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ABSTRACT

Objectives: The disruption of the blood-brain barrier (BBB) is a key and early feature in the pathogenesis of
demyelinating multiple sclerosis (MS) lesions and has been neuropathologically demonstrated in both active and
chronic plaques. The local overt BBB disruption in acute demyelinating lesions is captured as signal hyper-
intensity in post-contrast T1-weighted images because of the contrast-related shortening of the T1 relaxation
time. On the contrary, the subtle BBB disruption in chronic lesions is not visible at conventional radiological
evaluation but it might be of clinical relevance. Indeed, persistent, subtle BBB leakage might be linked to low-
grade inflammation and plaque evolution. Here we hypothesised that 3D Quantitative Transient-state Imaging
(QTI) was able to reveal and measure T1 shortening (AT1) reflecting small amounts of contrast media leakage in
apparently non-enhancing lesions (ANELSs).

Materials and methods: Thirty-four patients with relapsing remitting MS were included in the study. All patients
underwent a 3 T MRI exam of the brain including conventional sequences and QTI acquisitions (1.1 mm isotropic
voxel) performed both before and after contrast media administration. For each patient, a AT1 map was obtained
via voxel-wise subtraction of pre- and post- contrast QTI-derived T1 maps. AT1 values measured in ANELs were
compared with those recorded in enhancing lesions and in the normal appearing white matter. A reference
distribution of AT1 in the white matter was obtained from datasets acquired in 10 non-MS patients with unre-
vealing MR imaging.

Results: Mean AT1 in ANELs (57.45 + 48.27 ms) was significantly lower than in enhancing lesions (297.71 +
177.52 ms; p < 0. 0001) and higher than in the normal appearing white matter (36.57 + 10.53 ms; p < 0.005).
Fifty-two percent of ANELs exhibited AT1 higher than those observed in the white matter of non-MS patients.
Conclusions: QTI-derived quantitative AT1 mapping enabled to measure contrast-related T1 shortening in ANELs.
ANELs exhibiting AT1 values that deviate from the reference distribution in non-MS patients may indicate
persistent, subtle, BBB disruption. Access to this information may be proved useful to better characterise pa-
thology and objectively monitor disease activity and response to therapy.

1. Introduction

autoimmune and neurodegenerative disease characterised by demye-
lination, axonal damage, inflammation and gliosis (Reich et al., 2018).

Multiple sclerosis (MS) is a chronic inflammatory demyelinating, The disruption of the blood-brain barrier (BBB) is a key feature in the
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pathogenesis of MS as it allows inflammatory cells and proteins to enter
the nervous tissue and mediate injury to myelin. It has been shown to
occur early in the pathogenetic process (Hawkins et al., 1990; Lee et al.,
2018; Miller et al., 1988), preceding demyelination and symptom
(Kermode et al., 1990; Lee et al., 2018), and has been neuro-
pathologically demonstrated in active but also in chronic lesions (Ker-
mode et al., 1990; Kirk et al., 2003; Kwon and Prineas, 1994; Lee et al.,
2018; McQuaid et al., 2009; Vos et al., 2005). The acute inflammation is
mediated by activated lymphocytes which penetrate the nervous tissue
through an impaired BBB (Minagar and Alexander, 2003), while
fibrinogen leaked out of vessels can play a role in chronic inflammation
(Lee et al., 2018) as it is able to trigger microglial responses, participate
in axonal damage (Davalos et al., 2012) and prevent remyelination
(Petersen et al., 2017). In particular, fibrinogen is deposited at the edge
of chronic active lesions, where inflammation and active demyelination
are also present (Lee et al., 2018), suggesting that those focal lesions
may have subtle BBB disruption associated with active demyelination.
The ability of proteins and cells to cross an impaired BBB likely depends
on a number of factors, such as the extent of vessel injury, cellular size
and molecular size of proteins (Hawkins et al., 1990; Kirk et al., 2003).
Therefore, different degrees of BBB disruption may have different
pathological and clinical implications and different radiological coun-
terparts (Absinta et al., 2016).

