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Background: Magnetic Resonance Spin TomogrAphy in Time-domain (MR-STAT) can reconstruct whole-brain multi-
parametric quantitative maps (eg, T1, T2) from a 5-minute MR acquisition. These quantitative maps can be leveraged for
synthetization of clinical image contrasts.
Purpose: The objective was to assess image quality and overall diagnostic accuracy of synthetic MR-STAT contrasts com-
pared to conventional contrast-weighted images.
Study Type: Prospective cross-sectional clinical trial.
Population: Fifty participants with a median age of 45 years (range: 21–79 years) consisting of 10 healthy participants and
40 patients with neurological diseases (brain tumor, epilepsy, multiple sclerosis or stroke).
Field Strength/Sequence: 3T/Conventional contrast-weighted imaging (T1/T2 weighted, proton density [PD] weighted,
and fluid-attenuated inversion recovery [FLAIR]) and a MR-STAT acquisition (2D Cartesian spoiled gradient echo with
varying flip angle preceded by a non-selective inversion pulse).
Assessment: Quantitative T1, T2, and PD maps were computed from the MR-STAT acquisition, from which synthetic con-
trasts were generated. Three neuroradiologists blinded for image type and disease randomly and independently evaluated
synthetic and conventional datasets for image quality and diagnostic accuracy, which was assessed by comparison with the
clinically confirmed diagnosis.
Statistical Tests: Image quality and consequent acceptability for diagnostic use was assessed with a McNemar’s test (one-
sided α = 0.025). Wilcoxon signed rank test with a one-sided α = 0.025 and a margin of Δ = 0.5 on the 5-level Likert scale
was used to assess non-inferiority.
Results: All data sets were similar in acceptability for diagnostic use (≥3 Likert-scale) between techniques (T1w:P = 0.105,
PDw:P = 1.000, FLAIR:P = 0.564). However, only the synthetic MR-STAT T2 weighted images were significantly non-
inferior to their conventional counterpart; all other synthetic datasets were inferior (T1w:P = 0.260, PDw:P = 1.000, FLAIR:
P = 1.000). Moreover, true positive/negative rates were similar between techniques (conventional: 88%, MR-STAT: 84%).
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Data Conclusion: MR-STAT is a quantitative technique that may provide radiologists with clinically useful synthetic contrast
images within substantially reduced scan time.
Evidence Level: 1
Technical Efficacy: Stage 2

J. MAGN. RESON. IMAGING 2023;57:1451–1461.

A conventional clinical MRI examination consists of
several sequences with different image contrast

weightings (eg, T1 and T2 weighted [T1w and T2w], proton
density weighted [PDw], fluid-attenuated inversion recovery
[FLAIR]). However, the serial acquisition of these image con-
trasts results in long examination times. In addition, signal
intensity of conventional sequences varies depending on hard-
ware and protocol parameters, which impedes comparison of
absolute signal intensity levels between examinations.1

Recent technological advances have enabled fast multi-
parametric quantitative MRI (qMRI) techniques, thereby
reducing acquisition time and improving standardization of
signal intensities.1,2 However, qMRI has not been adopted in
clinical settings despite its potential, which include early diag-
nosis, monitoring of disease progression, and evaluation of
therapeutic effects.1,2 Also, quantitative tissue maps allow for
synthetization of contrast-weighted images,3,4 which may pro-
vide clinicians with familiar and standardized image contrasts
within a substantially reduced examination time.

Several multi-parametric imaging techniques are being
developed, such as Multiple-Dynamic Multiple-Echo
(MDME)-based Synthetic MR (SyMRI)5,6; Magnetic
Resonance Fingerprinting (MRF)7–9; STrategically Acquired
Gradient Echo (STAGE)10; MultiPathway MultiEcho
(MPME)11; and Quantitative Transient-state Imaging,12–14

some of these already demonstrated the ability of syntheti-
zation of contrast-weighted images, which was discussed in a
recent review article.15 Quantified tissue parameters in combi-
nation with sequence parameters (eg, TE, TR, and TI) are
then used to synthesize the contrast-weighted images using an
analytical signal model Overall, image quality has shown
promise, although synthetic FLAIR image quality was inferior
to conventional images.15 The synthetization process for most
of these techniques is based on analytical signal models,
MPME being the exception since it is based on a data-driven
(deep learning) approach. Synthetic MRI technology is
approaching a mature stage, as witnessed by SyMRI,5,6 which
already received FDA and CE approval, highlighting the
potential of increased workflow efficiency using these multi-
parametric imaging techniques.

