAIR sequence
acquisition as part of an AIS MR protocol usually requires several minutes, and image quality
may be suboptimal in restless patients (12). To overcome these limitations, attempts have
been made to use the T2-weighted echo-planar imaging (EPI) sequence before the
application of diffusion gradients (b=0 sec/mm? [b0]) as substitute for FLAIR (13). The
resulting bO-DWI mismatch allowed estimation of AlS onset with a moderate sensitivity
(72.9%), in part because analysis of cortical regions was hindered by high signal intensity

from cerebrospinal fluid on the b0 images.
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Based on the assumption that key T2-signal changes were embedded in the b0 and
b=1000 s/mm? (b1000) weightings, we hypothesized that synthetic FLAIR images generated
solely based on DWI using deep learning methods could compete with real FLAIR images for
DWI-FLAIR mismatch determination. Such an approach may allow to omit FLAIR acquisition
and thus reduce scan time in the acute stroke setting.

The purpose of our study was therefore to compare deep learning-derived synthetic
FLAIR to real FLAIR images for presence of DWI-FLAIR mismatch and identification of

patients with AIS imaged <4.5h of stroke onset.

Material and Methods

In accordance with French legislation, a commitment to compliance was filed under the
reference MR4708101219. Patients were informed and offered the possibility to be excluded
from data analysis. As this study implied retrospective analysis of anonymized data collected
as part of routine care, approval by an Ethics Committee was not required and written
informed consent was not requested as per MR-004 national regulation. Various parts of the
population studied here have been published in 25 original manuscripts; however, synthetic
FLAIR was not evaluated in any of these studies (Online Appendix). Data generated or

analyzed during the study are available from the corresponding author by request.

Patients

We retrospectively included consecutive AlS patients admitted to our hospital between
January 2002 and May 2019. The patients were identified from a prospectively collected

stroke registry of consecutive patients. Patient were included in this study if they had
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undergone acute stroke MRI before treatment and received reperfusion treatment,
regardless of whether stroke onset time was known or not. Patients who refused to
participate to the study were excluded. In this center, MRI has been used as a first-line
diagnostic tool for acute AIS during this period (14). All baseline and early MRI follow-up
examinations performed within 48 hours of hospital admission were included in the analysis
and are thereafter termed MRI datasets. MRI datasets with missing DWI or FLAIR images
were excluded. Age, sex, National Institutes of Health Stroke Scale score at admission, stroke

onset-to-MRI delay, and recanalization treatment were collected.

MRI acquisition and parameters

MRI scans were acquired with a 1.5-T MRI scanner (Signa EchoSpeed; GE Healthcare) with a
33 mT/m gradient and an eight-channel coil, with similar parameters during the entire study
period. DWI parameters were 128x128 matrix, 24-cm field of view, 6-mm slice thickness,
repetition time 6400-6700 msec, echo time 90 msec, diffusion weightings: b=0 and b=1000
sec/mm?, gradients applied in three orthogonal directions. ADC maps were computed based
on DWI acquisition. FLAIR parameters were 256x192 matrix, 24-cm field-of-view, TR 8000-
10000 msec, inversion time 2000-2300 msec. Sequence duration was 53 seconds for DWI
and between 1 minute and 40 seconds (after 2018) and 2 minutes and 15 seconds (before
2018) for FLAIR (termed real FLAIR). Total protocol duration including time of flight

angiography and T2-gradient-echo imaging was < 7 minutes.
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Data preprocessing

Sequences were exported from the Picture Archiving and Communication System (PACS) and
upscaled to a 256x256 matrix. Real FLAIR images were coregistered onto the corresponding
DWI sequences using FSL FLIRT (version 6.0, Functional Magnetic Resonance Imaging of the
Brain, Oxford, UK, non-commercial software) (15) with 12-parameters affine registration.
The dataset was split into training and test sets (80/20%), with stratification regarding MRI
time-point (baseline or early follow-up). MRI quality was evaluated by an independent
reader (MAD, MSc, 3-months training in stroke imaging) on an ordinal scale ranging from 1

(low quality) to 3 (high quality).

Deep-learning model

The deep-learning model was derived from Ea-GAN (16) (see Supplemental Material). The
model was trained on the training set using source DWI, ADC, and real FLAIR. After training
was complete, synthetic FLAIR images were generated in the test set using source DWI and
ADC maps but not real FLAIR images. Information for model architecture and training as well
as an illustration of the network are provided in Supplemental Material and Supplemental
Figure 1. Source code and model weights will be made freely available at
https://github.com/NeuroSainteAnne/synthFLAIR. Total time for synthetic FLAIR calculation
in the test set was measured on a production environment, and MR time reduction

estimated in Supplemental Figure 2.
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Data analysis in the test set

