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Background: Detecting new and enlarged lesions in multiple sclerosis (MS) patients is needed to determine their disease
activity. LeMan-PV is a software embedded in the scanner reconstruction system of one vendor, which automatically assesses
new and enlarged white matter lesions (NELs) in the follow-up of MS patients; however, multicenter validation studies are
lacking.
Purpose: To assess the accuracy of LeMan-PV for the longitudinal detection NEL white-matter MS lesions in a multicenter
clinical setting.
Study Type: Retrospective, longitudinal.
Subjects: A total of 206 patients with a definitive MS diagnosis and at least two follow-up MRI studies from five centers
participating in the Swiss Multiple Sclerosis Cohort study. Mean age at first follow-up = 45.2 years (range: 36.9–
52.8 years); 70 males.
Field Strength/Sequence: Fluid attenuated inversion recovery (FLAIR) and T1-weighted magnetization prepared rapid
gradient echo (T1-MPRAGE) sequences at 1.5 T and 3 T.
Assessment: The study included 313 MRI pairs of datasets. Data were analyzed with LeMan-PV and compared with a man-
ual “reference standard” provided by a neuroradiologist. A second rater (neurologist) performed the same analysis in a
subset of MRI pairs to evaluate the rating-accuracy. The Sensitivity (Se), Specificity (Sp), Accuracy (Acc), F1-score, lesion-
wise False-Positive-Rate (aFPR), and other measures were used to assess LeMan-PV performance for the detection of NEL
at 1.5 T and 3 T. The performance was also evaluated in the subgroup of 123 MRI pairs at 3 T.
Statistical Tests: Intraclass correlation coefficient (ICC) and Cohen’s kappa (CK) were used to evaluate the agreement
between readers.
Results: The interreader agreement was high for detecting new lesions (ICC = 0.97, Pvalue < 10�20, CK = 0.82, P value = 0)
and good (ICC = 0.75, P value < 10�12, CK = 0.68, P value = 0) for detecting enlarged lesions. Across all centers, scanner
field strengths (1.5 T, 3 T), and for NEL, LeMan-PV achieved: Acc = 61%, Se = 65%, Sp = 60%, F1-score = 0.44,
aFPR = 1.31. When both follow-ups were acquired at 3 T, LeMan-PV accuracy was higher (Acc = 66%, Se = 66%,
Sp = 66%, F1-score = 0.28, aFPR = 3.03).
Data Conclusion: In this multicenter study using clinical data settings acquired at 1.5 T and 3 T, and variations in MRI pro-
tocols, LeMan-PV showed similar sensitivity in detecting NEL with respect to other recent 3 T multicentric studies based
on neural networks. While LeMan-PV performance is not optimal, its main advantage is that it provides automated clinical
decision support integrated into the radiological-routine flow.
Evidence Level: 4
Technical Efficacy: Stage 2

J. MAGN. RESON. IMAGING 2023.

Multiple sclerosis (MS) is a chronic inflammatory disease
of the central nervous system characterized by focal

perivenular inflammatory lesions leading to demyelinating
plaques and diffuse inflammation and degeneration of the
central nervous system tissue.1

In MS patients, MRI is used for diagnosis, prognosis,
and treatment follow-up. Lesion location and also the identifi-
cation of new and enlarging white matter (WM) lesions con-
tribute to the diagnostic criteria for MS (i.e. dissemination in
space and time)2–4 and also to an evaluation of activity, which
might lead to escalation of the immunomodulatory therapy.5,6

Identifying changes in lesion number is prone to
intraobserver and interobserver variability.7,8 Most existing
tools dedicated to evaluating MS lesion evolution allow a
cross-sectional analysis, and only a few support the longitudi-
nal assessment. These tools can be roughly classified into two
main groups: 1) lesion segmentation-based methods9,10 and
2) change detection-based methods.11–13

LeMan-PV is software that combines lesion segmenta-
tion and change detection-based approaches to perform longi-
tudinal lesion detection in MS patients.14,15 This software is

based on the k-nearest neighbor (k-NN) technique and is
optimized to detect lesions with a volume as small as three
connected voxels (typically 0.0036 mL). This software has
been developed to estimate the partial volume, which
improves the volume estimation of new lesions.16 Baseline
and follow-up T1-weighted magnetization prepared rapid
acquisition with gradient echo (MPRAGE) and 3D fluid
attenuated inversion recovery (FLAIR) images are used as
inputs for the segmentation method. The output provides a
segmentation mask indicating the new, enlarged, and stable
WM lesions.

