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Abstract

Background: Recent developments in iron-sensitive MRI techniques have enabled visualization
of chronic active lesions as paramagnetic rim lesions (PRLS) in vivo. Although PRLs have
potential as a diagnostic and prognostic tool for multiple sclerosis (MS), limited studies have
reported the reliability of PRL assessment. Further evaluation of PRL reliability, through original
investigations and review of PRL literature, are warranted.

Methods: A single-center cohort study was conducted to evaluate the inter-rater reliability of
PRL identification on QSM in 10 people with MS, 5 people with clinically isolated syndrome,
and 5 healthy controls. An additional systematic literature search was then conducted of published
PRL reliability data, and these results were synthesized.

Results: In the single-center study, both inter-rater and intra-rater reliability of per-subject PRL
number were at an “Excellent” (intraclass correlation coefficient (ICC) of 0.901 for both) level
with only 2-years lesion classification experience. Across the reported literature values, reliability
of per-lesion rim presence was on average “Near perfect” (for intra-rater; Cohen’s x = 0.833) and
“Substantial” (for inter-rater; Cohens x = 0.687), whereas inter-rater reliability of per-subject PRL
number was “Good” (ICC = 0.874). Only 4/22 studies reported complete information on rater
experience, rater level of training, detailed PRL classification criteria, and reliability cohort size
and disease subtypes.

Conclusion: PRLs can be reliably detected both at per-lesion and per-subject level. We
recommend that future PRL studies report detailed reliability results, including rater experience
level, and use a standardized set of reliability metrics (Cohen’s x or ICC) for improved
comparability between studies.
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Introduction

Chronic active lesions (CALSs) in multiple sclerosis (MS) are areas of compartmentalized
inflammation that occur in the absence of blood-brain barrier breakdown.! These could
either present as slowly expanding lesions or characterized by a rim of microglia
surrounding a demyelinated core, with the microglia containing myelin degradation products
and high amounts of iron, giving the lesions an “iron rim” appearance upon iron staining.2
CAL-associated microglia have been shown to express inflammatory genes and are those
that cause active destruction of surrounding white matter.3

Recent advances in iron-sensitive MRI techniques such as phase imaging and quantitative
susceptibility mapping (QSM) have enabled in-vivo visualization of CALs as paramagnetic
rim lesions (PRLs).2 PRLs appear as hyperintense (iron-rich) rims surrounding diamagnetic
(demyelinated) cores.* PRLs can be identified on MRI scans with high field strength, such
as 7T,5 6 as well as on scans obtained using more commonly used lower field strengths, such
as3Tor1.5T4 7.8

Previous studies using MRI and neuropathology have demonstrated that PRLs are present
in upwards of 50% of people with MS (pwMS) and are associated with clinical disease
severity, brain atrophy, relapse rate, and the progression of MS.?: 10 Furthermore, PRLs
have been shown to improve the specificity of MS diagnosis.1? Comparisons of PRLs in
pwMS treated with disease-modifying therapies (DMT) have revealed differences in the
longitudinal changes in PRL microstructure, suggesting that PRLs could be a potential
marker for monitoring DMT efficacy.1?

Although PRLs have potential as a diagnostic and prognostic tool for MS, their detection
has not been standardized widely, and there have been limited studies reporting the inter-
and intra-rater reliability of PRL assessment.10 As the reliability of PRL detection is crucial
for their diagnostic validity and clinical application, a systematic review of the available
literature on PRL reliability would be beneficial in determining whether PRLs are reliable
enough to be used for the intended purposes.

In this study, we report 3T QSM PRL reliability data from a single-center for raters with
different levels of lesion classification experience, and compare our results to previously
reported reliability metrics identified via a systematic literature search. Finally, we propose
PRL reliability reporting guidelines as a quality control measure for future PRL studies.
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Materials and Methods

Single-center PRL reliability study:

A single-center cohort study was conducted to evaluate the inter-rater reliability of the
identification of PRLs on QSM in 10 pwMS (5 relapsing-remitting MS and 5 secondary
progressive MS), 5 people with clinically isolated syndrome (pwCIS), and 5 healthy controls
(HCs). An additional, independent cohort of 90 pwMS or pwCIS was used for training prior
to classification on the reliability cohort. All participants within this study were originally
part of a larger cardiovascular, environmental and genetic study in MS (CEG-MS).13 The
study subjects utilized in our reproducibility analyses were selected by an independent
member of the team and the inclusion criteria consisted of equal distribution of pwCIS,
pWRRMS and progressive MS (5 subjects for each group). In the larger CEG-MS study, the
inclusion criteria for the pwMS were: 1) age 18-75 years old, and 2) diagnosis of the 2010-
revision of the McDonald criteria (which was current at the time of enrollment),14 3) On the
other hand, the exclusion criteria was: 1) contraindications preventing an MRI examination,
2) pregnant or nursing mothers, 3) presence of clinical relapse or use of intravenous
corticosteroid therapy within 30 days of the MRI examination. The inclusion criteria for the
HCs was: 1) age 18-75 years old and excluded if 1) had any major neurological disease or

2) had contraindications preventing an MRI examination. Details regarding the inclusion and
exclusion criteria are shown elsewhere.13 The larger study was approved by the Institutional
Review Board of the University at Buffalo, and written informed consent was obtained from
all participants according to the Declaration of Helsinki.