DWI (b1000) and ADC maps were displayed beside real FLAIR or synthetic FLAIR images,
presented in random order. Four neuroradiologists (GH, JB, LL, CO with 3, 5, 10, 20 years of
experience in stroke imaging, respectively), trained to the Wake-Up Radiology Trainer set
(17) and blinded to FLAIR sequence type and onset-to-MRI delay, compared DWI and FLAIR
images and determined whether an ischemic lesion was visible on FLAIR images. Each reader
evaluated both synthetic FLAIR and real FLAIR images of assigned MRI datasets in separate
sessions, with a two-month wash-out period between sessions to avoid recall bias. FLAIR
lesion visibility was categorized as “Negative FLAIR” (i.e., presence of DWI-FLAIR mismatch),
“Positive FLAIR” (i.e., absence of DWI-FLAIR mismatch), or “Non assessable”, as per Wake-Up
Stroke trial specifications (18). The test dataset was split into 4 subsets. Each of the four
readers were assigned 2 of these 4 subsets (Supplemental Figure 3); as a result, each MRI
set was evaluated by two readers for inter-observer reproducibility assessment. Two months
later, 2 readers each re-evaluated 1 data subset for intra-observer reproducibility
assessment. Between-reader discrepancies were resolved by consensus. The visual analysis
was complemented by a quantitative analysis of FLAIR signal changes. The relative signal
intensity (rSl) of the ischemic lesion to the mirror lesion’s signal intensity in the contralateral
hemisphere was calculated on real and synthetic FLAIR data (Supplemental Material) as
described previously (5). Finally, a single neuroradiologist (JB) evaluated WMHs according to
the modified Fazekas scale (19) on real FLAIR and synthetic FLAIR images, for the whole test

set.
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Statistical analysis

Statistical analysis was conducted with R (version 4.0.1, R Foundation, Vienna, Austria, open-
source). Values are expressed as median (Interquartile range) and/or 95% Cls. Intra-observer
reproducibility, inter-observer reproducibility, and concordance between real FLAIR and
synthetic FLAIR for DWI-FLAIR mismatch were evaluated with Cohen Kappa coefficient.
Sensitivity, specificity, positive predictive value, and negative predictive value of DWI-FLAIR
mismatch for the identification of AlIS<4.5h were compared between real FLAIR and
synthetic FLAIR using McNemar test, and relative predictive values method using DTComPair
module (20). Pre-specified subgroup analyses were conducted on low-quality (score<2) real
FLAIR, and in patients imaged within 12h to focus the analysis on early MRI scans.
Adjudication times and rSl were compared with Wilcoxon paired test. Concordance between
real FLAIR and synthetic FLAIR for Fazekas scores was evaluated with weighted k. Correlation
coefficient of rSI measured on real and synthetic FLAIR was calculated using Pearson
coefficient. Area under the ROC curve for the identification of AlIS<4.5h using rSl were
computed and compared using DeLong’s method. Statistical threshold for significance was P

=.05.

Results

Patients

During the screening period, 1416 MRI datasets from 821 patients (446 women, 375 men,

median age: 71y [IQR, 57-81]) were available (Figure 1), of which 1134 (80%) were used for
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training and 282 (20%) for evaluation (test set). Clinical data are summarized in Table 1. In

the test set, a lesion was seen on DWI in 280 of 282 (99%) MRI datasets.

Synthetic FLAIR generation and adjudication time

Median duration for synthetic FLAIR image generation was 2.5 seconds (IQR, 1.7-3.4).
Median total duration for 24-slice DWI transfer onto the server, data conversion, synthetic
FLAIR generation and transmission to PACS was 22.3 seconds (IQR, 17.9-25.0). Adjudication
time for DWI-FLAIR mismatch assessment was similar between real FLAIR and synthetic

FLAIR (median time: 13 seconds [IQR, 7-24] and 13 seconds [IQR, 8-26], respectively, P=.55).

Intra- and inter-observer reproducibility for FLAIR lesion visibility

Intra-observer reproducibility was almost perfect both for real FLAIR (k=0.85 [95%Cl: 0.76-
0.93], range 0.84-0.86 per reader) and synthetic FLAIR (k=0.85 [95%Cl: 0.76-0.93], range
0.83-0.86 per reader). Inter-observer reproducibility was substantial (k=0.80 [0.74-0.87] and

k=0.80 [95%Cl: 0.74-0.87], respectively).

Concordance between real FLAIR and synthetic FLAIR

Intra-observer concordance is summarized for each reader in Table 2. After consensus, DWI-
FLAIR mismatch was present in 133/282 (47%) and 138/282 (49%) MRI datasets with real
FLAIR and synthetic FLAIR (Supplemental Table 1), respectively, and concordance between
real FLAIR and synthetic FLAIR was almost perfect (k=0.88 [95%Cl: 0.82-0.93]). lllustrative

examples are shown in Figure 2.
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Identification of AIS with a time since onset <4.5hr with visual analysis

True stroke onset-to-MRI delay was available in 239 of 282 test MRI datasets (84%). Of
these, 4 pairs were excluded due to non-assessable FLAIR (2 MRI datasets with non-
assessable real FLAIR and 2 MRI datasets with non-assessable real FLAIR and synthetic
FLAIR). Of the remaining 235 assessable MRI datasets, 131 were acquired within 4.5h after
onset. There was no significant difference in sensitivity or specificity of DWI-FLAIR mismatch
for identification of AlIS<4.5h using real FLAIR or synthetic FLAIR (107/131 [82%)] vs. 111/131
[85%], P=.2; and 96/104 [92%] vs. 96/104 [92%], P>.99, respectively) (Table 3).

There was again no difference in sensitivity or specificity in the subgroup imaged
within 12h of onset (n=145; 131/145 [90%] imaged <4.5h): 107/131 [82%] vs 111/131 [85%],

P=.2; and 9/14 [64%)] vs 10/14 [71%], P=.3, respectively.