Before synthetic MRI can be adopted into routine clini-
cal practice, its image quality should be sufficient to replace
the existing sequences; therefore, clinical trials that compare
synthetic image quality with conventional imaging are
required. This work describes a comparison study focused on
the Magnetic Resonance Spin TomogrAphy in Time-domain

(MR-STAT) acquisition and reconstruction technique.16

MR-STAT is a quantitative imaging technique for simulta-
neous T1, T2 and PD mapping, and allows a whole-brain
acquisition within 5 minutes.17,18 These quantitative parame-
ter maps are obtained by directly fitting a volumetric signal
model to transient-state time-domain signal. In this process,
quantitative parameter estimation and spatial localization of
the signal are performed simultaneously.17 The fitting is done
by numerically solving a (computationally demanding) large-
scale nonlinear problem.18 Advantages of MR-STAT are the
flexibility with respect to changes in sequence parameters and
a comprehensive signal model which can efficiently deal with
any (highly under-sampled) encoding scheme. As a conse-
quence, MR-STAT sequences are typically based on Cartesian
acquisitions. This is the most commonly used gradient trajec-
tory in clinical practice, because of, for example, robustness
against hardware imperfections and availability on older MR
systems. Also, off-resonance effects cause image phase shifts
for Cartesian acquisitions that can be easily corrected, but
cause blurring for non-Cartesian acquisitions.

The objective of this prospective cross-sectional study
was to assess the diagnostic image quality (primary objective)
and diagnostic accuracy (secondary objective) of MR-STAT-
based synthetic contrast-weighted images compared to con-
ventional contrast-weighted images in healthy participants
and patients with four neurological diseases.

Materials and Methods
Study Participants and Design
The study was conducted according to the guidelines described in
the Declaration of Helsinki, approved by the Institutional Review
Board (NL69544.041.19, METC 19/282). All participants provided
written informed consent. The trial was registered in the interna-
tional clinical trials registry platform with number (https://
trialsearch.who.int/Trial2.aspx?TrialID=NL8437).

Between October 2019 and October 2021, a total of 50 adults
aged 18 years or older were included in this diagnostic accuracy cross-
sectional study. Participants had to be aged 18 years or older and able
to lie supine in the MRI scanner for 45 minutes. Additional inclusion
criteria for healthy participants (n = 10) were: 1) no history of neuro-
logical disease; and 2) accepting to be informed of any clinically rele-
vant incidental findings. Additional inclusion criteria for patients
(n = 40) were: 1) a definitive diagnosis of one of the following neuro-
logical diseases: primary brain tumor (n = 11), epilepsy (n = 10),
multiple sclerosis (MS; n = 9) or ischemic stroke (n = 10); 2) a previ-
ous clinical MRI examination that clearly showed the characteristics of
the particular disease, i.e. a “classical” case of this particular disease.
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Only four diseases were selected to keep the patient group as homoge-
neous as possible, while still being able to assess feasibility of the MR-
STAT technique for more than just one disease type. These four dis-
eases were chosen because they can have very characteristic findings
on MRI. Patient selection was carried out in collaboration with the
neurology department of our hospital.

Image Acquisition and Processing
MRI examinations were performed on a 3T Ingenia scanner with a
15 channel receiver head coil (Philips, Best). Conventional (T1w,
T2w, PDw, and FLAIR) and MR-STAT images were acquired.
Sequence parameters are presented in Table 1. The MR-STAT
sequence was Cartesian encoded, and consisted of multiple 2D slices
with a gradient-spoiled gradient echo and a slowly varying flip angle
between 0� and 90� preceded by a non-selective inversion pulse,18