Imaging methods:

Imaging was performed on the same 3T scanner (Signa Excite HD 12.0; General Electric,
Milwaukee, WI, USA) using an eight-channel head-and-neck coil and using the same three-
dimensional gradient-echo sequence with first-order flow compensation in read and slice
directions (matrix, 512 x 192 x 64; 0.5 x 1 x 2 mm3; 12° flip; echo time (TE)=22 ms;
repetition time (TR)=40 ms; bandwidth, 13.89 kHz). The following additional sequences
were acquired during the same imaging session for all subjects: spin-echo T1-weighted
(T1w) imaging (matrix, 256 mm x 192 mm; FOV, 256 mm x 192 mm; TE=16 ms; TR=600
ms); FLAIR (matrix, 256 mm x 192 mm; FOV, 256 mm x 192 mm; TE=120 ms; inversion
time (T1)=2100 ms; TR=8500 ms; flip angle=90°; echo-train length, 24); dual fast spin-echo
proton density- and T2-weighted imaging (matrix, 256 mm x 192 mm; FOV, 256 mm x 192
mm; TE1=9 ms; TE2=98 ms; TR=5300 ms; echo-train length=14); and a 3D high-resolution
T1w inversion recovery fast spoiled-gradient echo (IR-FSPGR) (TE=2.8 ms; T1=900 ms;
TR=5.9 ms; flip angle, 10°; isotropic 1 mm resolution).

Image analysis:

T2-FLAIR and T1 gadolinium-enhancing lesions were quantified using a semi-automated,
deep learning-based lesion segmentation approach with manual correction.® Phase

and magnitude images were reconstructed from raw k-space data. We applied best-

path unwrapping and Laplacian boundary value to the wrapped phase.18 Subsequently,
susceptibility maps for the training and reliability cohorts were reconstructed using
HEIDI (Homogeneity Enabled Incremental Dipole Inversion; tolerance parameter = 1E-5,
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described in detail elsewherel?). Additional, commonly-used inversion algorithms were
used to construct susceptibility maps for comparison, including FANSI (Fast Nonlinear
Susceptibility Inversion; alpha parameter = 0.0015),18 LSQR (Least Squares; tolerance
parameter = 1E-5),17 MEDI+0 (Morphology Enabled Dipole Inversion; lambda parameter
=1000),19 and TKD (Thresholded k-space Division; threshold parameter = 2/3).20 All
algorithms used in this study were implemented with their default parameters, and no
personal communications were made with the authors of these algorithms for the purpose

of optimization. PRLs were identified on QSM using the proposed criteria determined
during the 2022 NAIMS Consensus Statement on Imaging Chronic Active Lesions: 1) a
paramagnetic rim continuous with at least 2/3 outer lesion edge that is discernable on at least
two image slices, 2) a diamagnetic core relative to surrounding extra-lesional white matter,
and 3) non-enhancement on post-contrast T1 short-echo sequence.?! For confluent lesions,
multiple PRLs could be present if they contained separate diamagnetic cores and rims that
bordered the lesion edge. PRL ROIs were semi-automatically drawn on QSM images and
overlaid on T1 post-contrast images to confirm lack of gadolinium enhancement. The two
raters without prior PRL classification experience (MM and JR) received PRL classification
training from experienced neuroimaging researchers using an independent set of 90 pwMS.
Details on the training are given below (see “PRL classification training procedure” section).
Following training, three raters (MM, JR, and DJ) performed PRL classification on the
20-person reliability cohort (see “Inter-rater reliability calculations” section).

PRL classification training procedure:

Following review of relevant PRL literature, the 2 raters without prior PRL classification
experience (MM and JR) received two initial hands-on training sessions with 2 researchers
with prior PRL and FLAIR lesion classification experience (DJ-MD/PhD with 4 years’
FLAIR lesion experience and NB-PhD with over 15 years’ FLAIR lesion experience).
Following this, MM and JR independently classified PRLs in 30 pwMS from the training
dataset and compiled presentations visualizing the PRLs on QSM, FLAIR, and T1 images.
These were reviewed in multiple meetings where a group of experienced neuroimagers (DJ,
NB, RZ-MD/PhD with over 20 years’ FLAIR lesion experience, and MGD — PhD with over
15 years’ FLAIR lesion experience) provided feedback on whether the PRLs were obvious
false-positives or likely PRLs. Following this, MM and JR independently classified PRLs

in the entire 90 pwMS training dataset then met and created consensus PRL classifications.
High-resolution, whole-brain PDFs of the consensus training set classifications (including
QSM, QSM + PRL masks, phase images, FLAIR, FLAIR + FLAIR lesion masks, Post-Gad,
and T1 images) were then reviewed. Finally, disagreements were reviewed in a consensus
meeting (with DJ, NB, RZ, MG, MM, and JR), whole-group consensus classifications

were produced, and notes were taken on the causes of false-positive and false-negative
classifications.

Inter-rater reliability calculations:

Before reliability analysis, subjects were assigned a randomized ID. Three raters of different
levels of formal training and lesion classification experience (i.e. 1, 2, and 4 years’
experience), who were blinded to the subject ID and disease group, conducted PRL analysis
twice on each of the 20 scans. The second classification occurred after a minimum gap of
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two weeks to minimize recall bias. The initial classifications of the 10 pwMS and 5 pwCIS
were used to calculate inter-rater reliability. Although the sample size was limited, the 5 HC
scans were used to determine if false-positives were detected.