The advantage of this software is that it generates seg-
mentation masks that permit visual assessment of its reliabil-
ity, a fundamental characteristic of a clinical decision support
tool. Moreover, these masks are directly generated after the
image acquisition, rendering them immediately available in
clinical routine. LeMan-PV has been clinically validated in a
single-center setting,15 but multicenter validation is lacking.

Thus, the main aim of this study was to assess the diag-
nostic accuracy of LeMan-PV for detecting new and enlarging
WM lesions in MS patients in five centers.

21LTS5, �Ecole Polytechnique F�Ed�Erale de Lausanne (EPFL), Lausanne, Switzerland; and 22CIBM Center for Biomedical Imaging, Radiology Department,
Lausanne University Hospital (CHUV) and University of Lausanne, Lausanne, Switzerland
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Materials and Methods
Study Design
We performed a retrospective study on 206 subjects from the Swiss
Multiple Sclerosis Cohort (SMSC) between 2012 and 2019.17

The ethics committee approved the study of all participating
institutions, and all subjects gave written informed consent before
participation in the cohort study.

Participants
Eligibility inclusion criteria were a diagnosis of MS according to the
revised McDonald criteria 2017,2 and at least two MRI visits with a
3D-FLAIR sequence and with a native 3D T1-weighted MPRAGE
sequence, separated by at least 1 year. A total of 206 patients were
retrospectively selected among data collected between 2012 and
2019 within the SMSC Study with the following attributes male/
females: 70/136; median age at baseline 45.2 years (range 36.9–
52.8 years); median disease duration at baseline: 12.2 years (range
6.5–20.7 years); relapsing–remitting MS, n = 184; primary progres-
sive MS, n = 8, secondary progressive MS, n = 14.

As part of the SMSC study, all patients underwent regular,
standardized neurological evaluations (performed at least annually),
with the calculation of the Expanded Disability Status Scale (EDSS)
score18 conducted by certified raters (https://www.neurostatus.net/).
The median EDSS at the first-time point baseline was 2.5 (mini-
mum = 1.5, maximum: 3.5).

The clinical and demographic characteristics of the patients
enrolled in the study are reported in Table 1.

In the first step, 351 MRI dataset pairs from 206 patients ful-
filled the criteria; 38 pairs were excluded due to missing follow-up or
insufficient registration accuracy. The registration accuracy was
assessed by A.T and L.M-G, and the exclusion was made by decision
consensus. We did not include patients with mixed field strength
visits, for example, once at 1.5 T and then at 3 T or vice versa, due
to the low number of available cases in 2/5 centers. The final analy-
sis was hence performed on 313 MRI pairs (Fig. 1). Figure S1 shows
the number of patients that have from 1 to 6 scan pairs.

MRI Protocols
MRI acquisitions were performed at 1.5 T (4 centers, 190 pairs,
380 scans; MAGNETOM AvantoFit, Siemens Healthcare, Erlangen,
Germany) and 3 T (2 centers, 123 pairs, 246 scans: MAGNETOM
Skyra and SkyraFit, both Siemens Healthcare) using the 20-channel
commercial head coils on all scanners. The number of scan pairs per
site and scanner magnetic field strength is shown in Table 2. The
imaging protocol included a 3D-FLAIR and a native MPRAGE
(details are summarized in Tables 3 and 4).

Image Analysis

IMAGE QUALITY ASSESSMENT. We first assessed the quality
of the scans performed by A.T and L.M-G. Depending on the quali-
tative evaluation (signal-to-noise ratio, artifacts, contrast, good regis-
tration between time points), a score of 1 (optimal/good quality),
2 (nonoptimal/medium quality but still diagnostically valid), or
3 (bad quality) was attributed to each MR image (see Supplementary
Material S1 for more information). Both experts re-evaluated the
mismatch in scan quality scores, and the final scores were attributed
according to a final consensus.