In clinical settings, the local overt disruption of the BBB, which is
associated with active inflammation (Hawkins et al., 1990; Katz et al.,
1993), is captured with T1-weighted magnetic resonance (MR) images
acquired after paramagnetic contrast media administration (Grossman
et al., 1986). Gadolinium chelated contrast agents shorten the longitu-
dinal (T1) relaxation time of neighbouring water protons, thus
increasing signal intensity in post-contrast T1-weighted images. Some
attempts have been made in the past to increase the number of visible
enhancing lesions (ELs) and improve the detection of contrast
enhancement in apparently non-enhancing lesions (ANELs), that are
demyelinating MS plaques without visible enhancement in post-contrast
conventional imaging. That has been done using triple dose of contrast
media to increase the magnitude of enhancement, an off-resonance
magnetisation transfer pre-saturation pulse to reduce the signal from
the surrounding nervous tissue, and a prolonged delay in post-contrast
MR acquisitions to allow more time for the contrast media to cross an
impaired BBB (Filippi et al., 1996; Silver et al., 1997). However, these
techniques have limitations, as the infusion of an increased dose of
contrast media is currently discouraged (Wattjes et al., 2021), focal le-
sions can appear slightly hyperintense also in pre-contrast magnet-
isation transfer images when powerful pre-saturation pulses are
employed (Mehta et al., 1995), and long post-contrast acquisition delay
may be uncomfortable for patients and increase costs. Furthermore, they
do not allow to quantitatively measure phenomena associated with the
degree of BBB disruption. More recently, semiquantitative and quanti-
tative techniques were used to investigate the integrity of BBB in ANELs,
showing respectively increased T1-weighted signal intensity (Silver
et al., 2001; Soon et al., 2007a) and T1 relaxation time shortening (Choi
et al., 2021; Soon et al., 2007b) after intravenous contrast media
administration.

Here we hypothesised that the subtle BBB disruption in ANELSs, not
visible as contrast enhancement at conventional radiological evaluation,
is indeed associated with a quantitatively measurable T1 shortening
reflecting small amounts of contrast media leakage. However, contrast
enhancement is usually not quantified because the procedure is time-
consuming. In the last years, methods for quantitative multiparametric
mapping with a single time-efficient acquisition have been developed.
These methods include Magnetic Resonance Fingerprinting (MRF) (Ma
et al., 2013), Magnetic Resonance Spin TomogrAphy in Time-domain
(MR-STAT) (Sbrizzi et al., 2018), quantification using an interleaved
Look-Locker acquisition sequence with T2 preparation pulse (QALAS)
(Kvernby et al., 2014) and Quantitative Transient-state Imaging (QTI)
(Gomez et al., 2020), which provide meaningful quantitative maps of
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the relaxation times T1 and T2 and of proton density (PD) in clinically
feasible acquisition times (Buonincontri et al., 2021). By using such
quantitative techniques, quantitative maps of T1 shortening (AT1) could
be obtained via voxel-wise subtraction of two T1 maps acquired
respectively before and after intravenous contrast media administration.
To explore this hypothesis, we assessed whether quantitative AT1 maps
obtained from 3D QTI on a 3 T scanner were able to capture subtle BBB
disruption in ANELs.

2. Materials and methods
2.1. Patients

Thirty-four adult patients with relapsing remitting multiple sclerosis
(RRMS) (Lublin et al., 2014; Thompson et al., 2018) followed in the
neurology outpatient clinic of the University Hospital of Pisa underwent
a 3 T MRI exam of the brain with contrast media administration for
clinical purposes. During the MRI exam, 25 patients received gadoter-
idol and 9 patients received gadoteric acid at the recommended dose.
For each patient we recorded: disease duration, computed as the number
of years elapsed from symptoms onset to MRI examination; clinical
disability, assessed with the Expanded Disability Status Scale (EDSS)
(Kurtzke, 1983); pharmacological history. Demographic and clinical
data of patients are reported in Table 1.

In order to obtain a reference distribution of AT1 values in the white
matter of subjects without demyelinating lesions, we included in the
study also 10 patients (referred to in the text as “non-MS patients™) who
underwent a 3 T MRI exam of the brain with contrast media adminis-
tration for clinical purposes (seizures/epilepsy, Bell’s palsy, aura,
hypoacusis, anosmia) and whose brain imaging was considered unre-
vealing by two independent neuroradiologists. Five of these patients
received gadoteridol and five received gadoteric acid.

This study is part of the research project GR-2016-02361693,
approved by the local ethical committee. All patients gave their writ-
ten informed consent to participate.