30 axial slices with 1 � 1 � 3 mm3 in-plane resolution and a slice
gap of 1.5 mm. Acquisition time was approximately 5 minutes.
Reconstruction was performed with an alternating direction method
of multipliers presented in Liu et al.19 An automated data-workflow
was employed to reconstruct, process, and store the quantitative
MRI images. Subsequently, synthetic T1w, T2w, PDw, and FLAIR
contrast images were generated from analytical signal models20 on
voxel-to-voxel basis and thereafter denoised using a denoising
autoencoder network.21 Figure S1 shows an example of the original
and denoised contrast weighted images. Denoising was performed
using existing software modified to work as a convolutional neural
network with encoder and decoder structure.22 The neural network
was trained to reconstruct the conventional image contrasts from the
conventional images with random noise added to match the noise
level in the synthetic images. The four conventional contrast-
weighted data sets were acquired for comparison purposes, using the
same spatial parameters as the MR-STAT acquisition and closely

approximating standard clinical brain exams at the time the study
commenced (Table 1).

Imaging Assessments
The synthetic MR-STAT and conventional image data sets
(n = 400) were randomized and image quality was assessed indepen-
dently by three radiologists with 6 years, 15 and 16 of experience
who were blinded for image type and clinical information (including
diagnosis). Assessment was performed in two sittings separated by a
4-week washout period served to reduce recall bias.

PHASE 1: IMAGE QUALITY. Diagnostic quality was scored on a
5-level Likert scale (unacceptable, bad, acceptable, good or excellent,
as described in Supplemental Material A)23 in four sessions separated
by at least 2 weeks. Ratings equal or larger than 3 were considered
acceptable for diagnostic use. Readers were asked to take into
account all slices of a dataset; for instance, if one of the 30 slices had
motion artifacts but the other slices were of high diagnostic quality,
this dataset would be scored based on the combination of both. In
addition to overall quality, anatomical and morphological legibility
was evaluated on a binary scale (legible/illegible) in the following fea-
tures: central sulcus, head of the caudate nucleus, posterior limb of
the internal capsule, cerebral peduncle, middle cerebellar peduncle,
and cervicomedullary junction. These particular structures were cho-
sen because of their neuroradiological importance, dependence on
good image quality, and overlap with a previous study,5 facilitating
easier comparison with previous synthetic MRI results. Similar to
the overall quality score, readers were asked to take the entire dataset
(or in this case, all images showing the particular anatomical struc-
ture) into account. Readers also recorded whether any of the follow-
ing artifacts or quality issues were present: low signal-to-noise,
motion, fold-over or wrap-around, white pixel or spike noise, phase

TABLE 1. Acquisition imaging parameters of the MR-STAT and conventional sequences

Imaging Parameters

MR-STAT T1w T2w PDw FLAIR

Spoiled-GRE SE TSE TSE TSE

FOV (cm) 224 � 224 � 133.5 mm3

Spatial resolution 1 � 1 � 3 mm3

Gap 1.5 mm

Slices 30

TR (msec) 8.9 451 3400 2800 10,000

TI (msec) - - - - 2800

TE (msec) 4.7 14 80 20 120

Flip angle Variable 70 90 90 90

TSE factor - - 15 14 24

Scan time 5 minutes 11 minutes

MR-STAT = Magnetic Resonance Spin TomogrAphy in Time-domain; PDw = Proton Density weighted; FLAIR = Fluid Attenuated
Inversion Recovery; GRE = Gradient Echo; SE = Spin Echo; TSE = Turbo Spin Echo.
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encoding, flow, contrast-to-noise, low image resolution, or blurring.
To avoid a paired comparison, the dataset scored in each session
included one type of contrast from the MR-STAT-based synthetic
volumes (n = 50) and a different type of contrast from the conven-
tionally acquired protocol (n = 50), eg, synthetic T1w and conven-
tional PDw (total of 100 volumes).