MANUAL LESION SEGMENTATION (GROUND TRUTH).
One neuroradiologist A.T (5 years of experience in neuroradiology,
9 years of experience in radiology) evaluated, identified, and marked
new and enlarged MS lesions on 3D FLAIR-3D MPRAGE datasets
using ITK-SNAP (www.itksnap.org).19 In a subset of 60 MRI pairs,
a second neurologist, A.C (3 years of experience in neuroimaging
research), performed the same analysis. This allowed evaluation of
the interrater reliability (IRR) or rating accuracy in the lesion seg-
mentation process.

The raters were blinded to the clinical status of the patients
and the results from LeMan-PV and performed the assessments
independently of each other.

Lesions were classified as new or enlarged based on current
clinical criteria. A lesion was considered new when it was identified
in the second time point images, and its diameter was at least 3 mm
in the longest axis,20 and a lesion was defined as enlarged when in
the second time point; the enlargement was at least 50% larger than
the initial size in the first time point MRI.

AUTOMATIC LESION SEGMENTATION: LEMAN-PV
ALGORITHM. LeMan-PV provides a lesion progression map indi-
cating new, enlarged, and stable lesions.15

In summary (see flowchart Fig. 2), it takes as inputs a 3D
FLAIR and a 3D T1w MPRAGE dataset obtained at two different
time points. The images were previously submitted to

TABLE 1. Demographic Details of the Patients
Included in the Study

Demographic Variable Value

Number of patients 206

Gender Male 70

Female 136

Age at the first follow-up
(years)

45.2 (36.9, 52.8)

Disease subtype at the first
scan (number)

RRMS 184 (89.3%)

PPMS 8 (3.9%)

SPMS 14 (6.8%)

EDSS at the first scan 2.5 [1.5, 3.5]

Disease duration at the first
scan (years)

12.2 [6.5, 20.7]

Follow-up time at the first
scan (years)

2.3 (2.2)

DMT at the first scan All patients

RRMS = remitting relapsing MS; PPMS = primary progressive
MS; SPMS = secondary progressive MS; EDSS = expanded
disability status score; DMT = disease-modifying therapy.
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preprocessing steps, including N4 bias field correction and inten-
sity normalization.16 FLAIR and MPRAGE images were rigidly
registered to the second time point MPRAGE using the Elastix
toolbox.21 It first computes cross-sectional lesion segmentation
maps for each time point, then creates a “joint difference image”
subtracting FLAIR and MPRAGE images separately at the first and
second time points and finally estimates a lesion progression map
combining the cross-sectional lesion segmentation map from the
second time point and the “joint difference image”.16 Voxels classi-
fied as new or enlarged lesional tissue are binarized to generate the
final progression maps.

LeMan-PV defines the new lesion as identifiable on the sec-
ond time point image but not on the first time point. The enlarged
lesion is determined when the lesion diameter in the second time
point increased by at least 50% with respect to the first time point.

EVALUATION OF THE LONGITUDINAL LEMAN-PV
PERFORMANCE ON WM LESIONS. To evaluate LeMan-PV’s
performance, we compared new/enlarged lesion-segmentation masks
with ground-truth masks generated by the first expert (A.T) using an
in-house MATLAB (https://www.mathworks.com/) function.

A new/enlarged lesion was defined as a cluster of voxels inter-
connected over a three-dimensional 26 voxels neighborhood with a
minimum volume of 0.01 mL.22 A lesion was considered a true pos-
itive if it overlapped with a ground-truth lesion. Exclusively one lon-
gitudinal LeMan-PV lesion was deemed to overlay a ground-truth
lesion in case of multiple coincidences.

As this study focused on WM lesion detection, the final lesion
progression maps were masked with a white matter mask (WMM).
The WMM was generated using the lesion-filled version of the
follow-up MPRAGE image applying the SPM12 unified segmenta-
tion tool (with default settings) (https://www.fil.ion.ucl.ac.uk/spm/
software/spm12/). The Lesion Filling toolbox developed by Valverde
et al (http://atc.udg.edu/nic/slfToolbox/index.html)23 was utilized
for the lesion-filling step.

Additionally, we explored different intensity thresholds for
binarizing joint difference image map (0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
and 0.9) to optimize the performance of LeMan-PV in the longitu-
dinal assessment of new and enlarged lesions compared to the gro-
und truth. We selected the threshold that showed the best trade-off
between sensitivity and 1-specificity, which is the one with the mini-
mum Euclidean distance to the maximum sensitivity and specificity
(1-specificity, sensitivity) = (0,1).

