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Abstract

Background and Objectives

The diagnosis of multiple sclerosis (MS) can be challenging in clinical practice because MS
presentation can be atypical and mimicked by other diseases. We evaluated the diagnostic
performance, alone or in combination, of the central vein sign (CVS), paramagnetic rim lesion
(PRL), and cortical lesion (CL), as well as their association with clinical outcomes.

Methods

In this multicenter observational study, we first conducted a cross-sectional analysis of the CVS
(proportion of CVS-positive lesions or simplified determination of CVS in 3/6 lesions—
Select3*/Select6*), PRL, and CL in MS and non-MS cases on 3T-MRI brain images, including
3D T2-FLAIR, T2*-echo-planar imaging magnitude and phase, double inversion recovery, and
magnetization prepared rapid gradient echo image sequences. Then, we longitudinally analyzed
the progression independent of relapse and MRI activity (PIRA) in MS cases over the 2 years
after study entry. Receiver operating characteristic curves were used to test diagnostic per-
formance and regression models to predict diagnosis and clinical outcomes.

Results

The presence of >41% CVS-positive lesions/>1 CL/>1 PRL (optimal cutoffs) had 96%/90%/
93% specificity, 97%/84%/60% sensitivity, and 0.99/0.90/0.77 area under the curve (AUC),
respectively, to distinguish MS (n = 185) from non-MS (n = 100) cases. The Select3*/Select6*
algorithms showed 93%/95% specificity, 97%/89% sensitivity, and 0.95/0.92 AUC. The
combination of CVS, CL, and PRL improved the diagnostic performance, especially when
Select3*/Select6* were used (93%/94% specificity, 98%/96% sensitivity, 0.99/0.98 AUC; p =
0.002/p < 0.001). In MS cases (n = 185), both CL and PRL were associated with higher MS
disability and severity. Longitudinal analysis (n = 61) showed that MS cases with >4 PRL at
baseline were more likely to experience PIRA at 2-year follow-up (odds ratio 17.0, 95%
confidence interval: 2.1-138.5; p = 0.008), whereas no association was observed between other
baseline MRI measures and PIRA, including the number of CL.
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Glossary

AUC = area under the curve; CL = cortical lesions; DIR = double inversion recovery; DIS = dissemination in space; EDSS =
Expanded Disability Status Scale; EPI = echo planar imaging; HTLV = human T-lymphotropic virus; ICC = intraclass
correlation coefficient; MPRAGE = magnetization prepared rapid gradient echo images; MSSS = Multiple Sclerosis Severity
Scale; NMOSD = neuromyelitis optica spectrum disorder; OCB = oligoclonal bands; OIND = other inflammatory neurologic
diseases; PIRA = progression independent of relapse and MRI activity; ROC = receiver operating characteristic; SLE = systemic

lupus erythematosus.

Discussion

The combination of CVS, CL, and PRL can improve MS differential diagnosis. CL and PRL also correlated with clinical
measures of poor prognosis, with PRL being a predictor of disability accrual independent of clinical/MRI activity.

Introduction

The diagnosis of multiple sclerosis (MS) can be challenging in
clinical practice, as clinical and radiologic findings can
sometimes be atypical for MS, and other diseases may mimic
MS clinical and/or radiologic presentation.1 MS diagnosis
relies on demonstration of disease dissemination in space and
time, following a clinical event characteristic of an MS exac-
erbation or documented clinical progression.” Over time, the
McDonald MS diagnostic criteria have been iteratively mod-
ified and simplified, enabling earlier diagnosis and initiation of
therapy.3 However this approach has been criticized for de-
creasing the specificity of the diagnostic criteria and increasing
the risk of MS misdiagnosis.

To enhance diagnostic accuracy and reduce misdiagnosis,
researchers have been focusing on finding new and specific
imaging biomarkers. Among them, the central vein sign
(CVS), cortical lesion (CL), and paramagnetic rim lesion
(PRL) have gained attention in the past 2 decades.’ These
markers can be visualized using specialized MRI techniques
and have demonstrated high specificity for MS.> While the
CVS reflects the perivenular development of inflammatory
demyelination in white matter, PRLs indicate perilesional
chronic inflammation and specifically the accumulation of
iron-laden microglia/macrophages at the lesion edge after
acute inflammation resolves.'”'" CLs—focal abnormalities
completely within the cortex or spanning both the cortex and
the underlying white matter—are also a distinctive feature of
MS.">" Even if CLs have already been included in the last
revision of McDonald criteria,” they are difficult to detect with
conventional MRI protocols and are better identified with
specialized MRI techniques.'>

Although CVS, PRL, and CL are specific features of MS pa-
thology, it is still unclear whether the combination of these 3
imaging biomarkers can further improve MS differential di-
agnosis and stratify patients with poor prognosis for thera-
peutic decision making. This research is crucial to ensure early
and accurate diagnosis and improve patient outcomes.
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In this study, we cross-sectionally evaluated the diagnostic
performance of the CVS, CL, and PRL (taken alone and in
combination) and prospectively analyzed their association
with clinical outcomes, in a multicenter sample of MS and MS
mimicking conditions drawn from 4 academic research hos-
pitals in Europe and the United States.

