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ARTICLE INFO ABSTRACT

Keywords: Background: Few studies on multiple sclerosis (MS) have explored the variability of percentage brain volume
Brain change (PBVC) measurements obtained from different clinical MRIs. In a retrospective multicentre cohort study,
Volumetry we quantified the variability of annualised PBVC in clinical MRIs.

inn?:rl;y Methods: Clinical MRIs of relapse-onset MS patients were assessed by icobrain. Volumetric data were analysed on
Real-world same-scanner and different-scanner MRI pairs if they passed quality control criteria. Alignment similarity be-

tween two images had to be comparable to same-scanner scan-rescan images.

Results: Of 6826 MRIs, 85 % had appropriate volumetric sequences and 4446 serial MRI pairs were analysed.
3334 (75 %) MRI pairs from 1207 patients met the inclusions. The PBVC of included MRI pairs showed variance
of 0.78 % for same-scanner pairs and 0.80 % for different-scanner pairs. Further selection of included MRI pairs
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with the best variance resulted in 1885 (42 %) MRI pairs with PBVC variance of 0.34 %. Excluded MRI pairs with
poor alignment similarity had variances of 2.97 % for same-scanner pairs and 20.79 % for different-scanner pairs.
Conclusion: Icobrain should be utilised for PBVC determination only on selected MRIs with the best alignment
similarity. Applying strict selection criteria for the included MRI pairs and longitudinal imaging on the same
scanner remain mandatory to reduce PBVC variability.

1. Introduction

Excessive brain volume loss in MS is a biomarker of disease pro-
gression (Popescu et al., 2013; Uher et al., 2015) and an indication of
insufficient treatment response (Kappos et al., 2016). Unfortunately,
serial brain volumetry in clinical MS practice is not commonly unavai-
lable. There are logistic and technical limitations of measuring brain
tissue loss, including but not limited to: cost, scan-rescan variability,
short-term effect of immunotherapy (such as pseudoatrophy, resolution
of oedema with steroid therapy), variability in normal aging, comor-
bidities and hydration state (Sastre-Garriga et al., 2020).

An important factor is the broad range of postprocessing algorithms,
with no algorithm presently recognised as the gold standard. The most
widely used software is SIENA (Structural Image Evaluation using
Normalisation of Atrophy), an automated, registration-based software
that estimates longitudinal percentage brain volume change (PBVC)
(Smith et al., 2001; Smith et al., 2002). However, despite being fully
automated, SIENA still requires a small degree of trained user inter-
vention which may not be possible at many centres (Sastre-Garriga et al.,
2020; Giorgio and De Stefano, 2013).

Icometrix is a commercial provider that developed icobrain, a soft-
ware for volumetric MRI analysis (Jain et al., 2015; Smeets et al., 2016;
Steenwijk et al., 2017). It offers a centralised analysis with data analysed
remotely, similar to SIENA for clinical trials. However, icobrain’s per-
formance in clinical MS practice has not been widely assessed (Beadnall
et al., 2019; D'hooghe et al., 2019; Fragoso et al., 2017). Additionally,
patients are often serially scanned on different MRI scanners in
real-world settings, and few MS studies have explored the use of longi-
tudinal brain volumetry using different scanners (Durand-Dubief et al.,
2012; Biberacher et al., 2016; Zivadinov et al., 2017; Zivadinov et al.,
2018; Storelli et al., 2018).

In this study, we tested the utility of icobrain in real-world settings.
The goal was to 1) quantify the variability of annualised PBVC in clin-
ically acquired MRIs from relapse-onset MS patients and 2) explore the
demographic and clinical characteristics that predict PBVC in this
cohort.

2. Methods
2.1. Participants

Our retrospectively analysed cohort of patients attended 4 centres in
2 countries and underwent brain MRIs as part of their routine clinical
care. The sites were: General University Hospital (Prague, Czech Re-
public), Royal Melbourne Hospital (Melbourne, Australia), Box Hill
Hospital (Melbourne, Australia) and Brain and Mind Centre (Sydney,
Australia). These centres all document clinical outcomes using the
MSBase Registry, an international MS registry (Butzkueven et al., 2006).

Eligible patients were enrolled from December 18, 2017 to October
13, 2018. Inclusion criteria were age >18 years, diagnosis with relapse-
onset MS, known date of MS onset and consent to providing access to a
stored minimum dataset in the MSBase Registry (date of birth, sex,
minimum of one Expanded Disability Status Scale assessment)
(Butzkueven et al., 2006). Participants were excluded if there were no
suitable brain MRI scans stored in their hospital MRI depository.

Ethics approval was granted at each site’s institutional review board
and informed consent was obtained from each patient. MSBase (regis-
tered with WHO International Clinical Trials Registry Platform ID

ACTRN12605000455662) was approved by the Melbourne Health
Human Research Ethics Committee and by the local ethics committees in
participating centres.