LeMan-PV performance was evaluated per center and in all
centers combined: 1) for new and enlarged lesions separately, 2) con-
sidering new and enlarged lesions jointly; 3) taking into account the
MRI scanner magnetic field 1.5 T and 3 T separately and combined;
4) considering different image quality scores, for new/enlarged
lesions separately and together.

FIGURE 1: Inclusion and exclusion criteria flowchart. MS = multiple sclerosis.

TABLE 2. The Number of Scan Pairs Per Site and
Scanner Magnetic Field Strength

Site

Scanner Magnetic Field strength

1.5 T 3 T
1.5 T and

3 T together

Center 1 51 - 51

Center 2 50 93 143

Center 3 49 - 49

Center 4 - 30 30

Center 5 40 - 40

All 190 123 313
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Statistical Analysis
IRR was assessed by the intraclass correlation coefficient (ICC) and
Cohen’s kappa coefficient (CK).24 ICC is considered as: 1) poor
ICC < 0.5; 2) moderate 0.5 < ICC < 0.75, 3) good 0.75 < ICC < 0.9,
and 4) excellent ICC > 0.9.25–27 For CK, 1) CK values ≤ 0 as indicat-
ing no agreement, 2) 0.01–0.20 as none to slight, 3) 0.21–0.40 as
fair, 4) 0.41–0.60 as moderate, 5) 0.61–0.80 as substantial, and 6)
0.81–1.00 as almost perfect agreement.

Lesion-wise sensitivity, specificity, accuracy, F1 score, positive
predictive value (PPV), and negative predictive value (NPV) metrics
were assessed across new/enlarged WM lesions. As used in previous
studies, an Adhoc lesion-wise false positive rate (aFPR) was also
computed.15,28 The Adhoc true negative rate (aTNR) allows
LemanPV performance evaluation in cases with no lesions. The per-
formance parameters are defined as follows:

Sensitivity¼TP= TPþFNð Þ:
Specificity¼TN= TNþFPð Þ:

Accuracy¼ TNþTPð Þ= TNþTPþFNþFPð Þ:
F1 score¼TP= TPþ0:5* FPþFNð Þ� �

:

aFPR¼ FP=P:

aTNR¼ aTN=aN:

PPV¼TP= TPþFPð Þ:
NPV¼TN= TNþFNð Þ:

where TP is the number of true positives, TN is the num-
ber of true negatives, FP is the number of false positives, FN is
the number of false negatives, P is the number of manually
ground-truth delineated lesions; N is the number of ground-
truth negative, aN is the number of ground-truth pairs images
without any new/enlarged lesions, and aTN is the number of
pair’s images without new/enlarged lesions detected by
LeMan-PV.

A true positive is defined as a LemanPV lesion overlapping
with a manually delineated lesion. A false positive is a LemanPV
lesion not overlying any manually delineated lesion. A true negative
is defined as LemanPV correctly detecting the nonlesion WM
region. The false negative is LemanPV incorrectly detecting the non-
lesion WM region.

FIGURE 2: LeMan-PV methodology flowchart.
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Results
Image Quality Assessment and Manual
Identification of New/Enlarged Lesions
All MRI pairs (n = 313) were first classified into three cate-
gories according to their quality: good quality (n = 222) for

diagnostic, medium quality not optimal but still useful for
diagnostic purposes (n = 80), and poor quality (n = 11).

The first rater A.C found new/enlarged lesions in 69 MRI
scans pairs out of 313. The total number of new/enlarged
lesions was 190 (new lesions: 121; enlarged lesions: 69).

FIGURE 3: (a) Plot of sensitivity (y-axis) and 1-specificity (x-axis) to select the optimal threshold that provides the best LeMan-PV
performance. The arrow indicates the optimal value = 0.3. In colors are represented the different thresholds from 0.3 to 0.9 in steps
of 0.1. (b) LeMan-PV performance, sensitivity, and specificity for all centers. All = all centers together with joining new and enlarged
lesions; C1 = center 1; C5 = center 5.