Methods

Imaging, laboratory, and clinical data were prospectively
collected under institutional review board-approved proto-
cols in adults with clinical/MRI evidence of CNS involvement
from 4 academic research hospitals: the NIH Clinical Center
(Bethesda, MD), IRCCS San Raffaele Hospital (Milan, Italy),
Saint Luc University Hospital (Brussels, Belgium), and Lau-
sanne University Hospital (Lausanne, Switzerland).

Patient eligibility criteria included (1) age >18 years, (2)
clinical/MRI evidence of CNS involvement and availability of
a clinical diagnosis, and (3) availability of 3T 3-dimensional
(3D) segmented T2*-weighted echo planar imaging (EPI)
(for CVS and PRL assessment), and double inversion re-
covery (DIR) and/or T1-weighted magnetization prepared
rapid gradient echo images (MPRAGE) (for CL assessment).
Cases with diffuse leukoencephalopathy or with no discrete
brain lesions were excluded from the analysis.

MRI Acquisition

In all centers, the 3T MRI protocol included a submillimeter
isotropic 3D T2*-EPI sequenceH‘16 for the detection of the CVS
and PRL imaging biomarkers. CL assessment was performed on
3D-DIR and 3D-MPRAGE (Brussels) or 3D-synthetic-DIR
(eFigure 1) generated from T1/T2 images17 and 3D-
MPRAGE (other centers).'>'® Additional MRI methods are
detailed in the eMethods and eTable 1 and 2.

Image Processing and Biomarker Assessment
Given that raters were partially involved in the recruitment of
cases, all images were de-identified before analysis, as was the
final diagnosis.
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The CVS, CL, and PRL assessments were performed fol-
lowing previously published guidelines and methods (see
eMethods for details).">**! For the CVS, the percentage of
perivenular lesions across all eligible brain lesions™ was de-
termined in each participant, hereafter termed “proportion of
CVS-positive lesions.” Scans were further dichotomized as
perivenular positive vs perivenular negative (CVS—positive/
CVS-negative) based on the previously proposed “40%
rule”.*>** Considering that the proportion-based approach is
time-consuming and not practical in daily clinical practice,**
we also dichotomized patients as CVS-positive/ CVS-negative
based on the “Select3*”>*** and “Select6*” algorithms,***°
where a scan was considered as CVS-positive if there were
respectively >3 or >6 eligible lesions that met the CVS-
positive NAIMS criteria®®; see the eMethods for details.

For the association with clinical measures, we dichotomized
patients as having 0—4 and >4 PRL, based on a previously
proposed clinically meaningful threshold of 4 PRL per pa-
tient,”” and on the distribution of our cohort data. Brain
volumes normalized to intracranial volume and total white
matter T2-hyperintense lesion volume (hereafter, “T2 lesion
load”) were also computed; see the eMethods for details.

In each individual, CVS, CL, and PRL analysis was in-
dependently assessed by 2 trained investigators (P.M. and S.B.
for Brussels and Lausanne cases; M.A. and M.S.M. for Milan
and NIH cases), each unaware of the other’s analysis and
blinded to participant’s diagnosis. All non-MS cases that were
CVS-positive or bearing >1 PRL or >1 CL were jointly
reviewed by M.A. and P.M. for final adjudication.

Clinical Outcome Assessment

To assess the prognostic value of the 3 biomarkers, MS cases
were screened for progression independent of relapse and
MRI activity (PIRA) over the 2 years after the study entry
(corresponding to the research MRI scan). In case of clinical
and/or MRI activity, the study entry baseline Expanded
Disability Status Scale (EDSS) score was reset to a new
baseline EDSS score obtained at least 3 months after the
clinical/MRI relapse.28 Patients with less than 18-month
follow-up period free of clinical/MRI relapses were excluded
from this analysis; see eMethods for details.

Statistical Analysis

The inter-rater reliability for CVS, CL, and PRL assessment
was explored on a per-patient level using the one-way random
model intraclass correlation coeficient (ICC).** A binomial
logistic regression model, with CVS, CL, and PRL analyses as
independent variables, was used to predict MS diagnosis
(dependent variable). Receiver operating characteristic
(ROC) curves were used to test the diagnostic performance of
the CVS, CL, and PRL assessments, alone and in
combination.

The relative importance to discriminate MS from non-MS of
the CVS, of CL and PRL, as well as of the fulfillment of
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dissemination in space (DIS) criteria according to McDonald
2017 and Filippi et al. 2016,>° and (when available) of the
presence of CSF oligoclonal bands (OCB), was also explored
by fitting a random forest model.

The association between CVS, CL, and PRL with MS dis-
ability (EDSS) and severity (Multiple Sclerosis Severity Scale
[MSSS]) at the time of the research MRI scan (EDSS or
MSSS as dependent variables) was assessed using linear re-
gression models with PRL groups (PRL 0-4 and >4), number
of CL or proportion of CVS-positive lesions as independent
variables, alone and in combination, in addition to normalized
brain volume and T2 lesion load as covariates. A binomial
logistic regression model was used to predict the association
of CVS, CL, PRL in addition to normalized brain volume, T2
lesion load, and patient’s age and sex with PIRA at 2-year
follow-up (PIRA as dependent variable). Additional statistical
analysis methods are detailed in the eMethods.