Inter-rater reliability of per-person PRL number was assessed using Cronbach’s alpha
and a single-measurement, absolute-agreement, 2-way mixed-effects model. Fleiss x was
used to calculate inter-rater reliability of per-person PRL presence (yes/no). Intraclass
correlation coefficient (ICC) for PRL number was calculated using a single-measure,
absolute-agreement, 2-way mixed-effects model.

Quantitative reliability values were converted to quality reliability scales for Cohen’s «,
Fleiss «, and ICC based on previously reported scales. Cohen’s x were graded as “No
Agreement” (< 0), “None to slight” (0.01 — 0.20), “Fair” (0.21 — 0.40), “Moderate” (0.41 —
0.60), “Substantial” (0.61 — 0.80), “Almost Perfect” (0.81 — 1.00).22 Fleiss x were graded as
“Poor” (< 0.20), “Fair” (0.21 — 0.40), “Moderate” (0.41 — 0.60), “Good” (0.61 — 0.80), and
“Very Good” (0.81 — 1.00).23 ICC values were graded as “Poor” (< 0.5), “Moderate” (0.5 —
0.75), “Good” (0.75 — 0.90), and “Excellent” (= 0.90).24

Systematic Literature Review:

The systematic review adhered to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) statement, which outlines guidelines for conducting

and reporting systematic reviews. Additionally, the study was pre-registered with the
International Prospective Register of Systematic Reviews (PROSPERO) and was assigned a
unique record number: CRD42023392683.

Search strategy and inclusion criteria for eligible manuscripts:

The PubMed and EMBASE databases were searched to identify studies investigating PRLs
in pwClIS, people with radiologically isolated syndrome (pwRIS), or piwMS. The searches
included each of the following categories (with specific terms in parentheses):

1. People with CIS, RIS, or MS (“multiple sclerosis”, “MS”, “RRMS”, “SPMS”,
“PPMS”, “radiologically isolated syndrome”, “RIS”, “clinically isolated
syndrome”, “CIS”)

2. PwMS undergoing MRI scans (“magnetic resonance imaging”, “MRI”,
“susceptibility”, “susceptibility weighted imaging”, “SWI”, “quantitative
susceptibility mapping”, “QSM”, “phase”, “gradient echo”, “GE”, “GRE”)

3. Classification of PRLs (“rim”, “ring”, “shell”, “edge”, “smoldering”,

“smouldering”, “chronic active”, “paramagnetic”, “iron™)

An initial search included full-text articles published in peer-reviewed journals between
January 1, 2000 and December 5, 2022. Post-hoc review of the manuscripts confirmed

that this window captured all relevant manuscripts, with the earliest included manuscript
published in 2012.25 Given the rapid appearance of new PRL publications, a second search
(date range: December 6, 2022 to March 24, 2023) was conducted just before final analysis.
Only English language articles were included.
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Study selection:

The title and abstract of each paper were screened by one author (JR). Full-text articles were
retrieved for studies meeting the inclusion criteria and assessed by two authors (JR and DJ)
and were included based on consensus agreement by the two authors. Studies were further
screened for data on inter- and intra-rater reliability (reliability metric and reliability value)
of PRL classification by two authors (JR and DJ). In articles where it is unclear whether
these metrics refer specifically to PRL classification the study authors were contacted via
email to request the missing information.

Studies were excluded if they met any of the following criteria: 1) Review articles, letters,
editorials, opinions, conference abstracts, and case reports with 3 or fewer participants, and
2) Studies where PRLs were only classified on post-mortem MRI or in animals.

Data Extraction:

The primary outcomes for this study were inter- and intra-rater reliability of PRL
classification, including, but not limited to: Cohen’s x, Fleiss x, Lin’s concordance
coefficient, Kendall’s coefficient of concordance, and Krippendorff’s alpha. This
information was extracted by two authors (JR and DJ). Additionally, one author (JR)
extracted data pertaining to (1) background characteristics (author/s and year of publication),
(2) subject characteristics (sample size, selection strategy for subjects included in reliability
analysis, and type of disease), (3) rater characteristics (number of raters, rater experience
level, time between ratings (for intra-rater reliability), and definition of PRL used in the
study), and (4) imaging parameters (magnetic field strength and MRI sequence).

Quality Assessment:

The quality of reliability analysis for each study was assessed using modified criteria of the
NIH Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies, with
each study being score on a scale of 0-5 (for inter-rater reliability) or 0-6 (for intra-rater
reliability):

1. Was rater experience (e.g. years) provided?

Was rater level of training (e.g. neurology, neuroradiologist, etc.) provided?
Was PRL classification criteria defined?

Was information on disease type(s) provided for the reliability analysis cohort?

Was sample size of the reliability cohort given?

o~ W D

(For intra-rater reliability) Was time between classifications reported?

Note that a “PRL classification criterion” was considered to be any additional or more
specific criteria beyond simply the presence of a rim (e.g. paramagnetic rim extended 2/3
circumference of lesion, diamagnetic core, etc.).

Data Synthesis:

Extracted data was presented in a table organized by study year. Intra- and inter-rater
Cohen’s x and ICC values were synthesized into a separate table, stratified by the PRL
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quantity evaluated for reliability (i.e. per-lesion rim presence and per-subject PRL number).
Because few studies reported confidence intervals, which are needed to conduct random-
effects models, between-study mean Cohen’s x or ICC values were calculated and the
between-study ranges were included as a measure of variability. For studies that included
multiple reliability values for different scanning parameters (e.g. 3T vs 7T field strength),
each reliability value was treated as an independent value and this duplication was noted in
the table.