PHASE 2: DIAGNOSTIC ACCURACY. Diagnostic accuracy was
assessed in two sessions separated by 4 weeks. In each session, each
radiologist received 50 datasets in a randomized order. Each dataset
consisted of the four conventional or synthetically generated
contrast-weighted images for a given participant (Supplemental
Material B). Diagnostic accuracy in 50 participants was assessed (for
both the conventional and MR-STAT technique) by three radiolo-
gists resulting in 300 cases in total. Radiologists reported the level of
confidence (not likely [10%], possibly [50%], likely [75%],
matching [90%]) of the following pathological subtypes adapted

from Osborn et al24: 1) traumatic, complex, indeterminate, or other
condition or injury; 2) congenital malformation; 3) ischemic or
hemorrhagic stroke, subarachnoid hemorrhage/aneurysm; 4) vascular
malformation; 5) neoplasm/primary neoplastic cysts; 6) infectious/
demyelinating disease; or 7) metabolic/degenerative disorders. The
scores of the radiologists were compared to the confirmed diagnosis
of the patient which was provided by the treating neurologist at
inclusion; this confirmed diagnosis was the result of an extensive
clinical workup well before being included in this study. Based on
the level of confidence and the confirmed diagnosis, observer scores
per participant were divided into four levels: 0 = false positive
(healthy volunteers) and false negative (patients); 1 = uncertain
about a lesion (at least one pathological subtype was detected with
50% confidence); 2 = at least one lesion observed (≥ 75% confi-
dence) but incorrect pathological subtype classification; 3 = correct
classification of the lesion with at least 75% confidencefor a true
positive, or a true negative classification of a healthy volunteer.

FIGURE 1: Comparison of T1 weighted (T1w), T2 weighted (T2w), proton density weighted, and fluid-attenuated inversion recovery
images obtained from conventional MR and synthetically generated from quantitative (q)T1 and (q)T2 maps obtained with Magnetic
Resonance Spin TomogrAphy in Time-Domain. Different axial slices near the skull base (Slice 6), halfway through the lateral
ventricles (Slice 12), and high in the brain (Slice 18) of one representative healthy participant.
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Statistical Analysis
Statistical analysis was performed using SPSS (IBM Corp., IBM
SPSS Statistics, V26, Armonk, NY), R-studio version 1.4.1717 and
R version 4.1.2. A one-sided α of 0.025 was considered to be statis-
tically significant. Multiple comparisons were corrected using the
Bonferroni method (P-value � number of tests). Results are pres-
ented as percentage per contrast and overall, which were calculated
as (n/N%), where n is the count and N is the total reads per patient
group (N = 50 per contrast and 200 overall).

Nonparametric tests were performed as the data distribution was
non-normal, which was inferred using a Shapiro–Wilkinson test. The
median across observers was used to determine whether contrasts were
scored differently between the synthetic and conventional technique
(contrasts � technique) using the nonparametric analysis of longitudi-
nal data (nparLD) R-package.25 Accordingly, differences between tech-
niques in acceptability for diagnostic use (≥3 on the Likert scale) was
assessed per contrast using a McNemar’s test (one-sided α = 0.025).
Non-inferiority of synthetic image quality was assessed by means of the
Wilcoxon signed rank test with a one-sided α = 0.025 and a margin
of Δ = 0.5 on the 5-level Likert scale.26 The margin of 0.5 was previ-
ously substantiated by Tanenbaum et al in a related study.5 Anatomical
and morphological legibility by anatomic region, artifact prevalence,
and diagnostic accuracy were reported with descriptive statistics. Overall
diagnostic accuracy between techniques was described as well as differ-
ences per patient group.

Results
Diagnostic Image Quality
Different slices of the four contrast-weighted images from
both conventional and MR-STAT methods from a healthy
participant are shown in Fig. 1. The median quality ratings
across observers significantly differed per contrast between
techniques. Differences between techniques were non-
significant in acceptability for diagnostic use (T1w:
P = 0.105, PDw: P = 1.000, FLAIR: P = 0.564) (Table 2).
Note that no McNemar’s test could be performed for the
T2w data set as all images were acceptable for diagnostic use.
Only the T2w synthetic MR-STAT contrast was significantly
non-inferior with a median Δ = 0, while the T1w (median
Δ = �0.5, P = 0.260), PDw (median Δ = �0.5,
P = 1.000) and FLAIR (median Δ = �1, P = 1.000) syn-
thetic MR-STAT contrasts received a lower rating (Table 2).
The most common quality issue in the unacceptable T1w
images was a difference in image contrast between slices. For
synthetic FLAIR images, the most common issue was that
lesions appeared hypointense, while they appeared
hyperintense on conventional FLAIR images (Fig. 2). Exam-
ple images of the quantitative maps (T1, T2 and PD) and
conventional and synthetic contrast weighted images