Identification of AIS with a time since onset <4.5hr with quantitative analysis

In 239 MRI datasets with known onset-to-MRI delay, median rSl was 1.15 (IQR, 1.07-
1.33) and 1.13 (IQR, 1.06-1.28) for real FLAIR and synthetic FLAIR, respectively (P=0.15). rSI
values measured on real FLAIR and synthetic FLAIR were positively correlated (r=0.75
[95%Cl: 0.69-0.80]). Area under the ROC curve for identification of AIS with a time since
onset <4.5hr were not significantly different between real and synth FLAIR (0.87 [95%ClI:

0.82-0.91] vs. 0.88 [95%Cl: 0.83-0.92] respectively, P=.80) (Figure 3).
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WMHs

Concordance for WMH scoring between real FLAIR and synthetic FLAIR was substantial

(weighted-k=0.76 [95%Cl: 0.70-0.81]).

Discussion

Benefits of recanalization are highly time-dependent in AIS (11,21,22), thus minimizing the
time for each step of the imaging workflow before treatment is crucial (23,24). We showed
that synthetic FLAIR, generated solely from DWI, was highly consistent with real FLAIR for
the evaluation of DWI-FLAIR mismatch, with results as accurate as real FLAIR for identifying
AlS<4.5h after onset. This suggests that synthetic FLAIR may replace real FLAIR for that
purpose in AlS.

MRI-based selection for AIS patients can be accomplished within a timeframe similar
to CT-based selection without delaying treatment (23) and is associated with more favorable
functional outcome and less mortality after mechanical thrombectomy (24). However, MRI
scan duration is currently longer than CT and efforts are needed to shorten MR duration
(23,24). To do so, multiple approaches have been proposed: using EPI-based sequences for
T2 gradient-echo and FLAIR (12,25), applying multiband imaging (26), or quantitative MR
imaging methods such as synthetic MRI (27). The latter approach produces parametric maps
from which various MR contrasts, including FLAIR, can be calculated. However, synthetic MRI
does not currently provide FLAIR images free of hyperintense artifacts (28), and EPI-based
FLAIR cannot replace real FLAIR for stroke-to-MRI delay estimation because of lower
accuracy for detecting signal changes (12). Rather than aiming at shortening FLAIR

acquisition, our approach would allow to effectively omit it. We confirmed that FLAIR signal
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changes in AIS are embedded in the b0 and b1000 weightings of the DWI sequence (13),
allowing generation of synthetic FLAIR images that contain key information for identification
of AlS with a time since onset <4.5hr, either visually using the DWI-FLAIR mismatch or
guantitatively using the rSl. Moreover, synthetic FLAIR mimicked real FLAIR images, with
equal labelling time, suggesting the absence of a learning curve.

Synthetic FLAIR has several advantages. First, it allows a =25% reduction in scanning
time if real FLAIR acquisition is removed from MR protocol, with synthetic FLAIR being
computed during the acquisition of the remaining sequences. Although it does not obviate
the need to optimize each step of the workflow to minimize door-to-needle time, saving
1.66 min could theoretically avoid the loss of up to 3.1 million neurons (11). Second,
synthetic FLAIR should allow motion artifact reduction in restless patients with
approximately 10% not assessable FLAIR images based on previous studies (29). Each DWI
image is acquired in <1 second, thus theoretically “freezing” head movements and
minimizing severe artifacts. Synthetic FLAIR may also avoid repeated FLAIR acquisitions
when there are severe motion artifacts in restless patients. Third, synthetic FLAIR is available
once DWI is acquired, which is crucial whenever the MR is prematurely interrupted in
restless patients with unknown stroke onset time. Fourth, synthetic FLAIR is directly
comparable with DWI images, without the need for coregistration. Lastly, it allows an
accurate evaluation of WMHs, which are considered a risk factor for post-thrombolysis
hemorrhage (30) and for post- mechanical thrombectomy unfavorable outcome (9).

Our study has limitations. First, synthetic FLAIR was developed and tested on MRI
scans from a single scanner with minimal variations in imaging parameters, and our findings
cannot be directly inferred to other MR scanners. In any deep-learning application to

medical imaging, using a single source of information increases between-subject
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homogeneity and facilitates the learning process, even though it reduces generalizability. For
further validation and to satisfy the Checklist for Artificial Intelligence in Medical Imaging,
the algorithm needs validation on external data (31) with paired DWI and FLAIR image sets,
ideally from different MR units and manufacturers. To this end, fine-tuning the freely-
available learned model onto any new MR unit will likely be necessary (32). Unsupervised
domain adaptation techniques may be an alternative approach allowing to implement our
model onto a new image domain without the need for paired sets (33). Second, patients
imaged in the intermediate known onset time window (i.e., 4.5-12h) were under-
represented (namely, 10% of all patients imaged within 12h), as in previous studies (29,34).
Indeed, with respect to our retrospective study, prehospital ultrafast workflow with
immediate round-the-clock access to MR was dedicated to AlS patients eligible for
reperfusion therapy, namely <3h until 2008, and subsequently <4.5h for intravenous
thrombolysis and <6h for mechanical thrombectomy. To overcome this limitation, we chose
to analyze MR datasets obtained before and early (=24h) after recanalization treatment.
Including MRI datasets with a wide range of onset-to-MRI delays was deemed necessary for
the model to learn both on negative and positive FLAIR and avoid class imbalance. This
naturally entails a higher sensitivity and specificity for identifying AIS with a time since onset
<4.5hr as compared to previous studies (34), but does not prevent comparing the two types
of FLAIR images. Finally, we cannot exclude that synthetic FLAIR may be less accurate for the
detection of stroke mimics (35), since we only included AlIS. Given that in this study T2 signal
changes unrelated to the index stroke, such as WMHs, were equally well detected by both
FLAIR image subtypes, synthetic FLAIR might also help to detect T2 signal changes in stroke

mimics. However, synthetic FLAIR is unlikely to be as sensitive as real FLAIR for the detection
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of acute subarachnoid hemorrhage, so real FLAIR or CT remain necessary whenever
subarachnoid hemorrhage is suspected.