2.2. MR data acquisition

All the acquisitions were performed with a 3 T MR system (MR750
scanner, GE Healthcare, Chicago, IL) equipped with an 8-channel head
coil. The clinical protocol included the acquisition of MR images both
before and after contrast media administration. Before contrast media
administration, the protocol included a 3D T1-weighted Fast-Spoiled
Gradient-echo (FSPGR, TR = 8.2 ms, TE = 3.2 ms, TI = 450 ms, FA =
12°, spatial resolution = 1 x 1 x 1 mm?, prescribed parallel to the
midsagittal plane) and 3D T2-weighted Fluid Attenuated Inversion Re-
covery (FLAIR, TR = 7000 ms, effective TE = 114.9 ms, TI = 1943 ms,
spatial resolution = 1.2 x 1.2 x 1.2 mm®, prescribed parallel to the

Table 1
Demographic and clinical data of patients at the time of the MRI examination.
MS patients ~ Non-MS p-
patients value
Sex (males/females) 14/20 4/6 >0.5
Age (years) 41 (31-53) 49 (33-60) >0.1
Disease duration (years) 9 (3-18) - -
EDSS 1(1-275)" - -
Therapy (none/first line/second 7/10/17 - -
line)

MS, multiple sclerosis.

 Data are expressed as median (interquartile range).

¥ Data of one patient are not available.

§ No treatment (7 patients); first-line treatments (10 patients): INFbetala (1),
INFbetalb (1), dimethyl fumarate (6), glatiramer acetate (1), teriflunomide (1);
second-line treatments (17 patients): fingolimod (11), natalizumab (5), ocreli-
zumab (1).
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midsagittal plane) sequences. Immediately after contrast media
administration, a 3D T1-weighted FSPGR image was acquired (TR = 8
ms, TE = min full, FA = 12°, spatial resolution = 0.94 x 0.94 x 1 mm?,
prescribed parallel to the bicommissural line), followed by a 2D T1-
weighted Spin Echo sequence (SE, TR = 440 ms, TE = 10 ms, in-plane
resolution = 0.69 x 0.86 mm?, slice thickness = 4 mm, spacing = 0.5
mm, prescribed parallel to the bicommissural line; acquisition started
approximately 4 min after contrast media administration). Besides
conventional sequences, two QTI acquisitions were performed before
and after contrast media administration (the 2nd QTI acquisition started
approximately 9 min after contrast media administration). Each QTI
acquisition consisted of an inversion-prepared 3D steady-state free
precession sequence with TE/TR = 0.5/8.5 ms and an 880-frame-long
variable FA train for T1 and T2 encoding, as shown in Supplementary
Fig. Sla. Each frame was sampled with a single interleaf of the 3D spiral
projection trajectory shown in Supplementary Fig. S1b and followed by
an unbalanced gradient along z direction to reduce BO sensitivity. The
whole acquisition schedule was repeated 56 times to increase the k-
space coverage of each frame, resulting in a 1.125 mm isotropic reso-
lution with FOV = 225 mm, whole brain coverage and an acquisition
time of 7 min. The sequence is for investigational use and was previously
described in detail (Gomez et al., 2020; Kurzawski et al., 2020). Image
reconstruction consisted of a zero-filled Non-Uniform Fast Fourier
Transform followed by ESPiRIT coil combination (Supplementary
Figure S2). Quantitative maps of T1, T2 and proton density (PD) were
inferred from the reconstructed images using a neural network (Sup-
plementary Figure S3) trained with a pre-computed dictionary of MR
signal evolutions (Gomez et al., 2020).
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2.3. MR data post-processing

Pre and post-contrast conventional T1-weighted images of MS pa-
tients were visually inspected by two experienced neuroradiologists,
who recorded the presence and number of ELs in consensus.

MS white matter lesions were identified on the basis of T2-
hyperintense signal and segmented on the conventional T2-weighted
FLAIR images by one of the two neuroradiologists using a semi-
automated segmentation technique based on user-supervised local
thresholding (FSLeyes, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLeyes).
Each lesion was labelled as EL or ANEL according to its radiological
properties in conventional post-contrast T1-weighted imaging.
Confluent lesions were segmented together as a single lesion whereas
non-confluent lesions were labelled as separate lesions.

FSL FAST (Zhang et al., 2001) was used on the brain-extracted
(Smith, 2002) pre-contrast T1-weighted images to obtain partial vol-
ume maps of white matter, grey matter and cerebrospinal fluid.