TABLE 2. Image-quality ratings by contrast type and overall for conventional and synthetic imagesa

Diagnostic Qualityb

T1w T2w PDw FLAIR Overall

Conv
MR-
STAT Conv

MR-
STAT Conv

MR-
STAT Conv

MR-
STAT Conv

MR-
STAT

Acceptable for
diagnostic
use (3, 4, 5)

98% 86% 100% 100% 100% 98% 98% 92% 99% 94%

Excellent (5) 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

Good (4) 30% 0% 90% 82% 86% 20% 90% 16% 74% 30%

Acceptable (3) 68% 86% 10% 18% 14% 78% 8% 76% 25% 65%

Unacceptable for
diagnostic use (2)c

2% 14% 0% 0% 0% 2% 2% 8% 1% 6%

Non-inferiority
median Δ (P-value)d

�0.5 (0.325) 0.0 (<0.001) �0.5 (1.000) �1.0 (1.000) -

P-value difference
diagnostic usee

0.105 - 1.000 0.564 -

Conv = conventional MR imaging (control); MR-STAT = synthetic contrasts from quantitative Magnetic Resonance Spin TomogrAphy
in Time-domain (MR-STAT) images; T1w = T1 weighted; T2w = T2 weighted, PDw = proton density weighted; FLAIR = Fluid
Attenuated Inversion Recovery.
aAll data are shown as n (n/N%), where n is the count and N is the total reads per category (N = 50 per category and 200 overall).
bMedian across observers on a five-point Likert scale.
cNo image had a score of 1.
dNon-inferiority Wilcoxon signed rank test per contrast with a margin of Δ = 0.5, as there was a significant contrast � technique inter-
action tested with nonparametric analysis of longitudinal data.
eMcNemar’s test. P-values were adjusted for multiple comparisons with Bonferroni correction.
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including all 30 slices from a healthy participant and a patient
of each group are in a publicly available repository (https://
gitlab.com/asbrizzi/mr-stat-synthetic-images).

Legibility of Anatomic/Morphologic Features
All anatomic/morphologic features were legible in ≥96% of
participants for all data sets in both techniques, except for the

head of caudate nucleus (64%) and posterior limb of internal
capsule (30%) on the conventional T1w (Table 3).

Artifact Occurrence and Characterization
Artifact occurrence and characterization for each of the eight
image contrast data sets are specified in Table 4. Overall,
more motion artifacts were observed in conventional images
(MR-STAT: 0% vs. Conventional: 21%), primarily in the

FIGURE 2: Comparison of T1 weighted (T1w), T2 weighted (T2w), proton density weighted, and fluid-attenuated inversion recovery
(FLAIR) contrast images obtained from conventional MR and synthetically generated from quantitative (q)T1 and (q)T2 maps obtained
with Magnetic Resonance Spin TomogrAphy in Time-Domain. Axial slices of interest from patients within the following groups: (a)
tumor, (b) stroke, (c) epilepsy, or (d) multiple sclerosis. The lesions are indicated with a red arrow in the FLAIR contrasts.
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FLAIR images (50%). White pixels/spike noise were only
observed in synthetic MR-STAT T1w data sets (92%). Flow
artifacts were observed in both techniques, but in 94% of all
synthetic MR-STAT data sets compared to 31% in conven-
tional data sets, specifically in the conventional T1w (92%)
and FLAIR (28%). An example of the white pixels/spike
noise and flow can be observed in the synthetic T1w (Fig. 1).
Overall, more synthetic MR-STAT images were blurred
(MR-STAT: 74% vs. conventional: 52%), only the synthetic
FLAIR did not suffer from blurring. Additionally, susceptibil-
ity artifacts were more common in synthetic MR-STAT
images (MR-STAT: 43% vs. conventional: 28%). Synthetic
MR-STAT T1w images did not contain susceptibility artifacts
compared to 66% incidence in conventional T1w images. In
contrast, more susceptibility artifacts were noted in synthetic
T2w (MR-STAT: 54%, vs conventional: 2%), PDw (MR-
STAT: 100% vs. conventional: 36%) and FLAIR (MR-
STAT: 16% vs. conventional: 8%) contrasts.