Single-center PRL reliability study:

The HCs consisted of 3 females and 2 males and had a mean age of 53.4 + 9.9 years (mean
+ S.D.). The patient cohort (pwMS and pwCIS) consisted of 5 men and 10 women, mean
age of 51.1 + 9.9 years (mean + S.D.), mean disease duration of 13.5 + 11.1 years (mean *
S.D.), Expanded Disability Status Scale (EDSS) of 2.5 [0 — 6.5] (median [range]), and mean
T2 lesion volume of 14.0 £ 21.2 mL (mean + S.D.).

Example consensus PRLs from the training cohort are shown in Figure 2, including their
appearance on FLAIR, phase, and QSM. Figure 2 also includes different QSM algorithms
including HEIDI (used in our single-center reliability study), FANSI, LSQR, MEDI+0, and
TKD. In each case, the PRL rim can be seen on the phase image and all QSM inversion
algorithms. Between the QSM inversion algorithms, PRLs were least clear on FANSI due to
a blurring-like effect in the reconstructions.

In the final training cohort classifications, 25/90 cases were flagged for consensus review
by the experienced neuroimagers. Of these, 12 were confirmed to contain false-positive

or false-negative PRL classifications (13.3%) following consensus review. Common causes
of false-positive results included paramagnetic vessels incorrectly classified as PRL rims,
juxtacortical T2 lesions where the cortical ribbon was incorrectly classified as part of a
PRL rim, rim-like QSM artifacts not corresponding to T2 lesions, multiple nodular QSM-
hyperintense lesions in close proximity, and incorrect classification of inner edge of lateral
ventricular space as T2 lesion due to slight misalignment of the FLAIR and QSM images.
False-negative PRLs tended to occur in areas of false-negative T2 lesions co-occurring with
T2-hypointense black holes. The results of the intra-rater and inter-rater reliability analyses
for the single-center study are shown in Table 1. Reliability of PRL number between the
three raters was “Excellent”, while the reliability in identifying a pwMS as having one or
more PRLs was “Good”. In the reliability cohort, 16 consensus PRLs between the three
raters were identified from 3 pwRRMS (1, 3, and 5 PRLs) and 2 pwSPMS (1 and 6 PRLS).
No consensus PRLs were identified in any pwCIS or HCs. Additionally, none of the raters
identified PRLs on any of the HC scans, giving a false positive rate of 0%, a negative
predictive value of PRLs of 100%, and an accuracy of 100% in the HC group. The three
raters ICCs ranged from “Good” to “Excellent”, which increased monotonically with years
of lesion classification experience.
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Systematic Literature Review and Synthesis

Search results: A total of 8275 studies were identified in the initial database searches
and an additional 549 studies were identified in a secondary database search. A flow chart
regarding the study classification and study inclusion/exclusion criteria is shown in Figure
1. These were originally reduced to 120 studies following initial screening and removal of
duplicates, and finally reduced to 22 studies after removal of studies that did not provide
reliability values (n = 82), case reports (n = 4), post-mortem studies (n = 10), studies with
overlapping reliability cohorts (n = 1), and one study that included both active lesions and
PRLs in reliability analysis.2%

Study characteristics:

Of the 22 included studies, 12 were conducted on 3T MRI systems, 7 on 7T systems,

1at 1.5T, 1 included both 1.5T and 3T, and 1 included both 3T and 7T imaging. The
paramagnetic rim sign was assessed using phase/susceptibility-weighted imaging (SW1) in
17 studies, QSM in 2 studies, T2*w in 2 studies, and both phase/SWI and QSM in 1 study.
12 studies reported inter-rater reliability only, 3 studies reported intra-rater reliability only,
and 7 studies reported both inter- and intra-rater reliability. Of the studies, 12 calculated
reliability of per-lesion rim presence (10 reported Cohen’s x, 2 reported percent agreement,
2 reported Fleiss x, 1 reported Kendall W, and 1 reported Bangdiwala’s B-statistics),

2 calculated reliability of per-lesion PRL volume (1 reported ICC and 1 reported Dice
coefficients), 5 calculated reliability of per-subject PRL number (4 reported ICC and 1
reported Lin’s concordance correlation coefficients), 2 calculated reliability of per-subject
PRL categorical classification (i.e. 0, 1-3, or 4+ PRLs; 1 reported ICC and 1 reported
Cohen’s «), 2 calculated reliability of per-subject PRL presence (yes/no; both reported as
Cohen’s «), and 1 calculated reliability of per-subject PRL volume (reported as ICC).

Details on study year, MRI sequence(s), field strength(s), whether inter- or intra-rater
reliability was assessed, quantity measured, reliability metric(s) used, and reliability value(s)
are shown in Table 2. Note that two studies reported the same reliability data and were
included as a single reference.2”: 28

Quality assessment:

Details regarding quality assessment are provided in Table 3. All the studies provided
sample sizes and most studies defined PRL classification criteria (82%; 18/22). Fewer
studies explicitly detailed the MS disease course of the reliability cohort (50%; 11/22), rater
training level (45%; 10/22), and rater years’ experience (32%; 7/22). Of the 10 studies that
reported intra-rater reliability, 4 (40%) reported time elapsed between initial and repeated
PRL classification.

Reliability of PRLs:

Quantitative synthesis was conducted on 3 reliability metrics where 3 or more reliability
values were available (including from the present single-center study): intra-rater reliability
of per-lesion rim presence (Cohen’s «x), intra-rater reliability of per-subject PRL presence
(Cohen’s x), inter-rater reliability of per-lesion rim presence (Cohen’s x), and inter-rater

Mult Scler Relat Disord. Author manuscript; available in PMC 2024 May 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reeves et al.