Standard Protocol Approvals, Registrations,
and Patient Consents

For this study, we received approval from the local ethical
standards committee on human experimentation in each of
the 4 academic research hospitals. Written informed consent
was obtained from all patients participating in the study
(consent for research).

Data Availability

The data that support the findings of this study are controlled
by the respective centers and are not publicly available. Re-
quest to access the anonymized individual patient data should
be forwarded to data controllers by the corresponding author.
Written requests for access to the derived data will be con-
sidered by the corresponding author and a decision made
about the appropriateness of the use of the data.

Results

From 2013 to May 2023, of the 297 consecutive eligible cases,
we retrospectively included in this analysis 285 patients; 12
were excluded for motion-related MRI artifacts (Figure 1).
Based on international published diagnostic criteria, included
patients were grouped according to their clinical diagnosis.
There were

« 185 individuals with MS, diagnosed according to the
2017 McDonald criteria® (113 relapsing-remitting, 47
secondary progressive, and 25 primary progressive)

o 38 individuals with other inflammatory neurologic
diseases (OIND), including 12 cases of neuromyelitis
optica spectrum disorder (NMOSD>'; 11 were AQP4
antibody-positive and 1 seronegative) and 3 cases of
myelin oligodendrocyte glycoprotein antibody-
associated disease (MOGAD)>*; 6 cases of systemic
lupus erythematosus (SLE)*’; 5 cases of Susac
syndrome34; 6 cases of Behcet disease®”; 3 cases of
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Figure 1 CONSORT Flowchart

Patients eligibility criteria

+ Age 218

* Clinical/MRI evidence of CNS involvement

* 3T brain MRI with 3D-T2*-EP| and 3D-DIR and/or T1-MPRAGE

[
Patients assessed for eligibility
between 2013 and May 2023
(n=297)

[

MRI exclusion criteria
* Motion artifacts
« Diffuse leukoencephalopathy

- Excluded for motion artifacts
G (n=12)
Included
(n =285)
NIH Brussels CHUV Milan
(n =38) (n=168) (n=55) (n=24)
Flow chart summarizing patients’ progress
v through the study. Brussels = Saint Luc University
Hospital (Brussels, Belgium); CHUV = Lausanne
University Hospital (Lausanne, Switzerland); EPI =
v 4 echo planar imaging; Milan = San Raffaele Uni-
MS Non-MS versity Hospital (Milan, Italy); MS = multiple scle-
(n=185) (n =100) rosis; NIH = National Institutes of Health, Clinical
Center (Bethesda, MD).

Sjogren disease®; 2 cases of sarcoidosis®’; and 1 case
of ANCA-associated vasculitis.*®

e 19 individuals infected by neurotropic viruses,
randomly selected from larger data sets, including 9
individuals with human T-lymphotropic
(HTLV)-associated myelopathy/tropical spastic par-
aparesis (HAM/TSP) and 10 with HIV infection,
without other comorbidities, on antiretroviral therapy.

e 43 individuals affected by noninflammatory neuro-
logic diseases (NIND), including small vessel disease
and migraine. Demographic and clinical data are
reported in Table 1.

virus

Central Vein Sign

In the 28S scans analyzed, the CVS assessment ICC inter-
rater agreement was 0.995 (95% confidence interval [CI]
0.980-0.999, p < 0.001). In agreement with previous data
from the literature,”® the proportion of CVS-positive lesions
was remarkably high in our MS cohort (mean 78%, median
80%, range 23%-100%), compared with non-MS cases
showing a very low proportion of CVS-positive lesions (mean
10%, median 0%, range 0%-50%; p < 0.001). Among non-MS
cases, OIND and NIND showed the highest mean proportion
of CVS-positive lesions (15% and 8%, respectively), followed
by HAM/TSP (6%) and HIV (5%). When the 40% rule was
applied,”>** 97% of MS cases were CVS-positive compared
with 5% of non-MS cases (8% of OIND, 5% of NIND, and 0%
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for both HAM/TSP and HIV; Table 1, Figure 2, A and D). In
line with this previously reported “40% rule” cutoff,”>** the
optimal CVS proportion-based threshold identified in our
cohort was 41%, which was associated with 95% specificity,
97% sensitivity, and an area under the ROC curve (AUC) of
0.993 (95% CI 0.988-0.999; Figure 3A). When the analysis
was restricted to cases with at least 3 lesions suitable for CVS
assessment (n = 258 of 285 cases), the diagnostic perfor-
mance of CVS was comparable with the performance in the
entire cohort (96% specificity, 97% sensibility and AUC of
0.994, 95% CI 0.989-0.999; p = 0.71).

When the Select3* simplified algorithm was applied,”*** 81%
of MS cases were CVS-positive compared with 6% of non-MS
cases (11% of HAM/TSP, 10% of OIND, 2% of NIND, and
0% of HIV; Table 1), with 93% specificity, 97% sensitivity, and
AUC of 0.949 (95% CI 0.914-0.984; Figure 3A). When the
Select6* simplified algorithm was applied,***® 89% of MS
cases were CVS-positive compared with 4% of non-MS cases
(11% of HAM/TSP, 8% of OIND, 0% of NIND and HIV;
Table 1), with a slight apparent decrease in diagnostic per-
formance (95% specificity, 89% sensitivity, and AUC of 0.922,
95% CI 0.889-0.955; p = 0.045 Figure 3A).

