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ARTICLE INFO ABSTRACT

Keywords: The specificity and implementation of current MRI-based diagnostic criteria for multiple sclerosis (MS) are
Multiple sclerosis imperfect. Approximately 1 in 5 of individuals diagnosed with MS are eventually determined not to have the
M_RI N disease, with overreliance on MRI findings a major cause of MS misdiagnosis. The central vein sign (CVS), a
E‘;‘;ﬁ;;r proposed MRI biomarker for MS lesions, has been extensively studied in numerous cross sectional studies and

Central vein may increase diagnostic specificity for MS. CVS has desirable analytical, measurement, and scalability
Demyelinating disease properties. “Central Vein Sign: A Diagnostic Biomarker in Multiple Sclerosis (CAVS-MS)” is an NIH-supported,
Susceptibility-weighted imaging 2-year, prospective, international, multicenter study conducted by the North American Imaging in MS
T2*weighted imaging Cooperative (NAIMS) to evaluate CVS as a diagnostic biomarker for immediate translation into clinical care.
Study objectives include determining the concordance of CVS and McDonald Criteria to diagnose MS, the
sensitivity of CVS to detect MS in those with typical presentations, and the specificity of CVS among those
with atypical presentations. The study will recruit a total of 400 participants (200 with typical and 200 with
atypical presentations) across 11 sites. T2*-weighted, high-isotropic-resolution, segmented echo-planar MRI
will be acquired at baseline and 24 months on 3-tesla scanners, and FLAIR* images (combination of FLAIR and
T2*) will be generated for evaluating CVS. Data will be processed on a cloud-based platform that contains
clinical and CVS rating modules. Imaging quality control will be conducted by automated methods and
neuroradiologist review. CVS will be determined by Select6* and Select3* lesion methods following published
criteria at each site and by central readers, including neurologists and neuroradiologists. Automated CVS
detection and algorithms for incorporation of CVS into McDonald Criteria will be tested. Diagnosis will be
adjudicated by three neurologists who served on the 2017 International Panel on the Diagnosis of MS. The
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CAVS-MS study aims to definitively establish CVS as a diagnostic biomarker that can be applied broadly to
individuals presenting for evaluation of the diagnosis of MS.

1. Introduction

The diagnosis of multiple sclerosis (MS) is currently based on criteria
that incorporate clinical, MRI, and laboratory features (Thompson et al.,
2018). Current diagnostic criteria for MS were designed and tested in
patients with typical presentations (episodes of neurological dysfunction
typical of MS, such as optic neuritis and partial myelopathy), and they

have a high degree of sensitivity in making an MS diagnosis in these
patients. However, when widely used in more heterogeneous real-world
populations where many patients present with clinical symptoms atyp-
ical for MS (onset with symptoms outside of typical episodes of neuro-
logical dysfunction, such as encephalopathy or headache, or absence of
symptoms), improper use of the MS diagnostic criteria can contribute to
MS misdiagnosis. Improper use of the criteria may occur when applying

N
D/

Fig. 1. Representative MRI of two patients evaluated for the “Central Vein Sign” with 3 T FLAIR*. Axial (A), sagittal (B), and coronal (C) FLAIR* reformatting shows
high proportion of CVS positive (CVS + ) lesions in a patient with MS. Same FLAIR* reformatting (D, E, F) shows a high proportion of CVS negative (CVS-) lesions in a
patient with presumed small vessel ischemic disease without MS. Magnified views show examples of CVS+ (top) and CVS- (bottom) lesions, which can be identified
in all three slice orientations due to the high-isotropic-resolution (650 um) of 3 T FLAIR*.
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the criteria outside a typical presentation, when the criteria for “no
better explanation” of the presentation is not fully satisfied, and when
using lesions that do not exhibit typical features (size and location) to
satisfy dissemination in time and space. Identification of the appropriate
clinical context is now emphasized in the 2017 criteria and has been
highlighted as a step to reduce misdiagnosis (Solomon et al., 2019).