Page 9

reliability of per-subject PRL presence (Cohen’s x), and inter-rater reliability of per-subject
PRL number (ICC). These results are shown in Table 4. One study by Hagemeier et al.

was not included in quantitative synthesis of per-subject PRL number because it evaluated
scan-rescan.25 Two studies reported two Cohen’s «x values for the same data which were
averaged before including quantitative synthesis.8 2

Intra-rater reliability of per-lesion rim presence was on average “Near Perfect”, with
individual studies ranging from “Substantial” to “Near Perfect”. Inter-rater reliability of
per-lesion rim presence was on average “Substantial”, with studies ranging from “Moderate”
to “Near Perfect”. Inter-rater reliability of per-subject PRL number was on average “Good”,
ranging from “Good” to “Excellent”.

Discussion

The current study reported single-center reliability of PRL detection at 3T and synthesized
these results with previously-published literature reliability values. The results indicate that
the detection of PRLs on a per-lesion basis is “near perfect” (for intra-rater reliability)

and “substantial” (for inter-rater reliability). When evaluating per-subject PRL number,
inter-rater reliability was on average “Good” (one category below the maximum category
of “Excellent”). These values indicate that PRLs have high within-center reproducibility,
despite a variety of reported PRL classification criteria. There were no false-positives in the
HC group, leading to a negative predictive value of 100%. The negative predictive value of
PRLs is rarely reported in the literature, particularly when contrasting with HCs, but is an
important quantity when considering the use of PRLs as a diagnostic marker.

Although not formally quantified, we found that the most noticeable effect of PRL
classification training was a decrease in false-positive PRL classifications (e.g., of
paramagnetic vessels). Additionally, at least two rounds of training classifications with
consensus reviews were necessary to achieve satisfactory performance by the trainees.
Therefore, we recommend that future training programs include two or more rounds of
training PRL classifications with expert feedback provided after each round.

Consensus evaluations of the training dataset revealed several common causes of false-
positive and false-negative classifications. Most misclassifications could potentially be
reduced using higher-resolution (i.e., 7T) images, which would provide higher fidelity
delineation of paramagnetic vessels and the cortical ribbon. Additionally, we suggest that
the accuracy of QSM/FLAIR co-registration be carefully inspected to prevent T2 lesion
masks misalignment. Finally, we recommend all PRL raters are trained in T2 lesion analysis
prior to PRL training because misclassification of T2 lesions may result in false-positive or
false-negative PRL classifications.

The rims of the sample consensus PRLs could be seen on phase imaging and all of the QSM
inversion algorithms with particular differences. For example, the FANSI susceptibility
maps had a smoothed appearance, which may reduce fidelity of paramagnetic vessels.
Misclassification of vessels as PRL rims was a common cause of PRL misclassification,
thus FANSI (as currently available) may not be the most suitable reconstruction algorithm.
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Although the rims were visual on phase images, previous studies have been noted that
phase imaging may cause higher rates of false-positive PRL classifications.3%31 Note that
all QSM inversion algorithms were implemented in their default settings with no personal
communications made with the authors of these algorithms for the purpose of optimization.
This approach allowed us to evaluate the algorithms in their standard configurations, as they
are commonly used in the field. However, it should also be noted that optimization of these
algorithms may change the results and should be considered in future studies.

For our own reproducibility results, we found that the reliability of PRL number reached the
highest category (“Excellent™), whereas the reliability of evaluating whether a pwMS had at
least one PRL was “Good”. Intra-rater reliability of PRL number increased with increasing
lesion classification experience, reaching “Excellent” levels in the rater with at least 2 years
of experience at the level of a PhD student. Based on these preliminary results, we suggest
that PRL rating be conducted by raters with at least 2 years’ lesion classification experience
and with formal PRL training. However, reasonable reliability was achieved by a rater with
only 1 year of lesion of classification experience. Researchers at this level may be able

to perform PRL rating with oversight from a more experienced rater. Given the qualitative
nature of these observations, more data on the relationship between rater experience and
PRL classification reliability are needed.

Per-subject and per-lesion reliability values may have different utilities in clinical and
research settings. Per-subject reliabilities are relevant when determining inclusion and
exclusion criteria for future clinical trials. Per-lesion reliabilities are useful in studies where
individual PRLs are studied over time, for example if using PRL tissue integrity to measure
the effect of disease-modifying therapies.12 In either case, we showed that the reliability in
PRL classification reached the highest or second highest reliability category. This would be
improved further by adoption of standardized PRL classification criteria.

Despite identifying a relatively large number of studies that assessed PRLs (120), only a
small number of these reported PRL reliability assessments (22). These studies were highly
heterogeneous in terms of the reliability metric reported, which included Cohen’s «, Fleiss
x, Kendall W, Bangdiwala’s B-statistics, ICC, Dice coefficients, and Lin’s concordance
correlation coefficients. These metrics measure reliability different types of data (e.g.,
continuous data for ICC and categorical data for Fleiss ) and have different standard scales
(e.g. “very good” for Fleiss x > 0.8 and “excellent” for ICC = 0.9). Therefore, these metrics
have different interpretations and, in general, cannot be directly compared. Further, even
fewer studies reported standard errors or confidence intervals of the reliability values. These
factors made it difficult to synthesize findings across studies, perform meta-analysis, and to
compare PRL detection reliability between scanning parameters (i.e., 3T vs 7T and QSM
vs SWI). Future research could benefit from standardizing the assessment and reporting of
reliability values, such as by following established guidelines and consensus statements.