In conclusion, synthetic FLAIR may eventually replace real FLAIR sequences in the setting of
AlS, allowing a clinically relevant shortening of stroke MR protocols while allowing similar
diagnostic performance for DWI-FLAIR mismatch assessment. Prospective multicenter

validation is needed to confirm the present findings.
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Supplemental material

rS| computation

All ischemic lesions were segmented by a single radiologist (JB), using a combination of ADC
thresholding at 620x10® mm?2/s and manual correction of the three-dimensional regions of
interest (ROI) using Mango software (version 4.0.1, Research Imaging Institute, San Antonio,
Texas, non-commercial software). As synthetic FLAIR values are scalars expressed between -
1 and +1, a normalization procedure was performed on each synthetic FLAIR to match the
mean and standard deviation of signal intensity of the corresponding real FLAIR. This
normalization was done by selecting in-brain voxels outside of the DWI lesion in order to
prevent cross-contamination. All DWI were then registered to the MNI152 brain atlas
(Montreal Neurologic Institute, Montreal, Canada) using FSL FLIRT (version 6.0, Functional
Magnetic Resonance Imaging of the Brain, Oxford, UK) and the quality of the registration
was visually checked. The ROl was projected onto the MNI152 brain atlas, flipped onto the
contralesional hemisphere, and then back-projected onto the original MRI acquisition
referential, using a nearest-neighbor interpolation. The ADC maps were used to exclude
voxels containing cerebrospinal fluid by excluding voxels with ADC values >1200x10® mm?/s
in both ROIs. The rSl was then computed by dividing the mean signal value in lesional ROl by

the mean signal value in mirror ROl in both the real and synthetic FLAIR images.

Brain segmentation and weighting

To focus the learning process on the ischemic lesion and not on the normal brain tissue,

three regions with different learning weights were defined:
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- Ischemic region with high (x100) weighting

- Normal brain region with normal (x1) weighting

- Areas outside the brain with low (x0.01) weighting
To define the ischemic region, a loose ROI was manually drawn onto b1000 sequence using
Mango software (version 4.0.1, Research Imaging Institute, San Antonio, Texas, non-
commercial software) by a single reader (MAD, who did not participate in final evaluation of
model performances). This loose ROl was intersected with a binary mask of ADC map,
thresholded to remove cerebrospinal fluid areas. To define normal brain region, the ischemic
region was subtracted to a brain mask computed with Brain Extracting Tool from FSL toolbox
(version 6.0, Functional Magnetic Resonance Imaging of the Brain, Oxford, UK, non-

commercial software).

Conditional architecture

Several FLAIR images presented slight motion artifacts in phase orientation, which were
reproduced by the GAN in preliminary tests. To remove these artifacts from reconstruction
without excluding a large data subset, we chose a conditional architecture, that included
these artifacts as additional input in our Generator. A single reader (MAD, who did not
participate in final evaluation of model performances) classified real FLAIR quality for all MRI
datasets on an ordinal scale between 1 (low quality: important movement artifacts), 2
(moderate quality: few artifacts that did not impair interpretation) and 3 (excellent quality).

This scalar was termed as quality scalar.
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Model architecture

The EA-GAN model was composed of a Generator and a Discriminator (Supplemental Figure

1),

Generator

The Generator aims at constructing synthetic FLAIR images based on four inputs:
- DWI with b=1000 s/mm? trace weighting
- b=0s/mm? weighting corresponding to the EPI sequence without diffusion gradients
- ADCmap
- FLAIR quality as a conditional scalar (in learning mode only and set to maximum
quality for synthetic FLAIR generation in the test set).
The Generator had a U-Net architecture, with a series of downward convolutions and
upward convolutions linked by skip connections. The detailed architecture was:
- Five downward convolution blocks, each consisting of:
o One 3x3 2D convolution layer
o One 3x3 2D convolution layer with 2x2 strides
o One Batch Normalization Layer
o An activation layer with ReLu function
o Anincreasing filters number (64, 128, 256, 512 and 1024) for each block
- Five upward convolution blocks, each consisting of:
o One 3x3 2D transpose convolution layer with 2x2 strides
o Two 3x3 2D convolution layers
o One Batch Normalization Layer

o An activation layer with ReLu function
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o A decreasing filters number (512, 256, 128, 64 and 64) for each block

- One output layer with Tanh activation function

oNOYTULT D WN =

The correspondence between real FLAIR and synthetic FLAIR is ensured by the L loss:

11 L1= ”y_G(x)lll

where x is the generator input, y is the value of the real FLAIR image and G(x) is the image
15 produced by the generator (synthetic FLAIR).

The edge-aware GAN architecture has been proposed by Yu et al. (16). The principle consisted
20 in adding a supplemental loss between edges of generated image and of target image in order
22 to overweight the importance of edges definition in the learning process. This aimed at
25 increasing fine-grain definition of the brain contours. The edges maps were computed with a
27 Sobel filter in two dimensions, and the following loss was added to the training:

2 Liage = 157 — SGa) s

32 where S is the Sobel filter.

Adjunction of this supplemental loss allowed to improve synthesis quality by increasing the
37 definition of FLAIR edges in a preliminary study on 24 test subjects (which did not serve for

the main analysis) as compared to the classic Pix2Pix architecture.

