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Abstract

Objective We aimed to determine in the “THRACE?” trial, the clinical and MRI technical parameters associated with the two-

layered susceptibility vessel sign (TL-SVS) and the overestimation ratio (overR).

Materials and methods Patients with pre-treatment brain gradient echo (GRE) sequence and an etiological work-up were identified.

Two readers reviewed TL-SVS, i.e., a SVS with a linear low-intense signal core surrounded by a higher intensity and measured the

overR as the width of SVS divided by the width of the artery. Binomial and ordinal logistic regression respectively tested the

association between TL-SVS and quartiles of overR with patient characteristics, cardioembolic stroke (CES), time from onset to

imaging, and GRE sequence parameters (inter slice gap, slice thickness, echo time, flip angle, voxel size, and field strength).

Results Among 258 included patients, 102 patients were examined by 3 Tesla MRI and 156 by 1.5 Tesla MRI. Intra- and inter-

reader agreements for quartiles of overR and TL-SVS were good to excellent. The median overR was 1.59 (IQR, 1.30 to 1.86).

TL-SVS was present in 101 patients (39.2%, 95%CI, 33.1 to 45.1%). In multivariate analysis, only CES was associated with

overR quartiles (OR, 1.83; 95%CI, 1.11 to 2.99), and every 60 min increase from onset to MRI time was associated with TL-SVS

(OR, 1.72; 95%CI, 1.10 to 2.67). MRI technical parameters were statistically associated with neither overR nor TL-SVS.

Conclusion Independent of GRE sequence parameters, an increased overR was associated to CES, while the TL-SVS is inde-

pendently related to a longer time from onset to MRI.

Key Points

* An imaging biomarker would be useful to predict the etiology of stroke in order to adapt secondary prevention of stroke.

o The two-layered susceptibility vessel sign and the overestimation ratio arve paramagnetic effect derived markers that vary
according to the MRI machines and sequence parameters.

* Independent of sequence parameters, an increased overestimation ratio was associated to cardioembolic stroke, while the two-
layered susceptibility vessel sign is independently related to a longer time from onset to MRI.
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Abbreviations
AIS-LVO  Acute ischemic stroke patients with large vessel
occlusion

CES Cardioembolic stroke

GRE Gradient echo

overR Overestimation ratio

SWI Susceptibility-weighted imaging
THRACE THRombectomie des Artéres CErebrales
TL-SVS  Two-layered susceptibility vessel sign
Background

Unraveling the etiology in acute ischemic stroke patients with
large vessel occlusion (AIS LVO) is important because it
could potentially affect secondary stroke prevention strate-
gies. In many AIS LVO, however, risk factors for both a large
artery atherosclerotic and cardioembolic stroke (CES) are
present. Furthermore, for up to 30% of strokes, the exact eti-
ology remains uncertain [1]. Thanks to the endovascular re-
trieving, thrombi composition could potentially provide an
important clue regarding stroke etiology. However, no clear
association between thrombus composition and etiology was
found in the literature [2-9]. Further understanding of the
association between imaging characteristics of the thrombus
and etiology could be useful to help determine stroke etiology.
The susceptibility vessel sign (SVS) on gradient echo (GRE)
is defined as a hypo intense signal exceeding the diameter of
the contralateral artery at the site of the thrombus [10]. The
SVS is seen in 50-85% of cases of AIS LVO, particularly in
the case of a red blood cell-dominant thrombus, whereas a
lack of SVS is indicative for a fibrin-dominant thrombus
[11-17]. The SVS has been related to the stroke etiology with
variable reliabilities [2, 15, 18-20]. Recently, two characteris-
tics of the SVS, overestimation ratio (overR), a quantitative
evaluation of the SVS, and the two-layered SVS (TL-SVS)
were reported to predict CES [19-21]. Hence, both TL-SVS
and high overR were described to exhibit an almost perfect
specificity for CES [19, 20]. However, these studies were
retrospective, monocentric, and used time-consuming suscep-
tibility-weighted imaging or 3.0 Tesla systems. Furthermore,
numerous technical parameters are involved in the paramag-
netic effect on which these radio markers rely on [22]. As a
consequence, the diagnostic accuracy of SVS-derived markers
to predict thrombus composition varies according the MRI
machines [11]. We hypothesized that the range of technical
parameters used for the GRE sequence acquisition in the
multicentric THRACE trial would interfere with the visuali-
zation of the TL-SVS or with the magnitude of the overR.
Hence, we aimed to determine in the multicentric THRACE

study [23] the independent clinical and technical factors relat-
ed to the TL-SVS and to the overR.