2.2. Data processing

Brain MRI scans were performed as part of routine clinical care and
patients were scanned on combinations of MRIs at their site (Table S1).
The minimum inclusion criteria for cerebral MRI scans were 3D T1-
weighted (T1) sequence (maximum slice thickness of 1.6 mm) and 3D
flair-attenuated inversion recovery (FLAIR) sequence (or 2D FLAIR with
maximum slice thickness of 3 mm). Scans missing the appropriate se-
quences were labelled ‘Unusable’ (Fig. 1).

All MRIs were processed using the icobrain software version 3.1.
Usable images initially undergo cross-sectional processing (icobrain
cross). The icobrain cross pipeline results in segmentation and quanti-
tative measurements for whole brain volume (BV) and grey matter
volume (GMV) normalised for head size, FLAIR lesion volume and T1
hypointense lesion volume.

For longitudinal analyses, consecutive MRI scans were selected. The
longitudinal processing (icobrain long) provides measurements for
annualised PBVC and absolute change in FLAIR lesion volume. PBVC
used a registration-based approach applying Jacobian integration
(Smeets et al., 2016).

Both icobrain cross and icobrain long pipelines undergo automated
quality control (QC) + manual/visual QC analysis. The automated QC
can flag datasets that need to be checked by an experienced assessor,
leading to a visual or manual QC. The results of the automatic and visual
quality analysis are then recorded as a ‘QC status’, accompanied by
potential explanations in the form of ‘quality remarks.” The QC status
labels are: 1) Approved (data usable and no remarks given), 2) Approved
with remarks (the remarks contain information on which measurements
are considered reliable or not) and 3) Rejected (data not usable due to
bad quality). The quality remarks provide additional information about
images, processing and registration issues and are grouped into ‘conse-
quences.” The consequences are listed in Fig. S2.

Reports are finally labelled as ‘Draft’ or ‘Final’ based on whether the
data are considered unacceptable or acceptable for use. Longitudinal
scan pairs are labelled ‘Draft’ if there is a mismatch in the T1 images
(precontrast vs postcontrast), if the time difference between MRI pairs
(scan interval) is <4 months (122 days), or if the affine similarity index
is <0.2 (Fig. 1).

2.3. Affine similarity index

The automated QC includes computing an ‘affine similarity index’
that measures the similarity between two scans after being affinely
transformed to each other (Studholme et al., 1999). This affine similarity
index is proportional to image similarity. The affine similarity index is
the average between 2 normalised mutual information (NMI) values
obtained from T1 images after performing affine registrations between
the two images in two directions (timepoint 1 to timepoint 2 and vice
versa) (Studholme et al., 1999). NMI is calculated in each direction as:

H(A) + H(B)

NMI(A, B) = HAB)

where H(A) and H(B) indicate entropy of the two T1 images and H(A,B)
indicates joint entropy after affine co-registration and resampling in one
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Fig. 1. Consort chart for MRI inclusion

Multiple Sclerosis and Related Disorders 92 (2024) 106148

Abbreviations: MRI, magnetic resonance imaging; NMOSD, neuromyelitis optica spectrum disorder; PPMS, primary progressive MS; QC, quality control.

! Mismatch in T1 pre-contrast or T1 post-contrast
2 Includes missing date of RRMS onset, MS subtype

3 ‘Approved with remarks’ pairs excluded if quality remark or ‘consequence’ (Figure S2) present.

of the directions. The mean value of NMI(A,B) and NMI(B,A) indicates
the final affine similarity index.

Volumetric information was included in further analyses if affine
similarity index was >0.2. This threshold was selected on the basis of a
scan-rescan study (Sima et al., 2019) where intrascanner and inter-
scanner MRI scan-rescan pairs were available from 60 MS patients. It
was observed that the affine similarity index for intrascanner compari-
sons was always above 0.2, and that the PBVC measurement error for
interscanner comparisons with affine similarity index above 0.2 did not
exceed the measurement error for intrascanner comparisons.

2.4. Study design and outcome measures

MRI pairs were created from consecutive MRIs of individual patients.
They were included if they had suitable sequences, were classified as
‘Final’, had affine index >0.2, scan interval >4 months, and a QC status
of ‘Approved’ or ‘Approved with remarks’. Intrascanner and inter-
scanner pairs were defined as consecutive scans from the same MRI or
different MRIs respectively. MRI-1 and MRI-2 refer to the first and sec-
ond MRI in each MRI pair. A single MRI could be included in up to two
MRI pairs, as MRI-1 of one pair and MRI-2 of an earlier pair.

Patient demographic and clinical information were obtained from
the MSBase registry, including MS course, Expanded Disability Status
Scale (EDSS) scores, relapse dates, dates of corticosteroid use, type and
duration of disease modifying therapy (DMT). MRI-1 was considered the
baseline for the acquisition of visit course, EDSS, BV, GMV, FLAIR and
T1 lesion volumes. Patient age and disease duration were taken as the
midpoint between MRI-1 and MRI-2.