FIGURE 4: Example of LeMan-PV detecting new and enlarged lesions. The arrows in orange represented in the FLAIR image indicate
the region of change from time point 1 (TP1) to time point 2 (TP2) for a new (green arrow) or enlarged (red arrow) lesion. The last
column, named “TP2 with lesion mask” represents the LeMan-PV progression map overlapping the FLAIR and MPRAGE in TP2.
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The two raters had a very high interrater concordance
in the detection of new lesions (ICC = 0.97, confidence
interval [CI] = [0.96, 0.98], P < 10�20) and a good one for
enlarged lesions (ICC = 0.75, CI = [0.61, 0.84],
P = 10�13). The Cohen’s kappa coefficient was CK = 0.82,
CI = [0.67, 0.96], P = 0.00; in this case, the observed agree-
ment is not accidental and showed perfect agreement. For
enlarged lesions, CK = 0.68, CI = [0.53, 0.84], P = 0.00;
in this case, the observed agreement is not accidental and
showed substantial agreement.

The optimal joint difference image map threshold for
our dataset was 0.3 (Fig. 3a). Figure 4 shows an example of
LeMan-PV detecting new and enlarged lesions with this spe-
cific threshold. Using this parameter, for all centers com-
bined, we obtained the following performance results
(Table 5):

1. new lesions were detected by LeMan-PV with Acc = 62%
(Se = 52%, Sp = 66%), F1-score = 0.43 and aFPR = 0.86;

2. enlarged lesions were detected with Acc = 60%,
(Se = 88%, Sp = 54%), F1-score = 0.44 and
aFPR = 2.08; and

3. for new and enlarging lesions combined, LeMan-PV resulted
in a detection Acc = 61% (Se = 65%, Sp = 60%),
F1-score = 0.44, and aFPR = 1.31.

When analyzing the data per center, LeMan-PV per-
formed best in the detection of new/enlarging lesions in cen-
ter 3 (C3) at 1.5 T (Acc = 65%, Se = 67%, Sp = 64%,
F1-score = 0.59 and aFPR = 0.62). Center 5 (C5) also
showed a good performance, but the number of lesions in
this center was only 13, with a higher aFPR. Figure 3b shows
the sensitivity and specificity for all centers.

For new and enlarged lesions detected on scans acquired
at 1.5 T (n = 190 pairs), Acc = 65% (Se = 55%,
Sp = 58%), F1-score = 0.48, aFPR = 1.02; for scans
acquired at 3 T (n = 123 pairs): Acc = 66% (Se = 66%,
Sp = 66%), F1-score = 0.28, aFPR = 3.03(Table 6).

The LeMan-PV performance considering different
image quality scores is shown in Table 7. The highest perfor-
mance was achieved when only the best quality images were
used (score = 1) for new/enlarged lesions separately and
together. For all lesions together Acc = 68% (Se = 69%,
Sp = 67%), F1-score = 0.49 and aFPR = 1.11.

TABLE 5. Leman-PV Performance Metrics for New and Enlarged Lesion Detection Overall and Per Center

Lesion
Type Site N. Lesions Accuracy Sensitivity Specificity F1-score aFPR aTNR PPV NPV