The problem of misdiagnosis is substantial, as roughly 20% of pa-
tients referred to an MS center with a previous diagnosis of MS have
been found to be misdiagnosed (Kaisey et al., 2019). Approximately 2/3
of misdiagnosed patients are started on disease modifying therapy
(DMT) for MS (Solomon et al., 2016). Consequences include substantial
unnecessary costs (Gooch et al., 2017); psychological burden on mis-
diagnosed patients, potential false inflation of treatment success in
clinical trials, and morbidity associated with adverse effects of some of
the more potent DMT, which are increasingly used as first-line agents
(Ontaneda et al., 2019; Midaglia et al., 2021). Overreliance on MRI is a
major contributor to MS misdiagnosis, as many patients present with
nonspecific white matter abnormalities on conventional MRI (Solomon
et al., 2021). Thus, there is a great need for methods that improve the
specificity of currently available MRI/clinical criteria to address this
common clinical challenge.

One feature that may help differentiate MS lesions from other eti-
ologies is identification of a central vein on MRI. MS lesions have been
described histopathologically as occurring around central veins, and
improvement in MR technology now permits their visualization (Sati
et al., 2016). FLAIR*, a combination of T2-FLAIR and T2*-weighted
segmented echo planar imaging (segEPI) (Sati et al., 2014; Sati et al.,
2012), takes advantage of the high sensitivity of FLAIR to detect white
matter lesions and that of T2*-weighted imaging to detect blood vessels,
allowing the identification of white matter lesions and venous structures
concomitantly (Fig. 1) (Sati et al., 2012). Using various susceptibility-
based imaging techniques to visualize central veins at both 3 T and 7
T in multiple cohorts, the extensive literature on central vein imaging in
MS suggests that CVS can be detected in > 85% of white matter lesions
in MS patients (Kilsdonk et al., 2014) and in the minority of white matter
lesions found in other conditions, including small vessel ischemic dis-
ease (8%) (Mistry et al., 2016); migraine (34%) (Solomon et al., 2015);
and other inflammatory or autoimmune diseases (14%) (Maggi et al.,
2018). CVS is also prevalent in lesions in patients with the so-called
“radiologically isolated syndrome” (RIS), in which findings highly sus-
picious for MS are discovered incidentally on brain MRI (Suthiphosuwan
et al., 2019). The CVS is also scalable, as CVS can be assessed with
readily available sequences on high-field MRI machines with feasible
acquisition times. Both the European Magnetic Resonance Imaging in
MS group (MAGNIMS) and the Consortium of Multiple Sclerosis Centers
(CMSC) have highlighted the need for a prospective study examining
CVS as a potential biomarker in MS (Filippi et al., 2016).

A peer-reviewed position statement from the North American Im-
aging in MS Cooperative (NAIMS) includes guidelines for a radiologic
definition of CVS (Sati et al., 2016). A variety of criteria for defining
central vein positivity on a given scan have been proposed, including a
threshold of 40% of lesions with a visible central vein (Tallantyre et al.,
2011); a combination of CVS positive (CVS + ) lesion count and location
(Kilsdonk et al., 2014); and counting central veins in a pre-defined
subset of lesions (e.g. to identify at least 10 CVS + lesions (Tallantyre
et al, 2011). An alternative approach that has gained currency,
Select6*, is to seek at least 6 CVS + lesions; when < 6 total lesions are
present, a majority must contain a central vein (Mistry et al., 2016). An
even more simplified version, Select3*, requires only 3 CVS + lesions to
be identified (Solomon et al., 2018). All of these CVS criteria are sen-
sitive and specific markers of MS in cross-sectional studies (Sinnecker
et al., 2019).