42 Discriminator

The Discriminator discriminated the synthetic FLAIR and real FLAIR into a binary decision:
48 synthetic or real (1 or 0). It took into input the following quintuplet:

50 DWI with b=1000 s/mm? trace weighting

b=0 s/mm?2 weighting corresponding to the EPI sequence without diffusion gradients

(9}
w
1

(9
wv
1

ADC map

FLAIR sequence (real or synthetic)

(o))
o
1

Edge map of the FLAIR sequence
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The discriminator had a downward architecture, and its output ranged between 0 and 1:
- Four downward convolution blocks, each consisting of:
o One 4x4 2D convolution layer with 2x2 strides
o One Batch Normalization Layer
o An activation layer with ReLu function
o For each block, the number of filters was increasing (64, 128, 256 and 512)
- 1 output 2x2 convolution layer with 2x2 strides and sigmoid activation function
The optimal prediction of the Discriminator was ensured by maximizing a result of 0 when
real FLAIR was given as input and 1 when synthetic FLAIR was given as input. Hence, the
following Discriminator Loss was:
Lp= |llog D(x,y,S(y)) + log (1 = D(x,G(x),S(G(x))|l1
where x is the DWI input, y the real FLAIR input, S(y) the sobel filter applied to real FLAIR

and D(x, y ,S(y)) the result of Discriminator prediction for real FLAIR evaluation.

Generator Loss

The net Generator Loss was constructed with the £; and Lg44.. An additional term was
added such as the loss decreased when the Discriminator output reached 0 when synthetic
FLAIR was given as its input. Hence, the following overall Generator Loss was:

Le= |41 X L1+ Apage X Lgage + log D(x,G(x),S(G))|;

where A1 and Agq4. Were two weighting constants for learning process.
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Model training

The MRI dataset was split between a training and a test set with an 80/20% split. Within the
training set, 80% of the MRIs were randomly selected for training purposes and 20% were
kept aside for validation purposes (validation set). The model was trained on the training
subset using Adam optimizer with a learning rate at 0.00001. Training was pursued during
3000 epochs. A; value was set at 100. Agq4, value increased from 1 to 100 during the first
100 epochs then was fixed at 100. Each 10 epochs, inference was made on the validation set
and a visual map with several synthetic FLAIR and real FLAIR slices was saved. As the
interpretation of model loss was not unambiguous, all visual maps were screened by a
unique reader who selected the trained model with best visual features (2500t model) for
final inference on test model.

The models were developed on Tensorflow v2.0. All training sessions were done inside a
JupyterLab notebook running on a python framework v3.7.3 in a Linux environment (Ubuntu
18.04 LTS). The training was done on a custom computer station with 2 TITAN RTX GPUs
(with 2x24GB VRAM), on Intel i9-9900K CPU with 8 cores and 16 threads, 62 GB RAM and a

500-GB Solid State Drive.

Radiological evaluation

In order to evaluate each MRI set twice with four neuroradiologists, the test set was split
into 4 subsets (A, B, C, and D). Each neuroradiologist evaluated stroke visibility on real FLAIR
and synthetic FLAIR for two subsets: reader 1 evaluated subsets A and B, reader 2 evaluated
subsets B and C, reader 3 evaluated subsets C and D and reader 4 evaluated subsets A and D.

For intra-observer reproducibility, two months later, readers 1 and 2 reevaluated
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respectively subsets A and B. The corresponding protocol is depicted in Supplemental Figure
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Table 1: Patient Characteristics in Training and Test Sets

Variable Training Set Test Set
No. of MRI datasets 1134 282
No. of MRI datasets with 973 (86) 239 (84)
known onset-to-MRI delay
Onset-to-MRI delay (h)* 3.3(1.8-25.6) 3.1(1.9-24.0)
No. of patients 749 253
Age (y)* 70 (57-81) 71 (58-81)
No. of women 337 (45) 109 (43)
NIHSS score at admission* 14 (8-20) 15 (8-20)
Recanalization treatment

- IVTonly 474 (64) 163 (64)

- MTonly 129 (17) 35 (14)

- INT+MT 123 (16) 50 (20)

- Missing data 23 (3) 5(2)

Note.— Data are expressed as number of patients, with percentages in parentheses. NIHSS =

National Institutes of Health Stroke Scale, IVT = intravenous thrombolysis, MT = mechanical

thrombectomy.

*Data are expressed as medians with interquartile range in parentheses.
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Table 2: Intra-reader Concordance between Real FLAIR and Synthetic FLAIR Labeling

Variable Reader 1 Reader 2 Reader 3 Reader 4 All Readers
after Consensus
No. of MRI 143 138 139 144 282
datasets
Concordance 0.88 (0.80-0.96) | 0.75(0.65,0.86)  0.73 (0.63,0.83) | 0.84(0.76,0.93) | 0.88 (0.82, 0.93)

between real
and synthetic

FLAIR*

Note.— FLAIR = fluid-attenuated inversion recovery. *Data are expressed as k values, with
95% Cls in parentheses.