Cortical Lesions

The CL assessment ICC inter-rater agreement was 0.998
(95% C10.995-0.999, p < 0.001). CLs were detected in 84%
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Table 1 Cohort Characteristics

Neurotropic viruses

HTLV-infected

Characteristic OIND NIND HAM/TSP HiV-infected MS Statistical analysis
Participants, n 38 43 9 10 185 —
Women, n (%) 27 (71) 33(77) 6 (67) 1(10) 115 (62) X2 p =0.002
Age, mean (range), y 42 (21-77) 49 (26-75) 55 (37-75) 56 (45-62) 45 (20-76) ANOVA p = 0.001
OCB positive of cases with CSF available for 11/26 (42) 0/7 (0) 9/9 (100) — 130/147 (88) X2 p <0.001
review, n (%)
Fulfillment of dissemination in space MRI criteria
according to McDonald revised MS criteria 20172
Cases, n (%) 24 (63) 6(14) 1(11) 0(0) 185 (100) X2 p <0.001
Fulfillment of dissemination in space MRI criteria
according to Filippi et al. 20163°
Cases, n (%) 16 (42) 4(9) 0(0) 0(0) 167 (90) X2 p <0.001
Perivenular lesion detection
Proportion of CVS-positive lesions, mean (range) 15 (0-50) 8 (0-50) 6 (0-24) 5(0-33) 78 (23-100)  ANOVA p < 0.001
Cases with 240% CVS-positive lesions,® n (%) 3(8) 3(7) 0(0) 0(0) 179 (97) X2 p <0.001
Cases with positive Select3*,% n (%) 4(10) 1(2) 1(11) 0(0) 150 (81) X2 p <0.001
Cases with positive Select6*,? n (%) 3(8) 0(0) 1(11) 0(0) 138 (89) X2 p <0.001
Cortical lesion detection
Cases with 21 CL, n (%) 6(16) 1(2) 2(22) 0(0) 156 (84) ANOVA p <0.001
Paramagnetic rim lesion detection
Cases with 21 PRL, n (%) 6(16) 1(2) 0(0) 0(0) 111 (60) ANOVA p = 0.007

Abbreviations: CL = cortical lesion; CVS = central vein sign; HAM/TSP = HTLV-associated myelopathy/tropical spastic paraparesis; HTLV = human T-lym-
photropic virus; MS = multiple sclerosis; NIND = noninflammatory neurologic diseases; OCB = oligoclonal bands; OIND = other inflammatory/infectious

neurologic diseases; PRL = paramagnetic rim lesion.

2 Cases were dichotomized as overall CVS-positive vs CVS-negative based on the previously described “40% rule”,%?%23 “Select3*,"2#2> and “Select6*"2425

algorithms.

of MS cases (80% of RRMS, 91% of SPMS and 88% of
PPMS) vs 9% of non-MS cases. HAM/TSP and OIND
showed the highest detection rate of CL (2/9 [22%] and
6/38 [16%], respectively), followed by NIND (1/43
[2%]). No CL were detected in HIV cases (Table I,
Figure 2, B and E). The number of CL was higher in the
MS cohort (total number 1518, mean 8, median 4, range
0-101), compared with non-MS cases (total number 20,
mean 0, median 0, range 0-7; p < 0.001). The identifi-
cation of >1 CL (optimal cutoff) was associated with 90%
specificity, 84% sensitivity, and AUC of 0.897 (95% CI
0.865-0.931; Figure 3A). Among the 20 CL detected in
non-MS cases, all (100%) were classified as leukocort-
ical, and 4 of them (20%; all in the same case of SLE,
Figure 4B) showed enhancement after contrast in-
jection. In MS cases, most CL (1,464/1,518, 96%) were
leukocortical and only a purely
intracortical.

minority was

Neurology.org/NN

Paramagnetic Rim Lesions

The PRL assessment ICC inter-rater agreement was 0.986
(95% CI 0.950-0.996, p < 0.001). PRL were detected in
60% of MS cases vs 7% of non-MS cases. Among non-MS
cases, OIND showed the highest detection rate of PRL
(6/38 [16%]), followed by NIND (1/43 [2%]). No PRL
were detected in HIV and HAM/TSP cases (Table 1,
Figure 2, C and F). The number of PRL was higher in the
MS cohort (total number 604, mean 3, median 1, range
0-82), compared with non-MS cases (total number 13,
mean 0, median 0, range 0-3, p < 0.001). The identifica-
tion of >1 PRL (optimal cutoff) was associated with 93%
specificity, 60% sensitivity, and AUC of 0.771 (95% CI
0.718-0.825; Figure 3A). Among the 13 PRL detected in
non-MS cases, 4 (31%) were also CVS-positive; these
lesions belonged to 3 patients respectively diagnosed with
NMOSD-AQP4 positive, sarcoidosis (Figure 4A), and
small vessel disease.