Materials and methods
THRACE study design

THRACE was a randomized controlled trial done in 26 cen-
ters in France. Study design and protocol were previously
detailed [23]. Patients with acute ischemic stroke were eligible
for inclusion if they were aged 18—80 years; had a US
National Institutes of Health Stroke Scale score of 10-25;
and had an occlusion of the intracranial internal carotid artery
or the M1 segment of the middle cerebral artery on magnetic
resonance angiography. Patients who had cervical internal ca-
rotid artery occlusion and sub occlusive stenosis were exclud-
ed. Patients were randomized (1:1) as soon as possible during
intravenous thrombolysis to receive intravenous thrombolysis
and mechanical thrombectomy or intravenous thrombolysis
alone. Before randomization, written informed consent was
obtained from all patients or their legal representatives. The
study protocol was approved by the Comité de Protection des
Personnes III Nord Est Ethics Committee and the research
boards of the participating centers.

Clinical and biological data

Clinical and biological data included age, gender, smoking
rate, history of high blood pressure, diabetes mellitus, hyper-
cholesterolemia, coronary artery disease, previous stroke,
mean glycemia level at inclusion, topography of occlusion
(M1 or ICA), and time from onset to imaging.

Stroke etiology was determined at the end of a complete
etiological work-up by a stroke neurologist, according to Trial
of Org 10172 in Acute Stroke Treatment classification [24].

Work-up for cardioembolic stroke

In THRACE trial, the recommended general work-up, accord-
ing to the ESO Guidelines [25], included physiological param-
eters and routine blood tests, a 12-lead electrocardiography
and continuous electrocardiography. In addition, a 24-h
Holter electrocardiography monitoring was performed when
arrhythmias were suspected and no other causes of stroke
were found. The echocardiography was recommended when
electrocardiography abnormalities or evidence of cardiac dis-
ease on history was reported or when no other identifiable
causes of stroke were found.
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Imaging data

In this prespecified post hoc analysis, we included patients
with admission brain MRI with 2D GRE sequence. MRI ac-
quisition parameters of the sequence were left to the discretion
of the recruitment centers according to their routine practice
without any standardization, but all the included patients were
screened with a conventional GRE T2* (no echo planar ac-
quisition). Hence, MRI and GRE sequence parameters record-
ed included slice thickness, inter slice gap, flip angle, echo
time, field strength, and voxel acquisition size. Along with
the GRE sequence, DWI, FLAIR, and TOF-MRA of'the circle
of Willis sequences were systematically performed.

Two readers, with 2 and 5 years of experience, blindly
reviewed the TL-SVS images and performed the overR mea-
surements. The second reader did this twice, 1 week apart, in
order to analyze the intra-reader agreement. They searched for
TL-SVS, i.e., an inhomogeneous susceptibility vessel sign
with a linear low-intense signal core surrounded by a periph-
eral higher intensity signal [20]. The overR was manually
measured according to the method previously described, i.e.,
overR = width of susceptibility vessel sign / width of large
artery [21]. Note that the absence of the susceptibility vessel
sign was considered as an overR = 1.

We excluded patients who were screened with a SWI in-
stead of a GRE sequence because SWI was scarcely used in
THRACE patients.

Statistical analysis

Categorical variables were expressed as frequencies and per-
centages. Continuous variables were expressed as mean (stan-
dard deviation) or median (interquartile range) for non-normal
distribution. Normality of distributions was assessed graphi-
cally and by using the Shapiro-Wilk test. Main baseline clin-
ical characteristics were described in included and non-
included patients, and absolute standardized differences were
calculated; values > 10% were interpreted as meaningful dif-
ferences. Inter- and intra-reader agreements for TL-SVS and
for quartiles of overR were assessed using unweighted Kappa
for TL-SVS and weighted Kappa for the quartiles of overR
with 95% confidence interval (CI).

Main analysis of association of clinical and MRI technical
parameters with overR was done after categorization of overR
into quartiles due to non-normal distribution. We firstly inves-
tigated the association of clinical and MRI technical parame-
ters with overR quartiles and TV-SV'S using generalized linear
mixed models (logistic for TV-SVS and ordinal for overR
quartiles) including centers as random effect. As a sensitivity
analyses, we assessed the association of clinical and MRI
technical parameters with overR treated as continuous vari-
ables using non-parametric tests (Mann-Whitney U test or
Spearman’s rank correlation coefficient). For overR quartiles

@ Springer

and TV-SVS, a multivariable generalized linear mixed model
was performed by including clinical and MRI technical pa-
rameters with a p value <0.20 in center-adjusted analyses.
Statistical testing was conducted at the level of 0.05. Data
were analyzed using the SAS software package, release 9.4
(SAS Institute).