For each patient, FSL-FLIRT (Jenkinson et al., 2002) was used to
rigidly co-register the pre-contrast FLAIR and T1-weighted images
(hence the ROIs covering all FLAIR lesions and the white matter partial
volume map) as well as the post-contrast QTI dataset to the pre-contrast
QTI scan (Fig. 1A-D). Sinc interpolation was used to co-register the pre-
contrast and post-contrast T1 maps. Lesion ROIs (Fig. 1E, red colour)
were dilated (Fig. 1G, blue colour) and subtracted to the binarized white
matter ROI (Fig. 1G, yellow colour). The resulting mask was eroded to
obtain a most conservative NAWM ROI excluding voxels with partial
volumes involving MS lesions, cortical grey matter and periventricular
cerebrospinal fluid (Fig. 1G and 1H, green colour). The AT1 map was
obtained by voxel-wise subtraction of the QTI-derived T1 maps acquired
respectively before (Fig. 1C) and after intravenous contrast media

Fig. 1. Representative images obtained in one patient with multiple sclerosis, co-registered to the pre-contrast T1-mapping acquisition. Top row shows pre-contrast
FLAIR (A), T1-weighted FSPGR (B) and T1-maps obtained with QTI before (C) and after (D) contrast media administration. Grayscale bars in (C) and (D) cover a
range of T1-values between 0 and 3000 ms. In the bottom row: (E) shows lesion ROIs (in red) drawn on the FLAIR image; (F) shows the partial volume map of white
matter, ranging between 0 (red) and 100% (yellow), superimposed to the T1-weighted image; (G) shows the ROI representing the normal appearing white matter
(NAWM, green), which is defined as the eroded binary mask obtained from the subtraction of dilated lesions (blue) from the binarized white matter map (yellow).
ROIs representing multiple sclerosis lesions and NAWM are shown also in (H), superimposed to the quantitative map of contrast-related T1-shortening (AT1) after
contrast media administration; the bar in (H) ranges between —3000 ms and 3000 ms. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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administration (Fig. 1D).

Then, for each ROI (i.e., ELs, ANELs and NAWM of MS patients, and
white matter non-MS patients) number of voxels, AT1 mean value and
75th percentile were extracted.

2.4. Data analysis

Differences in sex and age between MS and non-MS patients were
tested using respectively the chi-square test and the Mann-Whitney test.

In MS patients, mean AT1 values measured in ANELs were compared
with those recorded in both ELs and NAWM. The main analysis was
conducted by considering all ROIs of size > 27 voxels (0.038 ml) in order
to limit the potential detrimental effect of image noise, partial volume
occurring during resampling in co-registration and possible imperfect
registration; control analyses included also smaller ROIs, of size > 18
and > 12 voxels (corresponding to 0.026 ml and 0.017 ml, respectively).
As the BBB disruption might not affect the entire volume of ANELs, also
the ROI 75th percentiles of AT1 values were considered in the com-
parisons between ANELs, ELs and NAWM. Data were analysed using
linear mixed model to handle repeated measures, with subject identifier
as grouping factor.

The association between mean AT1 across all ANELs of each patient
and EDSS at the time of the MRI examination was investigated using the
Spearman’s rank correlation test.

Statistical significance for all the analysis was set to 5%.

3. Results

Twenty-one ELs and 2485 ANELs were identified in MS patients on
conventional imaging and segmented.

Considering ROIs > 27 voxels, mean AT1 in ANELs (mean + stan-
dard deviation = 57.45 + 48.27 ms) was significantly lower than in ELs
(297.71 £+ 177.52 ms; p < 0.0001) and higher than in NAWM (36.57 +
10.53 ms; p < 0.005) (Fig. 2). Results were confirmed when the same
analyses were repeated including also smaller lesions of size > 18 and 12
voxels (p < 0.0001 in the comparison between ANELs and ELs, and p <
0.005 in the comparison between ANELs and NAWM), and when 75th
percentile was analysed (p < 0.0001 in all comparisons). Number of
ROIs used in each analysis is reported in Table 2.

Sex and age did not significantly differ between MS and non-MS
patients (Table 1). Mean AT1 of the white matter across non-MS pa-
tients had a mean of 37.25 ms and a standard deviation of 8.64 ms.
Assuming a normal distribution, these values were used to set to 54.18
ms (AT1 mean + 1.96 x standard deviation) the upper limit for the AT1
reference range. All ELs and 52% of ANELs exhibited AT1 higher than
those observed in the white matter of non-MS patients.

Mean AT1 across all ANELs of each MS patient was not significantly
associated with EDSS at the time of the MRI (p > 0.05).