To date, CVS has mainly been applied in cross-sectional studies of
patients who have met various iterations of the McDonald Criteria or
have been confirmed to have other conditions that might mimic MS. The
study presented here will evaluate CVS criteria prospectively in
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individuals with and without typical presentations of MS.
2. Material and methods

The protocol was developed by the study steering committee,
comprised of 3 neurologists (DO, NS, AS), 2 statisticians (RS, GC), 1 MRI
physicist (PS), and 1 double-trained neurologist/neuroradiologist
(DSR). The design is based on preliminary data generated in the Central
Vein in Multiple Sclerosis Pilot study, which was a cross-sectional study
conducted by NAIMS at 10 North American sites, collecting data on 97
participants using T2*w segEPI/FLAIR* (Fig. 1). The current study,
“Central Vein Sign: A Diagnostic Biomarker in Multiple Sclerosis (CAVS-
MS)” is an NIH-supported (1U01NS116776-01), 2-year, prospective,
international, multicenter study conducted by the North American Im-
aging in MS Cooperative (NAIMS) to evaluate CVS as an MRI-based
diagnostic biomarker for immediate translation into clinical care
(NCT04495556). CAVS-MS will be conducted by NAIMS with guidance
by the NINDS Biomarker Program.

3. Results
3.1. Objectives

The study’s primary objective is to determine whether CVS allows for
an earlier, equally accurate diagnosis of MS in those presenting with
typical first demyelinating events but not initially meeting McDonald
Criteria. The three secondary objectives are: (1) to determine concor-
dance of CVS and McDonald Criteria in those meeting McDonald Criteria
at baseline; (2) to determine if CVS is specific for MS among individuals
with atypical presentations over 24-month follow-up; and (3) to deter-
mine whether CVS predicts development of clinical MS in people with
RIS. Exploratory objectives include: (1) to develop and test an optimal
approach to integrating CVS into MS diagnostic criteria; (2) to calculate
the overall healthcare cost savings associated with earlier diagnosis of
MS using the CVS; and (3) to calculate cost savings from rejecting the
diagnosis of MS in the atypical presentation group who do not have scan-
level CVS at baseline and do not fulfil McDonald Criteria at 24-month
follow-up.

3.2. Study design

CAVS-MS is a prospective, international, multicenter, longitudinal,
observational study. The study will investigate CVS in a mixed popula-
tion of participants referred for a diagnosis of MS with (n = 200) and
without (n = 200) typical presentations, the latter including radiological
presentations without neurological symptoms. The study will follow
study participants for up to 24 months to determine the specificity and
sensitivity of CVS for a diagnosis of MS using the 2017 McDonald
Criteria as the criterion standard for diagnosis. Participants will be
recruited from the patients presenting for a new evaluation of MS at 11
sites: Cleveland Clinic, Johns Hopkins University, Washington Univer-
sity in St. Louis, The University of Texas at Austin, University of Colo-
rado Denver, University of Toronto (St. Michael’s Hospital), University
of Vermont, University of Pennsylvania, Cedars Sinai Medical Center,
University of Southern California, and Yale University. Study in-
vestigators will confirm eligibility criteria, and participants will then be
enrolled into the study. The study flow diagram is presented in Fig. 2.

3.3. Participants and recruitment

The study will recruit a total of 400 participants, 200 with typical
presentations and 200 without typical presentations including radio-
logical suspicion of MS. Inclusion criteria will include: (1) age 18-65
years; (2) referral to a study site for a clinical suspicion of MS; (3) onset
with typical or atypical presentation (Appendix Table 1) Supplement
Table 1. Detailed Inclusion/Exclusion Criteria; (4) ability to provide
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Fig. 2. Patients will be screened and adjudicated for typical or atypical presentations and followed with clinical visits and brain MRI at baseline and 24 months.
Patient-reported outcomes will be collected every 6 months. The diagnosis of MS will be adjudicated using data collected at baseline, 12 months, and 24 months.

informed consent; (5) for participants referred for clinical suspicion of
MS who had workup prior to referral or who are taking disease-
modifying therapies for MS, digital availability of diagnostic cranial
MRI with gadolinium within 3 months of initial symptoms (to retro-
spectively determine presence of CVS on lesions present on initial scans,
based on the study FLAIR* scan), and (6) onset of typical or atypical
symptoms within 10 years of screening. Exclusion criteria include: (1)
contraindication to MRI studies; metal or metal implants incompatible
with MRI; (2) inability to tolerate MRI due to claustrophobia or known
excessive movement (e.g., tremor); (3) contraindication to use of gad-
olinium containing contrast agents (allergy or renal failure); and (4)
treatment with systemic corticosteroids in the 4 weeks preceding
enrollment. Participants will be recruited from the clinical population at
the different sites. The sites represent major MS referral centers across
the country and were selected to capture a distribution of sex, age, and
race/ethnicity approximately representative of the general North
American population.