10 E. Doty St., Suite 441, Madison, W1 53703, 630-481-1047, radiology@rsna.org



Page 33 of 48 RADIOLOGY

Table 3: Comparison of DWI-FLAIR Mismatch Diagnostic Value using Real FLAIR and

Synthetic FLAIR for the Identification of <4.5h Acute Ischemic Stroke

oNOYTULT D WN =

Statistic Real FLAIR Synthetic FLAIR P Value

1 Sensitivity 107/131 (82%) [74, 87] | 111/131 (85%) [78,90] 0.2

13 Specificity 96/104 (92%) [86, 96] 96/104 (92%) [86,96] | 0.92

16 Positive predictive value 107/115 (93%) [87, 96] 111/119 (93%) [87,97] | 0.88

18 Negative predictive value | 96/120 (80%) [72, 86] 96/116 (83%) [75, 89] 0.21

23 Note.— Diagnostic value was computed in the 235 MRI datasets where stroke onset-to-MRI
delay was available and both real fluid-attenuated inversion recovery (FLAIR) and synthetic
28 FLAIR images were assessable. Data are expressed as number of MRI datasets, with
corresponding percentages in parentheses and 95% Cls in brackets. Sensitivities and

33 specificities were compared using McNemar test; positive and negative predictive values

35 were compared using relative predictive values.
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Supplemental Table: Concordance between real FLAIR and synthetic FLAIR after

consensus procedure

Page 34 of 48

Variable DWI-FLAIR No DWI-FLAIR Non- Total
mismatch with real | mismatch with real assessable
FLAIR FLAIR with real FLAIR
DWI-FLAIR mismatch 127 9 2 138
with synthetic FLAIR
No DWI-FLAIR 6 133 1 140
mismatch with
synthetic FLAIR
Non-assessable with 0 0 4 4
synthetic FLAIR
Total 133 142 7 282

Note.— Data are expressed as no. of MRI datasets. DWI = diffusion weighted imaging, FLAIR

= fluid-attenuated inversion recovery
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Figures legends

Figure 1: Flowchart for patient inclusion.

DWI = diffusion-weighted imaging, FLAIR = fluid-attenuated inversion recovery.

Figure 2: Comparison of DWI-FLAIR mismatch using real FLAIR and synthetic FLAIR in acute
ischemic stroke.

DWI = diffusion-weighted imaging, FLAIR = fluid-attenuated inversion recovery.

A. DWI-FLAIR mismatch on synthetic FLAIR and real FLAIR in a 46-year-old woman with
sudden right hemiplegia, aphasia, and dysarthria. On DWI obtained 2h after onset,
hyperintensities are seen in the left middle cerebral artery without corresponding signal
changes on real or synthetic FLAIR images.

B. No DWI-FLAIR mismatch on synthetic FLAIR and real FLAIR in 47-year-old man with
sudden right hemiparesia. On DWI obtained 5h after onset, small hyperintensity is seen in
the left internal capsula (arrowheads), also visible on real and synthetic FLAIR images.

C. No DWI-FLAIR mismatch on synthetic FLAIR and real FLAIR in 86-year-old woman with
sudden right hemiplegia 5 h and 10 min before MRI. On DWI obtained 5h and 10 min after
onset, large hyperintensity is seen in the left middle cerebral artery, also visible on real and
synthetic FLAIR images. Of note, white matter hyperintensities (arrowheads) are equally
seen on real and synthetic FLAIR images (Fazekas 2).

D. DWI-FLAIR mismatch on synthetic FLAIR and non-assessable real FLAIR in 47-year-old
woman with sudden right hemiplegia and aphasia. On DWI obtained 2h after onset,
hyperintensity is seen in the left middle cerebral artery territory. Real FLAIR was quoted as
non-assessable because of severe motion artifact, whereas synthetic FLAIR is of diagnostic

value, without signal intensity changes.
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Figure 3: Performance of relative Signal Intensity (rSl) for identification of <4.5h ischemic
stroke

In 239 MRI datasets with known onset-to-MRI delay, the area under the ROC curve was not
significantly different between real FLAIR (0.87 [95%Cl: 0.82-0.91]) and synthetic FLAIR (0.88

[95%Cl: 0.83-0.92], P=.80). FLAIR = fluid-attenuated inversion recovery.
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Supplemental figures

Supplemental Figure 1: EA-GAN architecture for generation of synthetic FLAIR

sequences.

Convolutional neural network schematic was constructed with PlotNeuralNet tool
(https://doi.org/10.5281/zenodo.2526396). ADC = apparent diffusion coefficient, b0 =
diffusion gradient with b=0 sec/mm?2, b1000 = diffusion gradient with b=1000 sec/mm?, DWI
= diffusion-weighted imaging, FLAIR = fluid-attenuated inversion recovery, realFLAIR = real
FLAIR, real Edges = edges map of real FLAIR, synthFLAIR = synthetic FLAIR, synth Edges =
edges map of synthetic FLAIR, L= L1 loss, Lgg4.= L1 loss applied to edges map, Lp=

discriminator loss.

Supplemental Figure 2: Acquisition time reduction.

Duration of the latest stroke MR protocol in our institution is depicted. By removing real
FLAIR acquisition and computing the synthetic FLAIR sequence during 3D TOF MR angiogram
acquisition, the total duration would benefit from a 26% reduction, notwithstanding PWI.
Loc. = localizer sequences, DWI = diffusion-weighted imaging, FLAIR = fluid-attenuated
inversion recovery, TOF = time-of-flight angiogram, PWI = perfusion-weighted imaging, sF =

synthetic FLAIR computation.

Supplemental Figure 3: FLAIR evaluation process.

All patients in test set were evaluated by two distinct readers for interobserver

reproducibility. Half of the test set was used for intraobserver reproducibility assessment.
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Concordance between real FLAIR and synthetic FLAIR was assessed first for each reader then
after consensus. Number of MRI datasets in each group is shown. FLAIR = fluid-attenuated

inversion recovery, realFLAIR = real FLAIR, synthFLAIR = synthetic FLAIR
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Identification through database
9 v

11 1017 patients
1814 MRI sets

2 patients refused
to participate to study

A 4

18 1015 patients
19 1810 MR sets

Missing DWI b=1000 s/mm?
13 patients
13 MRI sets

v

24 \ 4

26 1002 patients
27 1797 MRI sets with DWI b=1000 s/mm?