Neurology: Neuroimmunology & Neuroinflammation | Volume 11, Number 4 | July 2024


http://neurology.org/nn

Downloaded from https://www.neurology.org by San Raffaele - M| on 8 July 2024

Figure 2 Central Vein Sign, Cortical Lesions, and Paramagnetic Rim Lesions in MS vs Non-MS
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D. Central vein sign

C

PRL number

(A) Frequency of central vein sign-positive lesions, (B) number of cortical lesions and (C) of paramagnetic rim lesions in the 100 non-MS cases enrolled in the
study (left vertical axis). Among the 185 enrolled MS cases (dotted lines, right vertical axis), most had =40% perivenular lesions (97%), 21 CL (84%) and =1 PRL
(60%). Representative axial (D) FLAIR*, (E) DIR and MPRAGE, and (F) EPI-phase images showing, respectively, the CVS (arrow), CL (arrowhead) and PRL
(arrowhead) biomarkers in an adult patient with RRMS. ANCA = ANCA-associated vasculitis; Behcet = Behget disease; DIR = double inversion recovery images;
HAM/TSP = human T-lymphotropic virus (HTLV)-associated myelopathy/tropical spastic paraparesis; HIV = HIV infection; MOGAD = myelin oligodendrocyte
glycoprotein antibody-associated disease; MPRAGE = magnetization prepared rapid gradient echo images; NIND = noninflammatory neurologic diseases;
NMOSD = neuromyelitis optica spectrum disorder; Sjogren = Sjogren disease; SLE = systemic lupus erythematosus; Susac = Susac syndrome.

CVS, CL, and PRL vs Established MS

Diagnostic Criteria

The proportion of CVS-positive lesions alone showed a
higher diagnostic performance when compared with the
presence of CSF-specific OCB (52% specificity, 88% sensi-
tivity, AUC 0.704, 95% CI 0.623-0.784; p < 0.001), the ful-
fillment of the McDonald 2017 DIS (65% specificity, 100%
sensitivity, AUC 0.827, 95% CI 0.779-0.874; p < 0.001), and
Filippi 2016 DIS criteria (80% specificity, 91% sensitivity,
AUC 0.852,95% CI 0.807-0.897; p < 0.001). The number of
CL alone also showed a higher diagnostic performance
compared with OCB (p < 0.001) and with McDonald 2017
DIS criteria (p = 0.011), but a similar performance when
compared with Filippi 2016 DIS criteria (p = 0.085). The
number of PRL alone showed a similar diagnostic perfor-
mance compared with CSF specific OCB (p = 0.203) and
McDonald 2017 DIS criteria (p = 0.081) and an inferior
performance to Filippi 2016 DIS criteria (p = 0.005).

Combination of CVS, CL, and PRL
Among the 3 biomarkers, the proportion of CVS-positive
lesions showed the highest diagnostic performance, followed
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by CL and PRL (Figure 3A; p < 0.001). When applying the
simplified CVS algorithms, Select3* diagnostic performance
was still superior to CL and PRL assessments (Figure 3A; p =
0.019 and p < 0.001, respectively), while Select6* showed a
similar diagnostic performance to CL (Figure 3A; p = 0.27)
but superior to PRL (Figure 3A; p < 0.001).

Using a weighted combined biomarker model (based on the
logistic binomial regression, eTable 3), we estimated the
probability of having MS based on the combination of
the CVS, CL, and PRL assessments. The diagnostic perfor-
mance of this model reached a higher diagnostic perfor-
mance compared with 3 biomarkers alone, especially when
the simplified Select 3* and Select 6* algorithms were used
(Figure 3B; Table 2).

When the analysis was restricted to MS cases with less than 2
years of disease duration (n = 41) vs all non-MS cases (n =
100), the combination of CVS, CL, and PRL (weighted
combined biomarker model) showed a higher diagnostic
performance compared with the CVS alone, when the sim-

plified Select3* algorithm was applied (Table 2).
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Figure 3 Diagnostic Performance of the Central Vein Sign, Cortical Lesions, and Paramagnetic Rim Lesions

A. Individual biomarkers B. Combination of CVS, CL, and PRL
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(A) ROC curves showing the performance of the central vein sign (as proportion of CVS-positive lesions, Select3*, and Select 6*), cortical lesions, and
paramagnetic rim lesions in discriminating MS from non-MS cases. (B) ROC curves showing the performance of the weighted combined biomarker model
(logistic binomial regression) in differentiating MS vs non-MS cases based on the combination of the specific proportion of CVS-positive lesions (or CVS-
positivity/negativity based on the simplified Select3* or Select 6* algorithms) with the exact number of CL and PRL. AUC = area under the curve; CL = cortical
lesions; CVS = central vein sign; PRL = paramagnetic rim lesions.

Figure 4 Central Vein Sign, Cortical Lesions, and Paramagnetic Rim Lesions in Non-MS Conditions

(A) Axial 3D-FLAIR, 3D-FLAIR*, and 3D-
EPI-phase images of an adult patient
with sarcoidosis. MS-like lesions
bearing a central vein (arrows) and a

A. Sarcoidosis

il * W L
3D-FLAIR* 3D-EPI-phase 3D-FLAIR*

Axial Axial = - paramagnetic rim (arrowhead) can
' ¥ ‘Axial occasionally be found also in non-MS

s o A - conditions. Of note, this patient did
pas al - not have any visible cortical lesions.

Sagittal Sagittal | (B) Axial 3D-FLAIR and 3D-FLAIR* im-
x5y . x4 ag] ages of an adult patient with MOGAD.