3.4. Clinical study procedures

Prospective participants will be identified by site clinicians, pre-
screened via chart review by site study coordinators, and scheduled
for baseline visit. Enrollment will follow informed consent and confir-
mation of exclusion/inclusion criteria. Baseline procedures include
collection of demographics, MS-related disease history, prior MRI
studies, and cerebrospinal fluid results (if performed). Participants will
undergo MRI of the brain before and after gadolinium, patient-reported
outcomes (Patient-Determined Disease Steps, Quality of Life in Neuro-
logical Disorders [Neuro-QOL]), and clinical disability measures (Mul-
tiple Sclerosis Functional Composite). These same measures will be
collected at months 12 and 24. Phone encounters will be conducted to
collect interim data (patient reported outcomes, relapses, and diagnostic

study results) at months 6 and 18. The study flowsheet, with detailed
procedures, is presented in Table 2 of the Appendix. Presentation type
(typical vs. atypical) will be noted by the site principal investigator (PI)
and centrally adjudicated by 3 study neurologists. Clinical data,
including relapses, MRI results, cerebrospinal fluid results and other
para-clinical testing over the 24-month study period will be recorded by
the local sites in the cloud database. MRI studies (brain, cervical cord,
and thoracic cord) conducted during the study observation period, as
part of clinical practice, will be rated for presence of new or enhancing
lesions by the site investigators and results will be uploaded to the cloud.
At all study visits, site PIs will note whether and when diagnostic criteria
were met. When a diagnosis of MS is not made, the site-PI will indicate
the most likely alternative diagnosis. The diagnosis of MS will also be
adjudicated at baseline, 12 months, and 24 months by a group of 3
neurologists who previously served on the 2017 International Panel on
the Diagnosis of MS. Serum, plasma, and buffy coat samples will be
collected at baseline and stored for future studies.

3.5. Study MRI procedures and analysis

The study will include MRI at baseline and 24 months (final study
visit). MRI at 24 months (end of study) will be used to assist in deter-
mination of McDonald Criteria and final review of CVS. A dedicated
study MRI will not be conducted at month 12 due to budget constraints;
however, clinical MRIs will be rated for new lesions across the entire 24
month study period. Scanning will be conducted in approximately 30-
minute sessions and will be performed on both Siemens and Philips
platforms at 3 T. Studies will be conducted with contrast (macrocyclic
gadolinium chelates at a dose of 0.1 mmol/kg). Images will be acquired
at each site according to the study imaging protocol (Table 1). T1 pre-
contrast, T1 post-contrast, and T2-FLAIR images will be used for the
determination of dissemination in space and time based on the 2017



D. Ontaneda et al.

Table 1
MRI sequence Details.
Image Type Scan Sequence Voxel Size
Time Details
T1-weighted MPRAGE 4 min 17 3D, Sagittal 1 mm iso
sec
T2-weighted FLAIR 6 min 53 3D, Sagittal 1 mm iso
sec
T2*-weighted segEPI 5 min 44 3D, Sagittal 0.65 mm iso
sec
T1-weighted GRE 3 min 34 3D, Sagittal 1 mm iso
sec
SWI-weighted GRE 4 min 20 3D, Axial 0.65 mm x 0.65 mm
sec x3 mm
Contrast Administration Single dose, 0.1 mmol/kg
T2*-weighted segEPI with 5 min 44 3D, Sagittal 0.65 mm iso
contrast sec
T1-weighted GRE with 3 min 34 3D, Sagittal 1 mm iso
contrast sec