29 Missing DWI b=0 s/mm?
66 patients

31 3 67 MRI sets

v

33 936 patients
34 1730 MRI-sets with complete DWI

36 Missing FLAIR
37 — 115 patients
38 314 MRI sets

39 A 4

41 821 patients
with 1416 complete MRI sets

45 Figure 1: Flowchart for patient inclusion.
46 DWI = diffusion-weighted imaging, FLAIR = fluid-attenuated inversion recovery.
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DWI (b=1000s/mm?2) real FLAIR synthetic FLAIR

Figure 2: Comparison of DWI-FLAIR mismatch using real FLAIR and synthetic FLAIR in acute ischemic
stroke.

DWI = diffusion-weighted imaging, FLAIR = fluid-attenuated inversion recovery.

A. DWI-FLAIR mismatch on synthetic FLAIR and real FLAIR in a 46-year-old woman with sudden right
hemiplegia, aphasia, and dysarthria. On DWI obtained 2h after onset, hyperintensities are seen in the left
middle cerebral artery without corresponding signal changes on real or synthetic FLAIR images.

B. No DWI-FLAIR mismatch on synthetic FLAIR and real FLAIR in 47-year-old man with sudden right
hemiparesia. On DWI obtained 5h after onset, small hyperintensity is seen in the left internal capsula
(arrowheads), also visible on real and synthetic FLAIR images.

C. No DWI-FLAIR mismatch on synthetic FLAIR and real FLAIR in 86-year-old woman with sudden right
hemiplegia 5 h and 10 min before MRI. On DWI obtained 5h and 10 min after onset, large hyperintensity is
seen in the left middle cerebral artery, also visible on real and synthetic FLAIR images. Of note, white
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matter hyperintensities (arrowheads) are equally seen on real and synthetic FLAIR images (Fazekas 2).
D. DWI-FLAIR mismatch on synthetic FLAIR and non-assessable real FLAIR in 47-year-old woman with
sudden right hemiplegia and aphasia. On DWI obtained 2h after onset, hyperintensity is seen in the left
middle cerebral artery territory. Real FLAIR was quoted as non-assessable because of severe motion artifact,
whereas synthetic FLAIR is of diagnostic value, without signal intensity changes.
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Caption : Figure 3: Performance of relative Signal Intensity (rSI) for identification of <4.5h ischemic stroke
In 239 MRI sets with known onset-to-MRI delay, the area under the ROC curve was not significantly
different between real FLAIR (0.87 [95%CI: 0.82-0.91]) and synthetic FLAIR (0.88 [95%CI: 0.83-0.92],
P=.80). FLAIR = fluid-attenuated inversion recovery.
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Supplemental Figure 1: EA-GAN architecture for generation of synthetic FLAIR sequences.
Convolutional neural network schematic was constructed with PlotNeuralNet tool
(https://doi.org/10.5281/zen0do.2526396). ADC = apparent diffusion coefficient, b0 = diffusion gradient
with b=0 sec/mm2, b1000 = diffusion gradient with b=1000 sec/mm2, DWI = diffusion-weighted imaging,
FLAIR = fluid-attenuated inversion recovery, realFLAIR = real FLAIR, real Edges = edges map of real FLAIR,
synthFLAIR = synthetic FLAIR, synth Edges = edges map of synthetic FLAIR, L1 = L1 loss, LEdge = L1 loss
applied to edges map, LD = discriminator loss.
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Supplemental Figure 2: Acquisition time reduction.
Duration of the latest stroke MR protocol in our institution is depicted. By removing real FLAIR acquisition
and computing the synthetic FLAIR sequence during 3D TOF MR angiogram acquisition, the total duration
would benefit from a 26% reduction, notwithstanding PWI. Loc. = localizer sequences, DWI = diffusion-
weighted imaging, FLAIR = fluid-attenuated inversion recovery, TOF = time-of-flight angiogram, PWI =
perfusion-weighted imaging, sF = synthetic FLAIR computation.
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realFLAIR - synthFLAIR concordance
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Supplemental Figure 3: FLAIR evaluation process.All patients in test set were evaluated by two distinct
readers for interobserver reproducibility. Half of the test set was used for intraobserver reproducibility
assessment. Concordance between real FLAIR and synthetic FLAIR was assessed first for each reader then
after consensus. Number of MRI sets in each group is shown. FLAIR = fluid-attenuated inversion recovery,
realFLAIR = real FLAIR, synthFLAIR = synthetic FLAIR
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Annex: List of studies with overlapping patients
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Patient | Title First Journal Year | DOI

overlap Author

number

44 MR imaging helps predict time Petkova Radiology 2010 | 10.1148/ radiol.10100461
from symptom onset in patients
with acute stroke: implications for
patients with unknown onset time

115 Prevalence of MRI-defined recent | Tisserand | Neurology | 2011 | 10.1212/
silent ischemia and associated WNL.0b013e3182152855
bleeding risk with thrombolysis

176 Diffusion lesion reversal after Labeyrie Stroke 2012 | 10.1161/
thrombolysis: a MR correlate of STROKEAHA.112.661009
early neurological improvement

186 Clinical and magnetic resonance Apoil JAm Heart | 2013 | 10.1161/
imaging predictors of very early Assoc JAHA.113.000511
neurological response to
intravenous thrombolysis in
patients with middle cerebral
artery occlusion