Results

Among 412 patients included in the THRACE trial (between
June 2010 and February 2015), 301 were MRI-based selection
for revascularization treatment. Of these 301 patients, 43 pa-
tients were excluded due to poor imaging quality (n=9), ab-
sence of GRE sequence (n =5), or no information on Trial of
Org 10172 in Acute Stroke Treatment classification (n =29)
(Fig. 1). Main baseline characteristics of included and non-
included patients are reported in supplemental Table 1.
Included patients were older, less often current smokers, and
have more often hypertension, hypercholesterolemia, and his-
tory of stroke than excluded patients (absolute standardized
difference > 10%). Of the 258 included patients, 102 patients
were examined by 3 Tesla MRI and 156 by 1.5 Tesla MRI.
Inter-reader agreement for quartiles of overR and TL-SVS
was 0.79 (95% CI, 0.74-0.83) and 0.87 (95% CI, 0.80—
0.93), respectively. Intra-reader agreement for quartiles of
overR and TL-SVS was 0.82 (95% CI, 0.79-0.85) and 0.90
(95% CI, 0.85-0.95), respectively.

412 THRACE patients

= 111 without MRI at admission

301 with MRI at admission

5 SWI sequence
=] 12 TL-SVSoroverR
non analyzed

284 patients with TL-SVS, overR
analyzed

= 26 TOAST non analyzed

el 58 patients with TL-SVS. overR and TOAST

Fig. 1 Inclusion Flowchart. THRACE, THRombectomie des Artéres
CErebrales; SWI, susceptibility-weighted imaging; TL-SVS, two-
layered susceptibility vessel sign; overR, overestimation ratio; TOAST,
Trial of Org 10172 in Acute Stroke Treatment
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Fig. 2 Overestimation ratio
measurement. a [llustration of
overestimation ratio
measurement. b, ¢ Susceptibility
vessel sign (SVS) and overesti-
mation ratio of SVS. A 69-year-
old man with right middle cere-
bral artery occlusion whose over-
estimation ratio of SVS was 2.21
was found of cardiogenic embo-
lism. The sequences of magnetic
resonance imaging from (b), T2*-
weighted gradient echo (GRE)
images showing SVS
(arrowheads) and (c), the
coregistered images of TOF-
MRA and T2*-GRE image

Thrombus sy

Susceptibility vessel sign (SVS)

Table 2 Univariate associations of the two-layered susceptibility vessel sign with clinical and MRI technical parameters

Two-layered susceptibility vessel sign

No (n=157) Yes (n=101) OR (95%C1)* p
Demographics and clinical
Age, years, median (IQR) 66 (51 to 74) 68 (57 to 74) 1.08 (0.89 to 1.30)° 0.42
Men 82(52.2) 55(54.5) 0.86 (0.51 to 1.44) 0.56
Current smoking 40 (27.0) 19 (21.1) 0.73 (0.38 to 1.40) 0.34
Hypertension 78 (50.3) 52 (51.5) 1.03 (0.61 to 1.72) 091
Hypercholesterolemia 73 (52.9) 49 (53.9) 1.03 (0.59 to 1.78) 0.93
Diabetes 17 (10.8) 7(7.1) 0.65 (0.25 to 1.65) 0.36
History of CAD 18 (11.9) 14 (14.4) 1.27 (0.59 t0 2.72) 0.54
History of stroke 8(5.2) 9(9.1) 1.81 (0.66 to 4.94) 0.25
Admission glycemia, g/I, median (IQR) 117 (100 to 141) 114 (104 to 135) 0.61 (0.27 to 1.34)° 0.21
MCA occlusion 136 (86.6) 81(80.2) 0.62 (0.31 to 1.24) 0.18
Cardioembolic stroke 59 (37.6) 47 (46.5) 1.63 (0.96 to 2.75) 0.07
MRI parameters
Time from onset to MRI, min, median (IQR) 109 (39) 121 (32) 1.74 (1.13 to 2.68)° 0.012
3 Tesla 55(35.0) 47 (46.5) 1.57 (0.88 to 2.80) 0.13
Voxel size, pm, mean (SD) 4.1 (1.1) 4.0 (1.0) 0.93 (0.71 to 1.21) 0.58
Flip angle, degree 0.88(0.57to 1.34) 0.55"
<20 62 (39.5) 39 (38.6) 1.00 (ref.) -
20 71 (45.2) 55(54.5) 1.33(0.73 t0 2.43) 0.35
>20 24 (15.3) 7 (6.9) 0.50 (0.18 to 1.38) 0.18
Echo time, ms, median (IQR) 18 (16 to 23) 18 (16 to 23) 0.89 (0.68 to 1.17)° 0.39
Inter slice gap, mm 0.78 (0.56 to 1.09)" 0.14°
0.0 51(33.3) 45 (44.5) 1.00 (ref) -
0.0 to 0.9 42 (27.5) 25(24.8) 0.61 (0.31 to 1.19) 0.15
>1.0 60 (39.2) 31(30.7) 0.74 (0.35 to 1.58) 0.43
Slice thickness, mm 1.40 (0.72 to 2.71)" 031"
<5.0 22 (14.0) 99.9 1.00 (ref.) -
5.0 123 (78.4) 86 (85.2) 1.65 (0.69 to 3.91) 0.25
>5.0 12 (7.6) 6(5.9 1.60 (0.40 to 6.37) 0.50