4. Discussion

The aim of this study was to reveal indirect signs of BBB disruption in
apparently non-enhancing demyelinating MS lesions with a novel
quantitative MRI approach.

QTlI-derived quantitative AT1 mapping enabled to measure contrast-
related T1 shortening in ANELs. AT1 in ANELs was significantly higher
than in NAWM and lower than in ELs. This result is in line with, and
extended, findings of previous studies which estimated T1 values in MS
patients using other sequences at different magnetic field strengths,
namely serial 2D T1-weighted gradient echo sequences at 1.5 T (Soon
et al., 2007b) and a magnetisation-prepared 2 rapid acquisition gradient
echoes (MP2RAGE) sequence on a 7 T research scanner (Choi et al.,
2021). The lack of a significant association between mean AT1 values
measured across ANELs and EDSS at the time of MRI examination is not
surprising and confirms the result of a previous study (Soon et al.,
2007b). Indeed, if subtle BBB leakage in ANELs is associated with
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Fig. 2. Boxplot showing differences in AT1 between ANELs and NAWM, and
between ANELs and ELs. Solid and dashed lines superimposed to the graph
represent the reference distribution of white matter AT1 values across non-MS
patients (mean + 1.96*standard deviation). NAWM, normal appearing white
matter; ANELs, apparently non-enhancing demyelinating multiple sclerosis le-
sions; ELs, enhancing demyelinating multiple sclerosis lesions. * p < 0.005; **
p < 0.0001.

Table 2
Number of ROIs and MS patients included in each statistical analysis.
ROIs > 12 ROIs > 18 ROIs > 27
voxels voxels voxels
n. ELs (n. MS patients) 15 (4) 13 (4) 9(3)
n. ANELs (n. MS 1422 (34) 1105 (34) 844 (34)
patients)

ROIs, region of interests; ELs, enhancing demyelinating multiple sclerosis le-
sions; ANELs, apparently non-enhancing demyelinating multiple sclerosis
lesions.

chronic low-grade inflammation, the effect of such process on patient
disability could be expected to appear later in the follow-up.

The range of AT1 values measured in ANELs extended from low
values similar to those in the WM of non-MS patients, up to larger values
approaching those measured in ELs. This observation suggests that the
presence and degree of BBB disruption vary considerably across this
group of lesions. This result could be explained by heterogeneity of le-
sions belonging to the ANELs group, which likely includes both chronic
active and inactive plaques. Pathological studies investigating BBB
leakage in chronic lesions were not conclusive, as they agreed on the
increased vascular permeability in chronic active lesions but showed
conflicting results in chronic inactive lesions (Lee et al., 2018; Vos et al.,
2005). The BBB leakage documented in chronic active lesions (together
with the ability of fibrinogen to trigger microglial responses, participate
in axonal damage (Davalos et al., 2012) and prevent remyelination
(Petersen et al., 2017)) fosters future investigation on the possible as-
sociation between AT1 in ANELs and disability accrual. The presence of
fibrinogen also in some chronic inactive lesions (Vos et al., 2005) may be
related to the diminished fibrinolytic activity in multiple sclerosis
(Gveric et al.,, 2003) or, alternatively, may suggest that the BBB
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disruption is not sufficient by itself to induce demyelination (Kwon and
Prineas, 1994). Therefore, even though the exact role of BBB impairment
in chronic MS lesions is not yet fully understood, it may be linked to the
evolution of longstanding demyelinating plaques. Such a subtle BBB
disruption cannot be easily and unequivocally assessed using conven-
tional post-contrast T1-weighted images; on the contrary, T1 mapping
represents a unique opportunity to objectively detect and measure the
effect of contrast media extravasation.

Differently from conventional T1-mapping approaches based on
signal fitting of repeated acquisitions, quantitative multiparametric
mapping with QTI enables whole brain coverage with high and isotropic
resolution in clinically feasible times (Buonincontri et al., 2021; Gomez
et al., 2020), is motion robust (Kurzawski et al., 2020) and allows for
repeatable and reproducible quantitative T1 mapping (Buonincontri
et al., 2021). Taken together, these features make our protocol based on
QTI a viable approach to detect subtle BBB leakage. The possibility to
objectively detect in vivo the presence, degree and changes over time of
subtle BBB disruption may provide new insights into the development
and evolution of demyelinating white matter lesions, further evidence
for the role of blood-mediated mechanisms in the evolution of chronic
lesions, a radiological marker of disease activity and prognosis, and an
additional measure of radiological outcome in screening new potential
disease-modifying treatments. Furthermore, whether AT1 in ANELSs or
its change over time is proved to be associated with long-term disability,
it could be tested as an additional marker of treatment effectiveness and
suboptimal response.