McDonald MRI criteria (Thompson et al., 2018). 3D T2*-weighted
segEPI, FLAIR*, and SWI (an additional and commonly available
sequence for detection of CVS) will be used for rating of CVS. CVS will be
rated on both the post-contrast (primary analysis) and pre-contrast
FLAIR* images. We have previously demonstrated the increase in vein
conspicuity when we acquired the segEPI sequence during or immedi-
ately after the injection of gadolinium-based contrast agent (Sati et al.,
2014). This is due to the blood-pool susceptibility effects present within
the first minutes of the circulation of paramagnetic contrast agent in the
vascular system. Our preliminary data collected in the pilot CAVS-MS
study, demonstrated increased conspicuity of the central vein with use
of contrast (Daboul et al., 2020). SWI images will be obtained from the
scanner using the manufacturer’s standard processing methods (both
Siemens and Philips provide similar susceptibility contrast enhanced
with phase information). The SWI sequence uses the recommended echo
time of ~ 20 ms at 3 T (Haacke et al., 2009); and the T2*-weighted
segEPI uses an optimized echo time of ~ 30 ms at 3 T (Sati et al.,
2014). Given that the T2*-weighted segEPI sequence uses a segmented
(multishot) readout with an optimal EPI factor of 15 lines per shot, we
anticipate minimal geometric distortions (only slight distortion in the
frontal lobes), which will not affect the assessment of the CVS (Sati et al.,
2014).

Images will be electronically uploaded to a cloud-based research/
privacy-compliant database administered by a third-party contract
research organization, QMENTA ®. Upload will occur on a web-based
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platform, which will be accessible to study investigators and which
has already been tested in the CAVS-MS pilot study. The QMENTA
pipeline (Fig. 3) includes 3 post-processing steps to generate FLAIR*
images: (1) rigid registration of T2*w segEPI to T2 MNI template (2)
rigid registration of T2-FLAIR to the aligned T2*w segEPI with upsam-
pling of the registered T2-FLAIR to match the high spatial resolution of
the T2*w segEPI; and (3) voxel-wise multiplication of the co-registered,
interpolated T2-FLAIR by the T2*w segEPI with resultant FLAIR* (Sati
et al., 2012). Image registration will be performed using the Advanced
Normalization Tools (ANTs) and Insight ToolKit (ITK) (Avants et al.,
2014).

The data flow and rating software were extensively tested and
refined in the CAVS-MS pilot study. Uploaded images undergo an initial
automated quality control check for presence of all required sequences
on the cloud-based platform. The QMENTA platform described above is
then initiated. A central image analyst individually checks all scans and
feeds information back to sites regarding needed modifications or
possible repeat scanning. Finally, five study neuroradiologists will
perform quality control of the FLAIR* images.

The presence of central veins will be determined based on NAIMS
guidelines (Sati et al., 2016). At the scan level, both Select6* and
Select3* will be used. For Select6*, readers will rate a scan as CVS-
positive if there are > 6 morphologically characteristic lesions with
central veins, or if there are < 6 morphologically characteristic lesions,
but CVS-positive lesions outnumber CVS-negative lesions. If neither
condition is met, the scan will be rated as Select6* negative. Select3*
defines a scan as CVS-positive if there are > 3 candidate lesions that
meet CVS criteria. MRIs with < 3 candidate lesions are considered
negative. For both Select6* and Select3*, the lesions evaluated for
central vein must satisfy NAIMS criteria and are selected at the discre-
tion of the local reader, as described (Solomon et al., 2018). Rating of
Select 6* and Select 3* will be conducted locally by the site PI at each of
the 11 participating clinical centers and centrally by neuroradiologists
(5). Site PI raters will be blinded to patient data and will rate only the
scans from their sites at the end of the enrollment period. The neuro-
radiologists will rate lesions centrally in batches of 20 cases. MRI images
will be anonymized and raters blinded to the clinical characteristics of
the participants.