Although MS-like lesions bearing a
central vein (arrows) can occasionally

. be found also in non-MS conditions.
> - However, this patient did not have any
visible cortical or paramagnetic rim
lesions. (C) Axial FLAIR and Gd-
MPRAGE of an adult patient with sys-
D. susac temic lupus erythematosus, showing
a contrast enhancing cortical lesion
(arrows). In this patient, the majority
of lesions did not bear a central vein
and none of them showed a para-
magnetic rim. (D) Axial 3D-EPI-T2*
magnitude images of an adult patient
with Susac syndrome, showing one
corpus callosum lesion bearing a
paramagnetic rim on susceptibility-
based images. Of note, this patient did
not have any cortical nor central vein
sign-positive lesions. EPI = segmented
T2*-weighted echo planar imaging;
Gd-MPRAGE = magnetization prepared
rapid gradient echo MRI acquired post-IV
injection of a paramagnetic gadolinium-
based contrast agent; MOGAD = myelin
oligodendrocyte glycoprotein antibody-
associated disease; SLE = systemic lupus
erythematosus.
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Table 2 Differential Diagnosis Performance of CVS, CL, and PRL

Biomarker Specificity Sensitivity AUC vs CVS-proportion vs Select 3* vs Select 6* vs CL vs PRL
Ccvs
CVS proportion 95% 97% 0.993 — p =0.003 p <0.001 p <0.001 p<0.001
Select 3* 93% 97% 0.949 p=0.003 — p =0.047 p=0.022 p<0.001
Select 6* 95% 89% 0.922 p<0.001 p =0.047 — p=029 p<0.001
CcL 91% 84% 0.898 p <0.001 p =0.022 p=0.29 — p <0.001
PRL 93% 60% 0.771 p<0.001 p <0.001 p <0.001 p<0.001T —
CVS proportion + CL + PRL 99% 97% 0.997 p=0.047 — — p <0.001 p<0.001
Select 3* + CL + PRL 93% 98% 0.988 — p =0.002 — p <0.001 p<0.001
Select 6* + CL + PRL 94% 96% 0984 — — p <0.001 p<0.001 p<0.001
MS cases with less than 2 y of disease
duration (n = 41) vs all non-MS cases (n = 100)
Ccvs
CVS proportion 95% 100% 0.997 — p =0.024 p=0.071 p=0.001 p<0.001
Select 3* 93% 97% 0.901 p=0.024 — p=0.155 p=0.054 p=0.008
Select 6* 95% 97% 0.962 p=0.071 p=0.155 — p=0.026 p=0.003
CL 91% 80% 0.875 p=0.001 p=0.054 p =0.026 — p=053
PRL 93% 72% 0.836 p <0.001 p =0.008 p =0.003 p=053 —
CVS proportion + CL + PRL 100% 100% 1.000 p=0.146 — — p=0.001 p<0.001
Select 3* + CL + PRL 98% 94% 0.993 — p =0.021 — p=0.001 p<0.001
Select 6* + CL + PRL 96% 97% 0.996 — — p =0.054 p=0.001 p<0.001

Differential diagnosis performance of the 3 biomarkers, alone or in combination, compared with the one of the proportion of CVS-positive lesions (vs CVS-
proportion), Select3* (vs Select3*), Select6* (vs Select3*), cortical lesions (vs CL), paramagnetic rim lesions (vs PRL).

When the analysis was restricted to patients with less than 3
lesions suitable for CVS assessment (n = 27, 9.5%), CL and
PRL were found only in MS cases (CL: mean 2, median 1,
range 0-12, p < 0.001; PRL: mean 2, median 1, range 0-6, p =
0.02) compared with non-MS cases. In this comparison, the
diagnostic performance of CL (100% specific, 78% sensitivity,
AUC 0.889, 95% CI 0.790-0.988) was comparable with that
of PRL (100% specificity, 56% sensitivity, AUC 0.778,95% CI
0.660-0.896; p = 0.09), and the identification of >1 CL or >1
PRL had 100% specificity, 83% sensitivity, and AUC of 0.917
(95% CI 0.828-0.999).

When the information on CVS (proportion of CVS-positive
lesions, Select3*, and Select6*), CL, PRL, as well as fulfillment
of McDonald 2017* and Filippi 2016 DIS criteria, and the
presence of CSF specific OCB (CSF available for review =
189) were combined in a random forest model, the model
achieved an AUC of 0.999 (95% CI 0.998-1.00). The variable
importance analysis revealed that the most important pre-
dictors for MS classification were, in descending order of
importance: proportion of CVS-positive lesions (MDG = 40),
Select3* (MDG = 11), Select6* (MDG = 4), CL (MDG = 1),
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Filippi 2016 DIS criteria (MDG = 0.8), PRL (MDG = 0.3),
CSF-specific OCB (MDG = 0.2), and McDonald 2017 DIS
criteria (MDG = 0.1).