Values are n(%) unless otherwise as indicated

CAD coronary artery disease, C/ confidence interval, /OR interquartile range, MCA middle cerebral artery, MRI magnetic resonance imaging, OR odds

ratio, SD standard deviation

#OR of two-layered susceptibility vessel sign (calculated using mixed logistic regression models including center as random effect)

®OR per 10-year increase
€OR per 100 mg/dl increase
9OR per 60-min increase

€OR per 10-min increase

FOR calculated by treating the variable as an ordinal categorical variable

@ Springer



Eur Radiol (2019) 29:2624-2631

2629

Table3  Multivariate analysis of clinical and MRI technical parameters
associated with overestimation ratio and two-layered susceptibility vessel

sign

OR (95%ClI) P

Model 1 (overestimation ratio)
Age per 10 increase
History of CAD
MCA occlusion
Cardioembolic stroke

1.06 (0.89 to 1.26) 0.50
1.34 (0.87 t0 2.66) 0.40
0.66 (0.35t0 1.22) 0.18
1.83 (1.11 t0 2.99) 0.016
Model 2 (two-layered susceptibility vessel sign)

MCA occlusion 0.63 (0.30 to 1.30) 0.21

Cardioembolic stroke 1.65 (0.96 to 2.85) 0.071
1.72 (1.10 t0 2.67) 0.017
1.33 (0.85t0 2.08) 0.20
0.86 (0.59to 1.27) 0.45

Onset to MRI time per 60 min increase
3 Tesla

Inter slice gap per 1-mm increase®

CAD coronary artery disease, C/ confidence interval, MCA middle cere-
bral artery, MRI magnetic resonance imaging, OR odds ratio

@ Multivariable generalized linear mixed model (logistic or ordinal) in-
cluding clinical and MRI technical parameters with a p value <0.20 in
center-adjusted analyses

Overestimation ratio (Fig. 2)

Distribution of overR was not normal, with 17.1% (n =44) of
patients having a value of 1.0. The median overR was 1.59
(IQR, 1.30 to 1.86). Main clinical and MRI technical param-
eters are described according to overR quartiles in Table 1. In
center-adjusted analyses, increase in overR quartiles was only
significantly associated with CES (common OR, 1.95%;
95%CI, 1.24 t0 3.07). None of MRI technical parameters were
associated with overR quartiles. Similar results were found
when overR was analyzed as continuous variables using
non-parametric tests, except a significant weak correlation
with echo time (»=0.13, p=0.036; supplemental Table 2).

Fig. 3 a, b Two-layered suscep-
tibility vessel sign (TL-SVS). A
62-year-old man with left middle
cerebral artery (MCA) occlusion
because of cardioembolism. 1.5-
Tesla (T)-T2*-weighted gradient
echo (GRE) imaging scan (white
arrow) showing a two-layered
SVS with a low-intense signal
core (arrowheads) surrounded by
a higher intensity signal

In multivariate analysis including variables associated with
center-adjusted p <0.20, CES remained associated with
overR quartiles (Table 3).