An automated lesion detection algorithm will also be conducted as
described (Dworkin et al., 2018). Briefly, the detection algorithm will
use multiple MR contrasts, including T1w, T2-FLAIR, and T2*w. Vessels
will first be segmented from the T2*w images using a Frangi filter.
Vesselness maps will then be co-registered to T1 space. White matter

[ ¥ ? ?
@ Processing H Lesion QC H(V Annotation

Lesion
Segmentation

Raw 3D-EPI

Aligned 3D-EPI

Raw T2-FLAIR Registered T2-FLAIR

Fig. 3. Caption: Image processing. (A) Schematic of the processing pipeline to compute a FLAIR* image from raw T2* EPI and T2-FLAIR data, and a lesion mask
overlay from the T2-FLAIR image. (B) Schematic of the custom-built workflow. User interaction in the workflow is represented by red circles and arrows. Automatic
processing units are represented by blue rectangles and data input/output by green ovals. (C) Representative images: raw and aligned T2*-weighted 3D-EPI images
(top row), raw and registered T2-FLAIR images (bottom row), and computed FLAIR* (right). (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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lesions will be segmented using T1w and T2-FLAIR images, and lesion
centers created using an automated statistical technique (Dworkin et al.,
2018). A permutation process will be implemented to determine the
degree to which a vein appears to be present in the center of each lesion.
Probabilities will then be averaged across lesions for each participant.
Select3* and Select6* will be compared against total lesion threshold
techniques at 40%, 50%, and 60%, which will be derived via the auto-
mated methods as described above. A variety of additional proportional
thresholds and exploratory integration of CVS into 2017 McDonald
Criteria will also be examined. Finally, central reading by four untrained
neuroradiologists (selected to have no prior experience rating CVS) will
be conducted on a subset of 100 patients for Select3*, Select 6*, and
incorporation of CVS into diagnostic criteria, by requiring all or a var-
iable number of lesions to be CVS-positive to be eligible for determi-
nation of dissemination in space and time. The reading will be
performed on both FLAIR* and SWI images (coregistered to T2-FLAIR to
enable identification of brain lesions) to compare diagnostic perfor-
mance of the two image contrasts. Inter-rater reliability will be tested
among the four neuroradiologists.

3.6. Statistical methods

The primary objective of the study is to determine whether CVS al-
lows for an earlier diagnosis of MS in participants with typical pre-
sentations but not meeting McDonald Criteria at enrollment. This
analysis will consist of two parts. First, CVS will be assessed for
improved sensitivity at enrollment, based on the accuracy with which it
predicts satisfaction of McDonald Criteria at end of study (24-month
time point), using a one-sided McNemar’s test. The sensitivity of both
tests (CVS and McDonald Criteria at baseline), and their difference will
be reported with appropriate confidence intervals. Second, the reduc-
tion in diagnostic delay will be calculated in people who do not meet
McDonald Criteria at baseline, but who go on to meet criteria at sub-
sequent study time points. Subjects who meet McDonald Criteria by the
end of the study will be identified, and the proportion of subjects who
meet scan-level CVS criteria (Select6* or Select3*) but not McDonald
Criteria at baseline, with confidence interval, will be reported.

The first secondary objective is to determine concordance of scan-
level CVS criteria and 2017 McDonald Criteria in those meeting
McDonald Criteria at baseline, and will be analyzed by reporting point
estimates and confidence intervals for the percentage agreement be-
tween the two tests, as well as the proportions of participants who test
negative by CVS but meet McDonald Criteria, and vice versa. The second
secondary objective is to determine if use of CVS yields improved
specificity for MS among individuals with atypical presentations. To
assess this, the proportion of people who do not have scan-level CVS
criteria out of those who are determined not to have MS, as defined by
absence of clinical relapses of MS and not meeting McDonald Criteria at
24 months, will be reported. The third secondary objective is to deter-
mine whether positive scan-level CVS predicts development of clinical
MS in people with radiologically isolated syndrome. Individuals pre-
senting with radiologically isolated syndrome will be followed over 24
months for development of MS based on diagnostic criteria. CVS will be
assessed for improved sensitivity at baseline, based on the accuracy with
which it predicts satisfaction of clinical and radiological elements of the
McDonald Criteria at end of study (24-month time point). All MRI data
and clinical data will be housed on the QMENTA ® platform and after
completion of study analysis will be shared on the NAIMS repository
platform for use by the scientific community.