There are several limitations that affected our systematic analysis and restricted the ability
to perform a meta-analysis. Fewer studies provided information about the MS disease course
of the reliability cohort, rater training level, and rater years of experience. Knowledge of

MS disease course is particularly relevant when interpreting PRL reliabilities because the
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prevalence of PRLs has been shown to be different between RRMS and SPMS, 10 which can
affect reliability values. Most studies report randomly selecting participants for inclusion in
reliability analysis or utilize the entire dataset,2”- 32-35 put others use an enriched dataset,36
a consideration which can also affect relative prevalence and reliability values. Additionally,
out of the studies that reported intra-rater reliability, only a few reported the time elapsed
between initial and repeated PRL classification. These findings suggest that while certain
aspects of quality assessment were well-documented in the studies, there were gaps in
information about other important factors. Future studies should aim to provide a more
comprehensive picture of quality assessment measures to improve the rigor and reliability of
research in this area.

This study had several limitations. The single-center study had a fairly low sample size,
although it was comparable or greater than those used in previous studies (range = 5-25 and
median = 9.5 subjects for reliability of per-subject PRL number or presence),6: 7. 25, 34, 35,37
which led to relatively large confidence intervals on the reliability values. Power calculations
would be useful in future studies, particularly those comparing PRL classification reliability
between factors such as MR field strength (e.g., 3T vs 7T) or QSM vs phase imaging.
Finally, the single-center study did not calculate reliability of per-lesion rim presence. This
choice was made because the semi-automated contouring method did not identify individual
lesions, but rather provided a single mask of all T2 lesions.38 The per-lesion PRL analyses
are mostly limited by the inability to properly separate highly confluent T2 lesions. These
limitations are more pronounced in long-standing pwMS who have high T2 lesion burden.

The literature review was limited by relatively few studies reporting reliability values and
high heterogeneity in reliability metrics reported and the quantities analyzed (e.g., per-lesion
rim presence or per-subject PRL number). Additionally, no consensus guidelines have

been published for PRL detection, leading to a variety of classification criteria reported
between studies. Due to these factors, the effect MR sequence and field strength on PRL
classification reliability could not be analyzed in the present study. Greater MR field
strength has been shown to be associated with greater detected PRL prevalence, 10 so the
effect of these factors on PRL classification reliability will be important to evaluate in future
studies.

In conclusion, PRLs can be reliably detected at per-subject level. We recommend that
future studies report rater experience (i.e., years), rater training level, specific PRL
classification criteria, details on MS disease course of the reliability cohort, cohort size,
and, for intra-rater reliability, time between initial and repeated PRL reliability analysis.
Additionally, for improved comparability between studies, we recommend future studies
report either Cohen’s x (for per-lesion reliabilities) or ICC (for per-subject PRL number
reliabilities), along with false-positive values, negative predictive values, and accuracy.
These improvements should aim at bring PRL analyses to the real-world use as a
neuroimaging marker for pwMS selection and treatment response.
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Highlights:

. Reliability of PRL classification was analyzed at a single center, and a
systematic literature search of PRL reliability values was conducted

. In the single-center study, inter-rater reliability of per-subject PRL number
was “Excellent” (intraclass correlation coefficient = 0.901).

. In meta-analysis of literature, reliability of per-subject PRL number was on
average “Good” (ICC = 0.874) and reliability per-lesion rim presence was on
average “Near perfect” (for intra-rater; Cohen’s x = 0.833) and “Substantial”
(for inter-rater; Cohen’s x = 0.687).

. PRLs can be reliably detected both at per-lesion level and per-subject level,
but more consistent reporting of PRL reliability is needed to ensure PRL
validity across studies.

Mult Scler Relat Disord. Author manuscript; available in PMC 2024 May 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Reeves et al.

Identification

Screening

Included

Page 16

Identification of studies via databases ]

Records identified through initial

Records identified through final

database searches database searches
(n = 8275) (n = 549)
A4
Records screened, including Records excluded, including
duplicate removal > duplicate removal
(n = 8824) (n=28704)
y Reports excluded

o (n=98)

Reports assessed for eligibility No rim lesion reliability values
(n=120) provided: 82

Case reports: 4

Y

Post-mortem studies: 10
Reliability cohort overlapped with
another study: 1

y Included active lesions in

Studies included in qualitative reliability analysis: 1
synthesis

(n=22)

Y

Studies included in quantitative
synthesis (excluding present study)
(n=11)

Figure 1.

PRISMA flow diagram
PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) diagram
showing details on literature review, screening, and study selection.

Mult Scler Relat Disord. Author manuscript; available in PMC 2024 May 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Reeves et al. Page 17

FLAIR Phase QSM-HEIDI QSM-FANSI QSM-LSQR QSM- MEDI+0 QSM-TKD

R . . . . . . .

Figure 2.
Exemplar consensus PRLs compared between phase and different QSM inversion

algorithms. Phase images have an intensity scale of —1 to 1, and QSM images all have

an intensity scale of —0.1to 0.2.

FANSI — Fast Nonlinear Susceptibility Inversion; FLAIR — Fluid Attenuated Inversion
Recovery; HEIDI-Homogeneity Enabled Incremental Dipole Inversion; LSQR — Least
Squares; MEDI - Morphology Enabled Dipole Inversion; PRL — Paramagnetic Rim Lesion;
TKD - Thresholded k-space Division.