Association of CVS, CL, and PRL With MS
Disability, MS Severity, and PIRA

In MS cases (n = 185), after adjusting for age and sex, both
EDSS (B 0.05, 95% CI 0.03-0.07; p < 0.001) and MSSS (B
0.05, 95% CI 0.03-0.08; p < 0.001) were on average 0.05
points higher for every increase in CL number (EDSS and
MSSS dependent variables). In a similar model, both EDSS (B
1.3, 95% CI 0.6-2.1; p < 0.001) and MSSS (B 2.0, 95% CI
1.0-2.9; p < 0.001) were on average 1.3 and 2.0 points higher
in cases with >4 PRL cases compared with those with PRL
0-4. No association was found between the EDSS or the
MSSS and the proportion of CVS-positive lesions (eTable 4).
When CL and PRL were tested in the same model, the MSSS
(dependent variable) was on average 1.7 points higher in cases
with >4 PRL cases than in those with PRL 0-4 (B 1.7, 95% CI
0.6-2.7; p = 0.002). However, no other covariates, including
the number of CL (B 0.02, 95% CI —0.01 to —0.06; p = 0.2),
the normalized brain volume (B -3.8,95% CI-8.0t0 0.3; p =
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0.07), and the T2 lesion load (B 0.02,95% CI —-0.04 to 0.07; p
= 0.5) were independently associated with MSSS. The results
were similar when using the EDSS as the dependent variable,
with PRL but not CL being associated with MS disability
(eTable S).

After a median follow-up period of 24 (range 18-35) months,
18 of 61 (29%) of MS cases experienced PIRA. Cases with >4
PRL were more likely to experience PIRA compared with those
with PRL 0-4 (odds ratio [OR] 17.0, 95% CI 2.1-138.5; p =
0.008), whereas no other covariates, including number of CL (OR
1.0, 95% CI 0.9-1.0; p = 0.3), proportion of CVS-positive lesions
(OR 1.0,95% CI 0.9-1.0; p = 0.1), normalized brain volume (OR
0.8, 95% CI 0.6-1.2; p = 0.6), T2 lesion load (OR 1.0, 95% CI
0.9-1.0; p = 0.5), sex (OR 1.3,95% CI 0.3-5.2; p = 0.7), and age
(OR 1.0, 95% CI 0.9-1.1; p = 0.6) were associated with PIRA.

Discussion

In this cross-sectional multicenter academic study, we evalu-
ated the diagnostic performance of the CVS, CL, and PRL,
alone or in combination, to differentiate MS from a variety of
non-MS neurologic conditions. We found that a high pro-
portion of CVS-positive lesions, CL, and PRL was observed
only rarely in neurologic conditions other than MS. Although
the accuracy of the CVS in the differential diagnosis of MS was
superior to that of CL and PRL taken alone, the combination
of these 3 biomarkers achieved the best diagnostic perfor-
mance. The contribution of CL and PRL was most evident
when the more practical “Select3*”**** and “Select6*”***¢
algorithms were used to assess the CVS. Moreover, in cases
where CVS could not be assessed (less than 3 lesions eligible
for the CVS analysis),”® CL and PRL achieved a good per-
formance, alone or in combination, for differentiating MS
from non-MS neurologic conditions. Besides their diagnostic
value, CL and PRL also correlated with clinical measures of
poor prognosis with PRL being an independent predictor of
PIRA outcome at 2-year follow-up.

As expected,7’9’39'40 a higher proportion of CVS-positive le-
sions was found in patients with MS compared with non-MS,
resulting in high diagnostic sensitivity and specificity with an
optimal CVS-positive lesion frequency cutoft of 41%, which is
similar to the previously proposed “40% rule”.>*>** However,
the exceptional CVS diagnostic performance and the specific
CVS-positive lesion cutoff reported in our study is likely due
to the adoption of the same optimized submillimetric 3D T2*
EPI sequence in all participating centers,"*"> with minimal
parameter adjustments and centralized postprocessing anal-
ysis. Recent findings suggest that the adoption of others im-
aging techniques (i.e, 2D SWI) for the CVS assessment is
likely to result in a lower diagnostic performance.””*!

As in previous studies,***** we found CL in the majority of
MS cases and only rarely in non-MS cases. When compared
with the proportion of CVS-positive lesions, the presence of a
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single CL provided high specificity but only moderate sensi-
tivity for MS diagnosis. The CL detected in our MS sample
were mostly of leukocortical type, consistent with previous
reports that intracortical and subpial lesions are difficult to
depict in vivo by 3T MRL*>** Based on our non-MS sample,
the few CL found in the other neurologic conditions were also
of leukocortical type, making it difficult to distinguish CL of
patients with MS vs CL in other non-MS conditions based
only on their 3T MRI appearance. As already reported before,
the number of CL in MS cases correlated with disability and
severity scores,*>*® supporting, beside their diagnostic utility,
their association with a more aggressive disease phenotype.

The presence of PRL in MS indicates chronic, perilesional,
unresolved inflammation,'®*” an MRI feature that we rarely
observed in MS-mimicking conditions. In agreement with
previous observations,—/‘48
feature of MS lesions yields high specificity for MS diagnosis.
Interestingly, we observed that about one-fourth of the PRL
found in the non-MS cases were also CVS-positive, suggesting
that MS-like lesions can rarely be observed also in non-MS
conditions. Consistent with previous reports,”” only slightly
more than half of the MS cases harbored chronically inflamed
lesions. Accordingly, although highly MS specific, PRL pro-
vided only low sensitivity for the diagnosis of MS. Aside from
their diagnostic value, our data confirm that a higher PRL
burden can identify MS cases with poorer prognosis,”'**’
since harboring >4 PRL is associated with higher disability
and severity scores, including PIRA within the next 2 years.
When coupled with recent findings on the natural history of
these lesions (7T MRI phase changes during MS lesions
evolution with fading rims over a median of 7 years) J4749,30
these results further support the notion that PRL play an
important role as drivers of future clinical progression.”"”'
Moreover, among the different MRI measures evaluated for
their correlation with disease severity and PIRA, having >4
PRL was the strongest predictor; other measures, including
CL, lost significance in the multivariable analysis. This finding
suggests that PRL could serve as a more efficient prognostic
biomarker compared with CL.