New All sites 121 0.62 0.52 0.66 0.43 0.86 0.68 0.37 0.78

Center 1 45 0.51 0.55 0.47 0.52 0.58 0.49 0.49 0.54

Center 2 34 0.65 0.47 0.7 0.34 1.26 0.73 0.27 0.85

Center 3 29 0.59 0.45 0.67 0.45 0.55 0.63 0.45 0.67

Center 4 4 0.59 1 0.53 0.36 3.5 0.54 0.22 1

Center 5 9 0.79 0.55 0.85 0.5 0.66 0.85 0.45 0.89

Enlarged All sites 69 0.60 0.88 0.54 0.44 2.08 0.58 0.3 0.95

Center 1 24 0.44 0.92 0.21 0.51 1.66 0.24 0.35 0.85

Center 2 12 0.63 0.67 0.63 0.22 4.41 0.67 0.13 0.96

Center 3 27 0.72 0.92 0.61 0.70 0.70 0.69 0.57 0.94

Center 4 2 0.34 1 0.3 0.16 10.5 0.32 0.09 1

Center 5 4 0.75 1 0.72 0.42 2.75 0.74 0.27 1

New +
Enlarged

All sites 190 0.61 0.65 0.60 0.44 1.31 0.49 0.33 0.85

Center 1 69 0.48 0.68 0.34 0.51 0.95 0.15 0.42 0.61

Center 2 46 0.64 0.52 0.66 0.29 2.08 0.54 0.2 0.89

Center 3 56 0.65 0.67 0.64 0.59 0.62 0.57 0.52 0.78

Center 4 6 0.47 1 0.42 0.25 5.83 0.30 0.15 1

Center 5 13 0.77 0.69 0.79 0.46 1.31 0.73 0.35 0.94
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The LeMan-PV PPV changes with respect to lesion vol-
ume for new and enlarged lesions were also studied. It will
provide us with the percent of lesions that were correctly
identified with respect to all lesions found by LeMan-PV
(true and false positive lesions). LeMan-PV showed the
highest PPV for new lesions with a volume lower than
300 mm3. For the enlarged ones, lesions with lower 50 mm3

were better identified (see Fig. S2a,b).

Discussion
The aim of this study was to assess the diagnostic accuracy of
the software LeMan-PV15 for the longitudinal detection of
new and enlarging MS lesions in a multicenter controlled
clinical settings. These are current radiological metrics of dis-
ease activity and are used for diagnostic, prognostic, and ther-
apy evaluation purposes.29

Compared to the available automatic tools for identifying
new and enlarged lesions,28,30,31 LeMan-PV has the advantage
of being integrated into the image reconstruction system,
which facilitates routine use. However, multicenter validation
data on the longitudinal version of LeMan-PV are lacking.

In the current study, we assessed the performance of
LeMan-PV in a multicenter dataset obtained from five centers
participating in the SMSC study, where protocols have been
standardized, but data are acquired in a clinical setting with
sequences obtained from MRI different machines.31

In this multicenter dataset, including data acquired at
1.5 and 3 T MRI, LeMan-PV reached a sensitivity of 65%
and an aFPR of 1.31 for both new and enlarged lesions,
which is lower than the 87% reported in a single-center study
at 3 T.15 This may be due to protocol variations compared to
the recommended one for LeMan-PV, different hardware and
software versions, as well as nonconsistent repositioning that

TABLE 7. Leman-PV Performance for Different Image Quality Scores

Score
Lesion
Type

N.
Lesions Accuracy Sensitivity Specificity F1-score aFPR aTNR PPV NPV

Score = 1 All 132 0.68 0.69 0.67 0.49 1.11 0.6 0.38 0.88

New 81 0.69 0.56 0.73 0.49 0.73 0.76 0.43 0.82

Enlarged 51 0.66 0.9 0.61 0.5 1.71 0.66 0.35 0.96

Score = 2 All 55 0.46 0.58 0.41 0.36 1.69 0.24 0.26 0.74

New 38 0.47 0.45 0.48 0.35 1.08 0.46 0.29 0.64

Enlarged 17 0.44 0.88 0.35 0.36 3.06 0.39 0.22 0.93

Score = 3 All 3 0.52 0.33 0.55 0.14 3.33 0.33 0.09 0.86

New 2 0.54 0.5 0.55 0.25 2.5 0.56 0.17 0.86

Enlarged 1 0.5 0 0.55 0 5 0.5 0 0.86

TABLE 6. Leman-PV Performance for New and Enlarged Lesions for Different Scanner Magnetic Field Strengths
1.5 T and 3 T

Lesion
Type

Magnetic
Field at
Both TP

N.
Lesions Accuracy Sensitivity Specificity F1-score aFPR aTNR PPV NPV

All
lesions

1.5 T 163 0.65 0.55 0.58 0.48 1.02 0.46 0.39 0.79

3 T 27 0.66 0.66 0.66 0.28 3.03 0.55 0.18 0.94

New 1.5 T 98 0.5 0.62 0.58 0.45 0.72 0.64 0.413 0.71

3 T 23 0.61 0.72 0.70 0.39 1.47 0.72 0.291 0.91

Enlarged 1.5 T 65 0.88 0.49 0.59 0.52 1.47 0.55 0.37 0.92

3 T 4 1 0.61 0.62 0.14 12 0.63 0.08 1
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sometimes made the co-registration process, that is one cru-
cial LeMan-PV methodology step, challenging.