Diagnostic Accuracy
Diagnostic accuracy is shown per level and patient group in
Fig. 3. Overall, radiologists observed the correct pathology (level
3) more often in the conventional (77%) compared to synthetic
MR-STAT (65%) datasets. The 12% difference between tech-
niques was accounted to the following patient groups: tumor
Δ = �3 percentage point (pp), stroke Δ = �2 pp, epilepsy
Δ = �3 pp, MS Δ = �4 pp. However, the lesion in the MR-

STAT datasets was still observed but incorrectly classified (level
2; MR-STAT: 19% vs. conventional: 11%). In other words, true
positive/negative rates were similar at 88% and 84% for the con-
ventional and synthetic MR-STAT images, respectively. Radiolo-
gists were uncertain about a lesion (level 1) in 6% of MR-STAT
datasets and 5% of conventional datasets. False negative (level 0)
occurred in 10% of MR-STAT datasets and 6% of conventional
datasets, while a lesion was incorrectly observed by one radiolo-
gist in a healthy participant in a conventional dataset.

Discussion
MR-STAT is a multi-parametric quantitative imaging technique
that can be leveraged to synthetize multiple contrast-weighted
images from one single 5-minute MR acquisition. In this clinical
study, diagnostic image quality and accuracy of these MR-STAT-
based synthetic images were compared to conventional contrast-
weighted images. Image quality was similar between both tech-
niques in acceptability for diagnostic use, while only the synthetic
MR-STAT T2w images were rated as non-inferior to the conven-
tional images. In addition, more artifacts were identified
(i.e., white pixels/spike noise, flow, blurring, and susceptibility) in
the synthetic data sets, whereas motion artifacts did not occur.
Strikingly, brain lesions on synthetic FLAIR images oftentimes
appeared hypointense while being hyperintense on conventional
FLAIR images; this might explain—at least in part—why the
diagnostic accuracy was higher using the conventional images.

TABLE 3. Legibility of anatomic/morphologic features by contrast type and overall for conventional and synthetic
imagesa

Legibility of
Featureb

T1w T2w PDw FLAIR Overall

Conv
(%)

MR-STAT
(%)

Conv
(%)

MR-STAT
(%)

Conv
(%)

MR-STAT
(%)

Conv
(%)

MR-STAT
(%)

Conv
(%)

MR-STAT
(%)

Central sulcus 100 100 100 100 100 100 98 100 100 100

Cerebral peduncle 100 100 100 100 100 100 98 100 100 100

Cervicomedullary
junction

100 100 100 100 98 100 98 100 99 100

Head of caudate
nucleus

64 100 100 100 100 100 98 100 91 100

Middle cerebellar
peduncle

100 100 100 100 100 100 100 100 100 100

Posterior limb
of internal
capsule

30 100 100 98 100 100 98 96 82 99

Conv = conventional MR imaging (control); MR-STAT = synthetic contrasts from quantitative Magnetic Resonance Spin TomogrA-
phy in Time-domain (MR-STAT) images; T1w = T1 weighted; T2w = T2 weighted; PDw = proton density weighted; FLAIR = Fluid
Attenuated Inversion Recovery.
aAll data are shown as n (n/N%), where n is the count and N is the total reads per category (N = 50 per category and 200 overall).
bMedian across observers.
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Image Quality
Previous studies have already assessed the diagnostic image quality
of synthetically generated contrast-weighted images from quantita-
tive parameter maps5,7,27,28 and several issues were observed partic-
ularly in FLAIR images.15 Tanenbaum et al reported a similar
image quality of seven synthetically generated contrast-weighted
data sets from an MDME-based acquisition compared to conven-
tional images when the median across all contrasts was used.5