we confirm here that this distinctive

Comparing CVS, CL, and PRL, the proportion of CVS-
positive lesions harbored the best diagnostic performance,
with high sensitivity and specificity. CL and PRL were also
highly specific but less sensitive for diagnosing MS. However,
in routine clinical practice, the proportion-based approach for
CVS analysis is not practical and time consuming,** especially
in cases with high lesion burden. Therefore, simplified algo-
rithms, such as “Select3*”***% and “Select6*,”***® have been
proposed to preserve the CVS diagnostic performance and
replace the need for complicated and time-consuming
methods based on scoring of all white matter lesions. In our
cohort, Select3* and Select6* showed an overall good di-
agnostic performance, slightly higher to that of CL for Se-
lect3*, and comparable for Select6*, and higher than that of
PRL alone for both algorithms. These findings were further
supported by the outcomes of the random forest model,
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where the proportion of CVS-positive lesions, followed by the
Select3* and Select6* rules, had the highest success in dis-
criminating MS from non-MS cases.

The combination of CVS, CL, and PRL increased the di-
agnostic performance for MS compared to the 3 biomarkers
alone, and this improvement was largest when the simplified
Select3* and Select6* diagnostic algorithms were adopted for
the CVS assessment. The weighted combined biomarker
model presented here, based on a logistic binomial regression,
offers the possibility to calculate the likelihood of having MS
in individual patients. This calculation is based on the exact
numbers of PRL and CL and on the specific frequency of
CVS-positive lesions (or CVS positivity/negativity based on
the simplified CVS algorithms), thus enabling a personalized
diagnostic assessment.”> What is the added value of com-
bining these 3 MRI biomarkers for the diagnostic workup of
MS? Our data suggest that the combination of the CVS, CL,
and PRL biomarkers can help in the diagnostic workup of (1)
non-MS cases harboring MRI features typical of MS (e.g, a
high frequency of CVS and/or PRL-positive demyelinating
lesions, and/or CL)*?**; (2) when one or more MRI bio-
markers cannot be assessed or are atypical despite a suspected
MS diagnosis (e.g., low frequency of CVS-positive lesions in
older patients with small vessel disease comorbidities)**; and
(3) patients with atypical clinical findings but with typical
lesions on MRI (e.g.; radiologically isolated syndrome or MS
prodromal phase). Noteworthy, in nearly 10% of the scans
analyzed, there were less than 3 lesions fulfilling the NAIMS
eligibility criteria for CVS assessment.”” In this context, the
identification of at least one CL and/or one PRL may assist
MS diagnosis even when CVS analysis cannot be performed.

This work has some limitations, including the cross-sectional
design, the use of a convenience sample with a relatively low
number of non-MS cases compared with MS cases and the
absence of a confirmation cohort. Mitigating the final point is
the consistency of our results with those of previous studies
investigating one or 2 of the imaging biomarkers studied here.
In addition, our cohort could not reflect the real-world di-
agnostic setting for newly presenting patients because the
included patients with MS had a heterogeneous disease du-
ration. Nonetheless, the performance of the weighted com-
bined biomarker model was also tested in a small subgroup of
patients with shorter disease duration. The overall CL de-
tection rate in MS cases was slightly higher compared with
previous studies.*** This might be reconducted to the rela-
tively high proportion of progressive MS phenotypes (where
cortical pathology is known to be more prominent)**** and
to the adoption of multiple specialized MRI contrasts for CL
detection. Similarly, the detection rate of PRL is likely to
depends on the magnetic field strength, the susceptibility-
based imaging acquisition, and the post-processing tech-
niques applied,”® thus PRL prevalence in MS may vary
between different studies.””*® All those limitations should be
considered when using the proposed diagnostic tool,>
bearing in mind that it relies only on MRI data acquired with
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the specific imaging protocol of this study, and it has been
trained only on the relatively small number of cases here
included. Considering OCB, the relatively low differential
diagnosis performance reported here” is likely to be related to
the high frequency of inflammatory and infectious non-MS$
cases included, with all HTLV-infected patients showing
positive CSF-specific OCB. Finally, because of stringent in-
clusion criteria such as a follow-up duration of at least 18
months and the absence of clinical and radiologic activity
during the entire follow-up, PIRA analysis was only per-
formed in a subset of 61 MS cases.

In conclusion, the presence of at least one CL and/or one
PRL yields high specificity, and the “40%-CVS rule” both
high specificity and sensitivity, for MS differential di-
agnosis. Despite the slight lower performance compared
with proportion-based approach, the simplified Select3*
and Select6* algorithms, more practical for use in clinical
routine, yield overall good diagnostic performance. Spe-
cialized MRI protocols, combining CVS, CL, and PRL
assessments can reliably improve MS differential diagnosis
and should be considered for the next revision of MS
diagnostic criteria, especially because, for CL and PRL, they
also allow prognostic stratification of patients.
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