Compared to two previous longitudinal studies on multi-
center data that exploited a convolutional neural network for the
detection of new and enlarged lesions, LeMan-PV showed 1)
better sensitivity (65% vs. 60%) but a higher aFPR (1.31
vs. 0.48) than the Krüger et al.’s study of comparable size
(217 patients)32; and 2) lower sensitivity than the second study
by McKinley et al (65% vs. 72%) where the number of MRI
pairs was lower (n = 53) and obtained from only two centers.30

The higher aFPR exhibited by LeMan-PV compared
to the Krüger et al. study32 might be due to challenges in
co-registration between images acquired at different time
points in a clinical scenario but also to the fact that the radio-
logical reference standard is less susceptible to detect small
and local enlargement of lesions with any amount of enlarge-
ment than the applied software. LeMan-PV detects enlarge-
ments as small as 10 voxels in MS lesions, independent of
lesion size. In contrast, the radiological standard is to identify
a greater enlargement (at least 50% of the main diameter).
This explanation is supported by the fact that, in the current
study, the aFPR for enlarged lesion detection was more than
double that of new lesion detection.

As to new lesions, LeMan-PV showed a slightly better
performance than the CNN-based approaches by Krüger et al
and McKinley et al in a multicenter setting30,32 (Se = 65%
LeMan-PV vs. 60% in the two other longitudinal studies).
The approach in the current study (k-nearest neighbor
[kNN]) is different from that in these previous studies (neural
networks deep-learning based). We expect that a multicenter
setting favors a machine-learning algorithm more than one
based on the kNN. In contrast to kNN-based classifiers, neu-
ral networks have a higher power of generalization (learning
from the data, estimating a model for the data); they discover
relevant features and their relative levels of importance from
the training data. So one would expect that this type of algo-
rithm would perform better if they are trained in more heter-
ogenous data and therefore have better performance
classifying new cases. Future head-to-head studies should fur-
ther investigate and confirm these findings.

LeMan-PV detects changes in lesion number and size,
exploiting the difference in FLAIR and MPRAGE contrast at
different time points. In this study, a threshold was applied
to the joint difference image provided by LeMAN-PV to
detect new and enlarged lesions (Fig. 3a). Thresholding did
not notably improve our results, but the number of false-
positive lesions slightly decreased. The improved thresholding
effects have also been observed in a previous study by Cabezas
et al.28

When looking at the influence of the MRI field
strength on the performance of LeMan-PV, in the detection
of the new and enlarged lesions in all centers together, the
sensitivity was better when both follow-ups were at 3 T than

at 1.5 T, but this was at the penalty of a higher aFPR. The
higher sensitivity but poorer aFPR values in detecting new
and enlarged lesions at 3 T might be due to a better contrast
of the images depicting the new and enlarging lesions. The
poor aFPR values might also be due to co-registration errors
or the contrast difference between FLAIR images at baseline
and follow-up. At the same time, the LeMan-PV algorithm
was mainly “trained” with data acquired at 3 T.15

The best results in detecting the new and enlarged
lesions together were observed at 1.5 T in center 3. It was
possible due to the higher number of lesions analyzed at this
field strength in this center compared to other centers.

All MRI pairs were classified according to their quality
(quality of the images and the postprocessing parameters like
the co-registration, distortion correction, and prescan normal-
ization) in the five centers. The scans that were classified as
having the optimal quality for the analysis proved to increase
the specificity in detecting new and enlarging lesions com-
pared to the ones with a lower rate.

Limitations
The number of MRI scans presenting new or enlarged lesions
should be increased for a better LeMan-PV performance eval-
uation. One crucial part of the LeMan-PV is that its perfor-
mance depends on cross-sectional lesion segmentation, which
is highly protocol dependent. While consistent protocols were
used in the current study, deep-learning-based approaches
might possibly overcome this limitation and further improve
longitudinal lesion detection. In this type of study, the quality
of the “ground-truth” influences the results. Therefore, using
one reader and another to evaluate interrater reliability could
have affected the LeMan-PV performance evaluation.

Conclusion
In this multicenter study using clinical data settings acquired
at 1.5 T and 3 T, and with variations in MRI protocols,
LeMan-PV showed similar sensitivity in detecting new and
enlarged lesions with respect to other recent multicentric
studies based on neural networks that only used 3 T
scans.30,32 While LeMan-PV performance is not optimal, its
main advantage compared to previous methods is that it pro-
vides an automated clinical decision support integrated into
the radiological routine flow.
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