Therefore, differences per contrast may have been overlooked,
whereas they did note that FLAIR images received lower quality
scores. Two other studies27,28 using SyMRI diagnostic techniques6

reported a lower diagnostic image quality of synthetic T1w, T2w,
and FLAIR. An additional study using an MRF-based synthetic
procedure7 showed issues with the synthetic FLAIR images. In
contrast to our results, synthetic FLAIR images from the study by
Betts et al28 were still inferior when results were dichotomized:
only 82% were of acceptable diagnostic quality compared with
94% of the conventional FLAIR images. In general, MDME-
derived synthetic FLAIR images were rated inferior due to CSF
pulsation artifacts and hyperintense artifacts at tissue-CSF
interface,5,15,27,29 which could lead to misdiagnosis.15

Analogously to above mentioned literature, also in our study
the synthetization of FLAIR images revealed to be challenging. In
particular, normally hyperintense brain lesions that appeared
hypointense and were therefore challenging to distinguish on syn-
thetic MR-STAT FLAIR images could have influenced the

diagnostic confidence of our observers. For MDME and MRF,
partial volume effects were the proposed cause of the FLAIR issues,
which could also apply to the FLAIR images synthesized from
MR-STAT acquisition. In addition, possible magnetization
transfer-related effects, which were not considered, may also be
one of the underlying causes of these issues.

Alternative techniques, such as deep learning-based syn-
thetization via quantitative maps,30,31 were proposed to try to
overcome issues of model-based synthetic image quality.
Improved FLAIR images were already generated from a
MDME-based acquisition using a deep neural network with
conventional FLAIR images as targets.32 After the analysis of
this study, we also used deep learning based on the same
dataset to optimize the image quality of synthetic contrast-
weighted images using a physics-informed model, which led
to promising results, although thorough assessment still needs
to be performed.30–33 Synthetization directly from the
acquired data also circumvents the computational reconstruc-
tion to multi-parametric maps for quicker visualization.

Artifact Occurrence and Characterization
Contrast-weighted images from both techniques were affected
by artifacts, although different types were identified. The rela-
tively short MR-STAT acquisition time (10 sec per slice)
resulted in no motion artifacts for this technique, while half
of the conventional FLAIR images suffered from motion arti-
facts. Motion artifacts in conventional FLAIR images may be
caused by the longer acquisition time. Albeit overall less
motion artifacts (Δ = 8 pp) were observed in MDME-based
synthetic contrast compared to conventional serial acquisi-
tion, still 21% had motion artifacts.5 Additionally, the single
MR-STAT acquisition inherently prevents misregistration
between contrasts, whereas interscan subject motion during
conventional serial acquisitions hampers comparison between
acquisitions. On the other hand, flow effects are intrinsic to
the 2D gradient echo MR-STAT acquisition technique,
which also leads to white pixels/spike noise in the synthetic
MR-STAT T1w contrast. Flow artifacts and white pixels/
spike noise were also more common in synthetic MDME-
based contrast weighted images.5 In addition, blurring of the
synthetic MR-STAT images occurred during the syntheti-
zation procedure as a result of de-noising, which is a common
problem.34

Diagnostic Accuracy
The radiologists could more accurately identify the correct
pathology on the conventional datasets, although in most
incongruent cases the lesion was observed but not correctly
classified on MR-STAT datasets. These results were consis-
tent with the study from Tanenbaum et al,5 whereas two
other studies reported similar diagnostic accuracy of synthetic
compared to conventional images.27,35 However, in the study
by Granberg et al35 radiologists only differentiated MS

FIGURE 3: Diagnostic accuracy of conventional and synthetic
datasets (Magnetic Resonance Spin TomogrAphy in Time-
Domain) consisting of a T1 weighted (T1w), T2 weighted (T2w),
proton density weighted, and fluid-attenuated inversion
recovery volume. Each dataset (10 healthy volunteers and
40 patients with neurological diseases; tumor, stroke, epilepsy
and multiple sclerosis) was assessed by three radiologists,
resulting in 150 cases per technique. The scores of the
radiologists were compared to the reference diagnosis as
determined in the hospital based on all patient information and
additional scans if available. The accuracy per participant was
divided into four levels: 0 = false positive (healthy volunteers)
and false negative (patients); 1 = uncertain about a lesion
(at least one pathological subtype was detected with 50%
confidence); 2 = at least one lesion observed (≥75% confidence),
but incorrect pathological subtype classification; 3 = correct
classification of the lesion with at least 75% confidence for a
true positive, or true negative classification of a healthy
volunteer.
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patients and healthy controls, while radiologists were given
only three options (MS, ischemia, or non-specific) in the
other study.27 In our study, we increased the uncertainty for
the classification of pathologies by increasing the diagnostic
classification options to reduce bias in the readers. In a study
by Ryu et al, MDME-derived synthetic images could be ade-
quately used in daily practice to replace conventional con-
trasts.29 This suggests that radiologic diagnosis was not
affected by degradation of synthetic FLAIR images.