Example PRL 2

Example PRL 3

Example PRL 4
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Intra-rater and inter-rater paramagnetic rim lesion reliability in people with multiple sclerosis.

Table 1.

Page 18

Intra- or inter- Lesion
rater reliability? PRL metric R;g:?&':;y Value [95% CI] Rater | Education level CLissgriiC:;i%n
(years)
0.857 [0.626 — 0.949] 1 Master’s student 1
Intra PRL number ICC 0.901 [0.732 - 0.966] 2 MD/PhD student 2
0.948 [0.854 — 0.982] 3 MD/PhD 4
PRL number ICC 0.901 [0.784 — 0.962]
Inter PRL number Cronbach’s Alpha | 0.965 [0.916 — 0.987]

PRL presence
(yes/no)

Fleiss x

0.644 [0.352 — 0.936]

CI - confidence interval; ICC — intraclass correlation coefficient; PRL — paramagnetic rim lesion.
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Table 2.

Reliability of paramagnetic rim lesions reported in the literature.

Page 19

; Intra- or . - N
Field Sample used for - Quantity Reliability Reliability
Study Image type A inter-rater .
Strength reliability reliability? measured metric value
Per-subject
Hagemeier et Intra (scan- number ec '
25 3T Phase 5 pwMS and 5 HCs
al. (2012) rescan) Per-subject
volume ICC 0.999
ICC as a two-
Per-subject way mixed test
) Intra number for average 0.854
Kuchling et al. 10 representative measures
ueing 6% T T2*w cases (7 pwMS
(2014) patients and 3 HCs) ICC as a two-
Per-subject way mixed test
Inter number for average 0.796
measures
ICC as a 2-way
Sinnecker et al. 10 randomly Per-subject mixed test of
* T Phase selected pwMS or Inter ) 0.96
(2016)3° number average
pPWNMOSD measures
i 15 rim or non-rim .
Dal-Bianco et . Per-lesion
al. (2017)7 28 T FLAIR-SWI Ie:;lonst segmented Intra volume ICC 0.998
wice
Per-lesion rim .
Inter presence Fleiss x 0.71
3T —
) 100 lesions from 20 Intra Per-lesion rim Cohen’s x 0.77
Absinta et al. Phase pwMS (16 RRMS, 4 presence
(2018)** PMS), 5 lesions per Per-lesion rim
pwMS Inter presence Cohen’s x 0.72
T
Per-lesion rim s
Intra presence Cohen’s x 0.77
Barquero et al. 124 pwMS (87 Nocinn ri
arausto o 3T Phase | RRMS, 21 SPMS, 16 Inter Per-lesion fim | conen's x 073
(2020) PPMS) presence
Clarke et al 25 randomly-chosen I%Cc)((ji]ws%/grmx 0.84
arke et al. scans (from 112 Per-subject ' "
(20203 * 3T swi pwClIS and 35 non- Inter number n;ggzlﬁj ((()9%40 A]O(':QS’)
MS) agreement)
Maggi et al. 83 non-MS cases and Per-lesion rim ,
(2020)11 * 3T Phase 83 pwMS Inter presence Cohen’s x 0.79
. 0.92 +0.05
FLAIR-SWI Intra Pfi&lfrsr:gn Dice (mean £
Dal-Bianco et 7T 15 randomly selected sd)
al. (2021)2 RLs ) 0.90 + 0.02
MP2RAGE Intra Per-lesion Dice (mean
volume
s.d.)
Per-lesion rim
Intra Cohen’s x 0.96
Kolb et al. T T2%w oh 110 randomly presence
(2021)8* W phase selected lesions Per-lesion rim
Inter presence Kendall W 0.88
Per-subject
. Unwrapped
Maggi et al. 118 pwMS (86 PRL category ,
(2021)% 3T _phase RRMS, 32 PMS) Inter (0, 1-3, or 4+ Cohen’s x 0.83
images PRLs)
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Stud Field Image tvbe Sample used for Ir']?;:"‘ra‘t’gr Quantity Reliability Reliability
y Strength 9e typ reliability reliability? measured metric value
Lin’s
Per-subject concordance
Intra number correlation 0.99
Treaba et al. coefficients
T Phase 5 pwMS
37
(2021) Lin’s
Per-subject concordance
Inter number correlation 0.98
coefficients
Per-subject
PRL category
Intra (0, 1-3, or 4+ ICC 0.95
Altokhis et al. T SWi-filtered | 10 randomly selected PRLs)
32
(2022) phase pwClIS or pwMS Per-subject
PRL category
Inter (0, 1-3, or 4+ ICC 0.81
PRLs)
Per-subject s
15T Inter PRL presence Cohen’s x 0.65
: 5 pwRRMS R
Hemond et al. Filtered J Per-subject ,
(2022) ® phase 3pwpsvf’/l’:\>/lPS|\’/lgnd 1 Inter PRL presence Cohen’s x 0.72
3T
Per-subject s
Intra PRL presence Cohen’s x 0.70
Per-lesion rim s
Hicgrt]_pags_ Inter presence Cohen’s x 0.43
iltere
phase 2062 FLAIR- Inter Per-lesion rim Percent 75.8%
Huang et i" - hyperintense no- presence agreement
(2022)30 enhancing lesions Per-lesion rim i
from 80 pwRRMS Inter presence Cohen’s x 0.62
QSM
Per-lesion rim Percent o
Inter presence agreement 92.7%
Krajnc et al. Per-lesion rim Percent o
(2022)* ST SWi 75 pwMS Inter presence agreement 98.7%
159 pwRRMS Bangdiwala’s o
B-statistics 95.49%
Marcille et al. Per-lesion rim Cohen’s x 0.706
(2022)%° * 3T QSM Inter presence
Cohen’s x 0.858
Fleiss x 0.71
Per-subject ,
Intra Cohen’s x 0.696
Meaton et al. 3T SWI 100 blocks (1/8 brain PRL presence
(2022)% volume each) Per-subject
Inter PRL presence Cohen’s x 0.827
29 children (13
P9, 132 whie
. . . whnite . .
. ase matter lesions, nter . ohen’s x .
Mlch;e(l)eztg $t al. 15T Ph lesi 63 I Per. :gzé%r::glm Coh 0.75
( ) were in the MS P
group and 69 were in
the non-MS group.
Zhang et al. 4,163 T2-FLAIR Per-lesion rim s
(2022)42* 3T QSM Iesmr;st’(Aogn 172 Inter presence Cohen’s x 0.59
Calvi et al. 20 pwMS Per-lesion rim )
(2023)% * 3T SWiI Inter presence Cohen’s x 0.87