330 Can DWI-ASPECTS substitute for de Stroke 2013 | 10.1161/
lesion volume in acute stroke? Margerie- STROKEAHA.113.003047

Mellon

184 Clot burden score on admission Legrand Stroke 2013 | 10.1161/
T2*-MRI predicts recanalization in STROKEAHA.113.001026
acute stroke

228 Magnetic Resonance Imaging- Turc Stroke 2013 | 10.1161/
DRAGON score: 3-month outcome STROKEAHA.111.000127
prediction after intravenous
thrombolysis for anterior
circulation stroke

309 Mechanisms of unexplained Tisserand | Stroke 2014 | 10.1161/
neurological deterioration after STROKEAHA.114.006745
intravenous thrombolysis

30 Is white matter more prone to Tisserand | Stroke 2014 | 10.1161/
diffusion lesion reversal after STROKEAHA.113.004000
thrombolysis?

279 Unexplained early neurological Seners Stroke 2014 | 10.1161/

deterioration after intravenous

STROKEAHA.114.005426
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thrombolysis: incidence,
predictors, and associated factors

153

Susceptibility vessel sign on T2*
magnetic resonance imaging and
recanalization results of
mechanical thrombectomy with
stent retrievers: a multicentre
cohort study

Soize

Eur J Neurol

2015

10.1111/ ene.12693

155

How sustained is 24-hour
diffusion-weighted imaging lesion
reversal? Serial magnetic
resonance imaging in a patient
cohort thrombolyzed within 4.5
hours of stroke onset

Soize

Stroke

2015

10.1161/
STROKEAHA.114.008322

141

Do FLAIR vascular hyperintensities
beyond the DWI lesion represent
the ischemic penumbra?

Legrand

AJNR Am J
Neuroradiol

2015

10.3174/ ajnr.A4088

453

Clinical Scales Do Not Reliably
Identify Acute Ischemic Stroke
Patients With Large-Artery
Occlusion

Turc

Stroke

2016

10.1161/
STROKEAHA.116.013144

267

Does Diffusion Lesion Volume
Above 70 mL Preclude Favorable
Outcome Despite Post-
Thrombolysis Recanalization?

Tisserand

Stroke

2016

10.1161/
STROKEAHA.115.012518

322

Comparison between voxel-based
and subtraction methods for
measuring diffusion-weighted
imaging lesion growth after
thrombolysis

Ben
Hassen

Int J Stroke

2016

10.1177/
1747493015616636

164

Fluid-Attenuated Inversion
Recovery Vascular
Hyperintensities-Diffusion-
Weighted Imaging Mismatch
Identifies Acute Stroke Patients
Most Likely to Benefit From
Recanalization

Legrand

Stroke

2016

10.1161/
STROKEAHA.115.010999

63

Can a 15-sec FLAIR replace
conventional FLAIR sequence in
stroke MR protocols?

Benzakoun

J
Neuroradiol

2017

10.1016/
j.neurad.2016.11.001
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120

Is Unexplained Early Neurological
Deterioration After Intravenous
Thrombolysis Associated With
Thrombus Extension?

Seners

Stroke

2017

10.1161/
STROKEAHA.116.015414

244

Do Fluid-Attenuated Inversion
Recovery Vascular
Hyperintensities Represent Good
Collaterals before Reperfusion
Therapy?

Mahdjoub

AJNR Am J
Neuroradiol

2018

10.3174/ajnr.A5431

138

White matter hyperintensity
burden in patients with ischemic
stroke treated with
thrombectomy

Boulouis

Neurology

2019

10.1212/
WNL.0000000000008317

156

MT-DRAGON score for outcome
prediction in acute ischemic
stroke treated by mechanical
thrombectomy within 8 hours

Ben
Hassen

J
Neurointerv
Surg

2020

10.1136/ neurintsurg-
2019-015105

33

Tissue no-reflow despite full
recanalization following
thrombectomy for anterior
circulation stroke with proximal
occlusion: A clinical study

Schiphorst

J Cereb
Blood Flow
Metab

2021

10.1177/
0271678X20954929

127

Benefit of first-pass complete
reperfusion in thrombectomy is
mediated by limited infarct
growth

Ben
Hassen

Eur J Neurol

2021

10.1111/ ene.14490

394

Tissue outcome prediction in
hyperacute Ischemic Stroke:
comparison of machine learning
models

Benzakoun

] Cereb
Blood Flow
Metab

2021

10.1177/
0271678X211024371
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1

2

3

4

: Synthetic FLAIR as a substitute for FLAIR sequence in acute ischemic

7 stroke

8 DWI (b=1000s/mm?) real FLAIR synthetic FLAIR

?o * Synthetic fluid-attenuated inversion recovery (FLAIR) can be
1 generated from a diffusion-weighted imaging (DWI) sequence
g using deep learning within 22 seconds.

14

12 * The diagnostic performance of synthetic FLAIR to identify early
17 (<4.5hrs) ischemic stroke was similar to that of real FLAIR

13 (sensitivity and specificity: 85% and 92% vs. 82% and 92%,
20 respectively).

21

22

23 * Use of synthetic FLAIR instead of real FLAIR may allow a

;g clinically relevant (=25%) reduction in stroke MR protocol

26 duration.

27

28

29

30

31

32

33

34 Benzakoun J et al. Published Online: DATE, 2021

35 https://doi.org/10.1148/radiol.2021211394 Ra(hOI()gy

36
37
38
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