Future Perspectives
It would be of interest how the accuracy and precision of the
quantitative maps affect the reliability and reproducibility of
the synthetic contrast weighted images. Additionally, quanti-
tative confidence maps could be reconstructed and related to
image quality. The quantitative maps could also be improved
by optimizing the variable flip angle scheme of the MR-
STAT sequence by reducing the Cramer-Rao-based predic-
tions of noise standard deviation values on quantitative
maps.36 Additionally, a 3D MR-STAT sequence could be
developed to achieve higher signal-to-noise ratio and a 1 mm3

isotropic resolution,37 and T2 sensitivity could be increased
by small quadratic radiofrequency phase increments.38 Com-
putation times could also be further reduced by using a GPU
and Julia programming language for the reconstruction of the
parameter maps.39 Moreover, multi-parametric quantitative
maps acquired with MR-STAT could provide new opportuni-
ties such as earlier detection of disease and monitoring lesion
progression. Furthermore, the quantitative maps are expected
to enhance data standardization; which is required for deep
learning algorithms aimed at disease classification or lesion
segmentation.2 Finally, the application of MR-STAT for
diagnostic decision making is still in development and could
provide new and more sensitive biomarkers.40 For this pur-
pose, MR-STAT diffusion imaging and postcontrast
sequences could also be investigated.

Limitations
The MR-STAT technique is characterized by shorter acquisi-
tion, but longer reconstruction times compared to conven-
tional sequences. The quantitative maps are reconstructed
offline, which currently takes about 2 minutes per slice lead-
ing to about 1 hour of processing time. While this time lag
does not necessarily hamper the diagnostic performance, it
would be desirable to reduce the computation time to just a
few minutes, thereby facilitating the wide adoption of MR-
STAT in the clinical workflow. We note that immediate
image quality assessment can still be provided to the techni-
cians by presenting the fast Fourier transformed images: these
images reveal accurate anatomical information and thus
anomalies in the data acquisition process that can be easily
detected.

In addition, although a higher image contrast between
gray and white matter could be achieved in the synthetic
MR-STAT T1w images, some of these images were unaccept-
able for diagnostic use due to an image contrast difference
between slices, which was already present in the raw data.

Transmit RF field (B1) variation was not taken into
account in the reconstruction model, because potential B1-
induced biases in the T2 quantification were negligible when
generating the synthetic contrast weighted images.

We should also note that the current study was not
designed to provide a confident and accurate diagnosis, as
only T1w, T2w, FLAIR and PDw were supplied. For accurate
diagnosis, additional information is required such as patient
information, contrast-enhanced and diffusion imaging, which
was not available in the scoring sessions. In addition, assess-
ment of diagnostic quality would require a larger sample size
and plethora of neurological diseases, which was beyond the
scope of the current study. Moreover, the spatial resolution
used in this study was approximating the one used in stan-
dard clinical exams of non-specialized hospitals when design-
ing the study (2018). However, since then we note that
spatial parameters and in particular slice thickness of conven-
tional scans have decreased. Nowadays, 3D acquisitions are
often used. Other study design limitations include the small
sample size and only three experienced neuroradiologists rated
the images; for clinical translation interpretation of general
radiologists would be of additional value.

Conclusion
The synthetic MR-STAT images obtained from a single
5-minute scan time sequence were overall acceptable for diag-
nostic use, although the perceived image quality was rated
lower—except for T2w images—and in some cases the signal
intensity of lesions differed in FLAIR images. These results
highlight the potential of MR-STAT to provide clinicians
with clinically useful image contrasts within substantially
reduced acquisition time, in addition to multi-parametric
quantitative maps.
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