The sample size was calculated based on the primary outcome. It was
assumed that the sensitivity of baseline McDonald Criteria for deter-
mining MS at the end of the study is 70% (Kolcava et al., 2020). Given
that > 85% of MS lesions have a central vein on FLAIR* MRI, we esti-
mate the sensitivity of CVS to be > 80%, or approximately 12%
improved sensitivity for MS. It was expected that the discordance rate
between McDonald Criteria and CVS would be approximately 20%.
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Using a one-sided hypothesis test and assuming a type I error rate of 5%
and a 20% dropout rate, with 200 patients with typical presentations we
expect to have 88% power to detect a 12% improved sensitivity of CVS.
Since 50% of participants are expected to have atypical presentations,
the study will recruit approximately 400 participants in total. Sensitivity
analysis with patients with low and high lesion load will be conducted.

4. Discussion

This study has been designed to address a major clinical challenge
associated with current MS diagnostic criteria: the lack of a specific
biomarker for diagnosing MS in all patients in whom MS is being
considered. If successful, the results of this study will validate CVS as a
diagnostic biomarker for MS, provide data about its optimal use, and
justify its incorporation into the diagnostic criteria.

The study will establish the sensitivity of CVS in those with a typical
first presentation. We have selected this as the primary outcome, as
incorporation into the McDonald Criteria has historically relied on
studies in those with typical presentations. At the same time, the study
will address whether CVS can allow earlier diagnosis in patients in
whom the McDonald Criteria are not yet met at baseline. The results will
also address the utility of CVS as a specific test for MS in patients who
have not had a typical presentation (clinical demyelinating event) — the
substantial proportion of people assessed at MS centers(~50%) (Kelly
et al., 2012) in whom the McDonald Criteria, as formulated, should not
even be applied. This is a critical question, as the problem of misdiag-
nosis originates mainly from the improper application of the diagnostic
criteria in this population (Solomon and Weinshenker, 2013). Thus, with
the current study we will determine whether CVS is a sensitive, specific,
and broadly applicable diagnostic biomarker for MS.

We will test the Select3* algorithm (Solomon et al., 2018) against the
previously validated 6-lesion counting procedure (Select6*) (Mistry
et al., 2016). These two approaches have similar performance charac-
teristics in small cross sectional studies, but Select3* takes less time to
compute. Rating of all brain lesions meeting NAIMS criteria will be used.
We decided to include periventricular lesions and follow the methods
used in the pilot study in which Select3* was modified to not exclude
presence of periventricular lesions. This modification did not signifi-
cantly affect sensitivity/specificity of the CVS for diagnosis of MS
(Daboul et al., 2021). We also have decided to report scans with<3 total
lesions as negative for CVS, rather than exclude them, given the goals of
the study are to incorporate CVS into clinical practice, and want the
results to be as widely applicable as possible. The ability to study several
of the proposed criteria in the current study will allow us to select the
optimal strategy for implementing CVS criteria in diagnostic algorithms.

Limitations of the current study include lack of dedicated cerebro-
spinal fluid (CSF) collection. We will partially mitigate the impact of this
shortcoming by collecting CSF data obtained during routine clinical
practice. In the pilot CAVS-MS study 57% of participants had CSF
collection, we expect a similar proportion for the current study. Partic-
ipation in a clinical study with the requirement for CSF collection as a
study procedure was considered but would have a negative impact on
enrollment. In addition CSF testing is itself not specific for MS, further
highlighting the need for an accurate and non-invasive diagnostic
biomarker. Some participants recruited to the study will have a small
number of brain lesions or potentially no lesions (typical presentations
with optic neuritis or partial myelopathy are key examples), which will
limit a proportion-based model for CVS interpretation. Rather than
exclude these patients, we have elected to include them, as we wish to
test CVS in a population as close to a real-world settings as possible.