Mult Scler Relat Disord. Author manuscript; available in PMC 2024 May 14.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Reeves et al. Page 21
Stud Field Image tvbe Sample used for Ir']?;:"‘ra‘t’gr Quantity Reliability Reliability
y Strength 9e typ reliability reliability? measured metric value
Krajnc et al. 107 pwMS (97 Per-lesion rim Percent o
(2023)%4 3T swi RRMS, 10 SPMS) Inter presence agreement 97.2%

FLAIR - fluid-attenuated inversion recovery; HC — healthy control; ICC - intraclass correlation coefficient; pwNMOSD - people with
neuromyelitis optica spectrum disorder; PRL — paramagnetic rim lesion; pwCIS — people with clinically isolated syndrome; pwMS — people with
multiple sclerosis; pwPPMS — people with primary progressive multiple sclerosis; pwRRMS — people with relapsing-remitting multiple sclerosis;
pwSPMS - people with secondary progressive multiple sclerosis; QSM — quantitative susceptibility mapping; RRMS - relapsing-remitting multiple
sclerosis; SPMS — secondary progressive multiple sclerosis; SWI — susceptibility-weighted imaging.

*
Included in quantitative synthesis.
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Quality assessment of reported literature PRL reliabilities. Studies were assessed for quality of reported
reliability data using modified criteria of the NIH Quality Assessment Tool for Observational Cohort and
Cross-Sectional Studies.

Question Was rater Was rater level Was PRL Was Was sample (For intra-rater
experience of training classification information on size for the reliability) Was
(i.e. years) (e.g. neurologist, criteria defined? MS disease reliability time between
provided? neuroradiologist, (Number criteria course (i.e. cohort classifications
etc.) provided? listed) RRMS, PMS, given? reported?
etc.) provided
for the
reliability
analysis
cohort?
Hagemeier et al. X X v v v X
(2012) )
Kuchling et al. X X X X v v
(2014)
Sinnecker et al. X X X X v N/A
(2016)
Dal-Bianco et al. X v v X v X
(2017) 3)
Absinta et al. X v v v v v
(2018) (2
Barquero et al. v X v v v N/A
(2020) (2)
Clarke et al. (2020) v v v X v N/A
(6)
Maggi et al. (2020) X X v X v N/A
2
Dal-Bianco et al. v v v X v X
(2021) (4)
Kolb et al. (2021) X X v
Maggi et al. (2021) v N/A
2
Treaba et al. (2021) X v v X v X
2
Altokhis et al. X X v X v X
(2022) 3)
Hemond et al. v v v v v v
(2022) 3)
Huang et al. (2022) v v v v v N/A
@
Krajnc et al. (2022) X X v v v N/A
(©)
Marcille et al. v v v v v N/A
(2022) (3
Meaton et al. X X v X v X
(2022) 4)
Micheletti et al. v v v v v N/A
(2022) 3)
Zhang et al. (2022) X X X v v N/A
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Question Was rater Was rater level Was PRL Was Was sample (For intra-rater
experience of training classification information on size for the reliability) Was
(i.e. years) (e.g. neurologist, criteria defined? MS disease reliability time between
provided? neuroradiologist, (Number criteria course (i.e. cohort classifications
etc.) provided? listed) RRMS, PMS, given? reported?
etc.) provided
for the
reliability
analysis
cohort?
Calvi et al. (2023) X X v X v N/A
(6)
Krajnc et al. (2023) X X v v v N/A
4)

PRL — paramagnetic rim lesion; RRMS - relapsing-remitting multiple sclerosis; PMS —progressive multiple sclerosis.
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Table 4.

Average reliability values calculated from literature values and our single-center study.

Reliability metric Intra- or Number of Reliability Average Range Confidence in PRL
inter- values metric reliability reliability, average (range)
rater? (studies) value

Intra 3(2) Cohen’s x 0.833 0.77-0.96 “Near perfect” (“Substantial”
Per-lesion rim 10 “Near Perfect”)
presence Inter 7 (6) Cohen’s x 0.687 0.43-0.87 “Substantial” (“Moderate” to
“Near perfect”)
Per-subject PRL Inter 4(4) ICC 0.874 0.796 — 0.96 “Good”(“Good” to
number “Excellent”)

ICC - intraclass correlation coefficient; PRL — paramagnetic rim lesion.
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