Two-layered susceptibility vessel sign (Fig. 3)

TL-SVS was present in 101 patients (39.2%, 95%CI, 33.1 to
45.1%). As shown in Table 2, after adjustment for center, only
time from onset to MRI was associated with TL-SVS, with an
OR per 60 min increase of 1.74 (95%CI, 1.13 to 2.68). A non-
significant association was found with CES (OR, 1.63;
95%CI, 0.96 to 2.75). Similarly than overR, none of MRI
technical parameters were associated with TL-SVS. In multi-
variate analysis including variables associated with center-
adjusted p <0.20, increase in time from onset to MRI
remained associated with TL-SVS (Table 3).

Discussion

The main finding of our work is that, independent of GRE
sequence parameters, an increase overR is associated to CES,
while the TL-SVS is independently related to a longer time
from onset to MRI.

Studies on human thrombi retrieved from AIS LVO
patients have revealed varying compositions [3, 6, 8, 9],
but published articles failed to found a reliable and repro-
ducible association between the thrombi histology, imag-
ing characteristics, and stroke etiology [2]. Indeed, there is
inherent bias in assessing histologic characteristics of
thrombi retrieved in vivo in relation to the imaging or to
the stroke etiology: IVT is administrated before histologi-
cal analysis and only the thrombi retrieved are available
for analysis, which might bias the analysis [26, 27].
Hence, the imaging characteristics of thrombi could pro-
vide a relevant shortcut towards the stroke etiology “by
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pass” of the histological examination. Two recent retro-
spective studies using 3.0T systems analyzed separately
diagnostic accuracies of TL-SVS and overR for CES pre-
diction. Authors found a specificity of 97% and 91%, re-
spectively, of TL-SVS and an overR cutoff of 2.01 for
predicting CES [19-21]. In our study, we have been able
to precisely record the relevant GRE sequence parameters
in order to analyze their weight in the presence of the TL-
SVS and the overR. Indeed, the SVS effects (TL-SVS and
overR) are due to the presence of a paramagnetic blood
clot that induces local magnetic field heterogeneities, pro-
portional to the static magnetic field (B0). As a conse-
quence, the diagnostic accuracy of SVS to predict throm-
bus composition varies according the MRI machines [11].
We demonstrated that, in real world conditions including
brain MRI performed in 26 different centers on either 1.5
or 3.0T MR unit, using less-than-a-minute GRE sequence,
contrary to the TL-SVS, the overR remains associated with
CES.

Furthermore, we showed a significant and independent re-
lation between time from onset to imaging and the TL-SVS.
As a clot ages, the hemoglobin passes through several forms
(oxyhemoglobin, deoxyhemoglobin, and methemoglobin)
prior to red cell lysis and breakdowns into ferritin and hemo-
siderin [28, 29]. Many patients with wake-up or unknown
time of onset stroke are excluded from recanalization treat-
ment. [f DWI-FLAIR mismatch is a crucial imaging biomark-
er in the management of such patients, its interpretation is
often difficult [30] and may benefit of an additional biomarker
to date the occlusion.

The present prospective study is the largest to date that
has evaluated the TL-SVS and the overR in the context of
stroke. We acknowledge limitations, including that
THRACE was not a trial designed to specifically investi-
gate stroke etiology. However, work-ups were performed
in referral comprehensive stroke centers that ensure for
high quality and extensive etiological work-up, gating
with the guidelines [25]. Second, no information was reg-
istered on anticoagulation regimen, the use of antiplatelet
or the platelet count before imaging, all factors that may
have influenced the thrombus composition, and thus the
paramagnetic effects in it [31, 32]. Third, 111/412 patients
were excluded since an admission brain CT was per-
formed rather than MRI. In addition, 17/301 patients with
admission MRI were excluded from analysis for technical
reasons (low imaging quality or no GRE-T2*). However,
included and excluded patient groups were similar for
demographical and clinical baseline characteristics
(supplemental Table 1). Fourth, the application of our re-
sults is exclusively restricted to patients screened with
MRI. Further studies must validate new computed tomog-
raphy imaging biomarkers of CES. Last, bandwidth,
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another technical parameter that may also influence sus-
ceptibility radio marker evaluation, has not been recorded.

Conclusion

Independent of GRE sequence parameters, an increase overR
is associated to CES, while the TL-SVS is independently re-
lated to a longer time from onset to MRI. These results, from
the largest serie to date, could be useful for the comprehensive
use of these radio markers in clinical practice.
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