5. Conclusions
CAVS-MS is a 2-year, prospective, international, multicenter study to

evaluate whether CVS is a MS diagnostic biomarker suitable for imme-
diate translation into clinical care. We hypothesize that simple CVS
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scoring will provide improved sensitivity and specificity relative to
current approaches and replace the need for complicated or time-
consuming clinical scoring methods. The ultimate ambition of the
study is to collect data that will support incorporation of CVS into MS
diagnostic criteria, routine use in clinical practice. The dataset, which
will be made available to the research community through NAIMS, can
be used for future validation of other MRI or blood diagnostic bio-
markers to be developed from the collected data.
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Appendix

Table 1. Detailed Inclusion/Exclusion Criteria

Inclusion criteria for participants with typical presentations:

1.
2.
3.

Age 18 to 65 inclusive

Referral to a study academic site for a clinical suspicion of MS

Onset with typical symptom onset including: acute unilateral optic neuritis, double vision due to an internuclear
ophthalmoplegia or sixth nerve palsy, facial sensory loss or trigeminal neuralgia in a young adult (<40 years of age),
cerebellar ataxia and nystagmus, partial myelopathy, sensory symptoms in a CNS pattern, Lhermitte’s symptom,
asymmetric limb weakness, urge incontinence or erectile dysfunction, or other neurological presentation considered to
be typical by the site investigator.

. Able to provide written informed consent to participate in the study
. For participants referred for clinical suspicion of multiple sclerosis who had workup prior to referral or who are taking

disease-modifying therapies for MS, digital availability of diagnostic cranial MRI with gadolinium within 3 months of
initial symptoms

Onset of typical neurological symptoms within 10 years of screening.
Inclusion criteria for participants with atypical presentations:

1.
2.
3.

Age 18 to 65 inclusive

Referral to a study academic site for a suspicion of MS

Onset with atypical onset including: bilateral optic neuritis or unilateral optic neuritis with a poor visual recovery,
complete gaze palsy or fluctuating ophthalmoparesis, intractable nausea, vomiting, or hiccups, complete transverse
myelopathy with bilateral motor and sensory involvement, encephalopathy, subacute cognitive decline, headache or
meningismus, isolated fatigue or asthenia, constitutional symptoms, other clinical presentations considered atypical by
the site investigator (examples include: vague or patchy sensory symptoms, pain, short lasting bilateral blurred vision,
etc.), or absence of clinical symptoms with MRI features suggestive of MS

. Able to provide written informed consent to participate in the study
. For participants referred for clinical suspicion of multiple sclerosis who had workup prior to referral or who are taking

disease-modifying therapies for MS, digital availability of diagnostic cranial MRI with gadolinium within 3 months of
initial symptoms

Onset of atypical neurological symptoms within 10 years of screening.
Exclusion criteria for both typical and atypical presentation populations:

A w N =

. Contraindication to MRI studies; metal or metal implants incompatible with MRI

. Inability to tolerate MRI due to claustrophobia or known excessive movement (e.g. tremor)
. Contraindication to use of gadolinium containing contrast agents (allergy or renal failure)

. Treatment with systemic corticosteroids in the 4 weeks preceding enrollment.

Table 2. Appendix

Study Flowsheet

Procedures

Visit1  Visits 2 & 4
BL Telephone(Months 6 and 18)

Visit 3
Office visit (Month 12)

Visit 5
Office visit (Month 24)

Early Withdrawal

Informed consent
Screening

Clinical characteristics
Medical history
Demographics
Interval history

MO

(continued on next page)
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(continued)
Study Flowsheet
Visit1  Visits 2 & 4 Visit 3 Visit 5

Diagnosis review X X X X X
DMT review X X X X
MRI review X X X X X
Relapse review X X X X
PDDS X X X X X
Adjudication of presentation type* X

Adjudication of MS diagnosis* X X X X
Neuro-QoL X X X X
HRU survey** X X X X X
Brain MRI X X X
Lab/CSF testing review®*** X X X X X
Blood draw**** X

*Conducted off-site by central adjudication committee; **health resource utilization (HRU) forms used for economic survey; ***May include recording of: cerebrospinal fluid testing
(CSF), baseline (BL), neuromyelitis optica antibodies (NMO), and myelin oligodendrocyte glycoprotein (MOG) testing; ****serum, plasma, and buffy coat. DMT: disease modifying
therapy, PDDS: patient determined disease steps, Neuro-QoL: Neurological quality of life scale.
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