Long-term disability prediction in MS is performed with composite
outcome measures that combine clinical data and MRI markers of dis-
ease activity (Rotstein and Montalban, 2019), but a simple and robust
radiological marker of prognosis is still missing (Louapre et al., 2017).
Besides the occurrence of new lesions and changes in grey and white
matter volume (De Stefano et al., 2014; Inglese and Petracca, 2018;
Louapre et al., 2017), chronic inflammation may contribute to disability
and disease progression (Absinta et al., 2019) and may account for the
substantial functional deterioration which may occur in the absence of
new demyelinating lesions (Kermode et al., 1990). The subtle BBB
disruption in some ANELs may represent a mechanism reflecting
ongoing damage in chronic settings and AT1 measurement might have a
role as a quantitative biomarker of BBB damage. Future multimodal MR
studies investigating AT1 in each type of ANELs (e.g., chronic active and
chronic inactive lesions) may provide a new piece of knowledge on the
inflammatory status of each of them, as revealed by presence and degree
of BBB permeability to MRI contrast agent.

To the best of our knowledge, this is the first study investigating the
potential of transient-state quantitative multiparametric mapping in
capturing pathological enhancement in the brain tissue. This approach
allows to obtain quantitative estimations of multiple parameters with
only one sequence, thus giving the opportunity to investigate multiple
aspects of the MS pathology without the need of multiple acquisitions or
image registrations. These advantages, together with the ability to
objectively detect subtle BBB disruption, the feasibility of cortical and
subcortical segmentation using synthetic T1-weighted images and the
possibility to measure relaxometry properties in segmented regions of
interest (Fujita et al., 2021), support the use of this technique in the
clinical research setting and open the way to a combined qualitative and
multiparametric quantitative approach to MS.

This study has some possible limitations. First, most patients were
receiving therapy at the time of the MRI examination and drugs
administered could have different ability in reducing the vascular
permeability or stabilising the BBB (Balasa et al., 2021). Therefore, we
cannot exclude that the contrast related T1 shortening we measured
was, at least in some patients, influenced by pharmacological treat-
ments. Second, two different paramagnetic contrast media were used
across this study; since their difference in T1 relaxivity in human blood
samples at 3 T is not statistically significant (Szomolanyi et al., 2019),
we do not expect that this limitation could have an impact on our results.

Neurolmage: Clinical 40 (2023) 103509

Unfortunately, even though the number of ANELs analysed was high, the
relatively small number of patients who participated in this study did
not allow for subgroup analysis. Future studies investigating the possible
role of current and previous therapies as well as the possible impact of
different contrast media are advisable. As a third limitation, it cannot be
definitely stated that all the ANELs included in the analysis were chronic
lesions, because the staging of MS lesions is done at pathological ex-
amination of fixed samples. Lastly, we used data acquired in the white
matter of non-MS patients to obtain a reference distribution of AT1
values. For a more rigorous approach, we would have had to enrol
healthy subjects for this purpose, but we preferred not to administer
contrast media without a clinical indication.

Each one of the two QTI acquisition, necessary for AT1 mapping, has
a scan duration of 7 min. Additional scan time could be a possible lim-
itation for the inclusion of this approach in the clinical routine. How-
ever, it should be also considered that from the set of quantitative maps
obtained from one single QTI acquisition it is possible to generate syn-
thetic radiological images. This approach, known as “synthetic MRI”,
aims to obtain diverse contrast-weighted MR images from a small set of
tissue parameters (Andica et al., 2019; Blystad et al., 2012; Ji et al.,
2022), and is being used in research and clinical MR examinations
(Hagiwara et al., 2017; Peretti et al., 2023; Ryu et al., 2020; Tanenbaum
et al., 2017). The use of this approach may enable the reduction of the
total exam duration, when necessary, by skipping the acquisition of
several qualitative images.

In conclusion, QTI-derived quantitative AT1 mapping enabled to
measure contrast related T1 shortening in ANELs. ANELs exhibiting AT1
values that deviate from the reference distribution in non-MS patients
may indicate persistent, subtle, BBB disruption. Access to this informa-
tion may prove useful to better characterise pathology and objectively
monitor disease activity and response to therapy.
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