DMTs were classified as low-efficacy (glatiramer acetate, interferon
beta, teriflunomide) or high-efficacy (alemtuzumab, autologous stem-
cell transplant, daclizumab, dimethyl-fumarate, fingolimod, natalizu-
mab, ocrelizumab, rituximab). The primary outcomes were 1) variance
of PBVC, and 2) PBVC between MRI-1 and MRI-2.

2.5. Statistical analysis

The database was locked for analysis on November 1, 2018. All PBVC
values reported were annualised. The variance of PBVC was compared
between the MRI groups as follows: intrascanner vs interscanner MRI
pairs, affine index >0.2 vs <0.2, Approved vs Approved with remarks, as
well as the different ‘consequence’ statement groups (Fig. $2).

Mixed effects models were used to identify the variables that predict
PBVC; with demographic, MRI and disease factors as fixed effects and
random intercept for subject. The variables tested included: sex, age at
MRI, age at MS diagnosis, MS disease duration, site, scan interval, MRI
field strength, MRI vendor, icobrain software version, intrascanner vs
interscanner MRI pair, BV, GMV, FLAIR lesion volume, T1 hypointense
lesion volume, FLAIR lesion volume change, relapse number during MRI
pair, relapse in month pre MRI-1 & 2, corticosteroid use in month pre
MRI-1 & 2, DMT use during MRI pair, duration of time on current DMT
pre MRI-1, proportion of time spent on DMT during MRI pair (high and
low efficacy DMT), EDSS and MS course.

Variables associated with PBVC at a=0.05 were included in a
multivariable mixed effects model to obtain predictors of PBVC. R? was
calculated, representing the proportion of total variance explained by
the multivariable model. All statistical analyses were performed in R,
version 3.6.0.

3. Results
3.1. Cohort characteristics

A total of 6826 MRIs were transferred to icometrix, and 5815 (85 %)
contained suitable sequences. 18 different MRI machines were used
(Table S1). There were 4446 consecutive MRI pairs from 1300 patients:
3536 (80 %) intrascanner pairs and 910 (20 %) interscanner pairs. In
total, 3334 (75 %) MRI pairs, containing 4830 unique scans from 1207
patients met the inclusion criteria (Fig. 1). Of these, 2976 (89 %) were
intrascanner pairs and 358 (11 %) were interscanner pairs. Thus, from
the 4446 consecutive pairs, 84 % (2976,/3536) intrascanner pairs and 39
% (358/910) interscanner pairs were included. Of the 3334 included
MRI pairs, there was a higher proportion of scans having a QC status of
‘Approved with remarks’ (59 %) compared to ‘Approved’ (41 %)
(Fig. 1).

The demographic and clinical characteristics of the included vs
excluded cohort are summarised in Table 1. A key difference was the
proportion of intrascanner and interscanner pairs, with a much higher
proportion of interscanner pairs in the excluded group (50 %). In the
included cohort, the mean (SD) age at MS diagnosis was 32.6 (9.7) years
and the median (IQR) MS disease duration was 6.8 years (2.8, 11.6).
Most patients (94 %) had relapsing-remitting MS, with a median (IQR)
EDSS of 2.5 (1.5, 4). The cohort was almost all treated (93 %), pre-
dominantly with high-efficacy DMTs, and had been on treatment for a
median (IQR) of 1.6 years (0.4, 2.8) prior to MRI-1. The median (IQR;
range) scan interval was 0.9 years (0.6, 1.1; 0.3-4.9).

3.2. PBVC variability

3.2.1. Intrascanner vs interscanner MRI pairs

The mean (SD) annualised PBVC for the 3334 included MRI pairs was
—0.21 % (0.88) and variance was 0.78 %. The variance of PBVC was
similar between included intrascanner pairs (0.78 %) and interscanner
pairs (0.80 %) (Fig. 2). As these pairs had been filtered for affine index
>0.2 and the majority of interscanner pairs (61 %) were from the
excluded group, the PBVC of pairs with affine index <0.2 was also
assessed (while retaining the other inclusion criteria). Of the 662 MRI
pairs with affine index <0.2, the PBVC variance was 2.97 % in the
intrascanner group and 20.79 % in the interscanner group (Fig. 2). This
corresponds to a minimum detectable effect size of 0.70 % annualised
PBVC in the intrascanner group and 1.84 % annualised PBVC in the
interscanner group (for a hypothetical cohort of 100 patients, power
0.95 and a = 0.05).

3.2.2. QC status & ‘consequences’

We assessed variance of PBVC of the included 3334 MRI pairs
stratified by QC status. The ‘Approved’ pairs had a PBVC variance of
0.35 %, and the ‘Approved with remarks’ pairs had a variance of 1.08 %
(Fig. 3). The ‘Approved with remarks’ group was further divided by the
‘consequences’ or statements (Fig. S2). MRI pairs labelled with >1
‘consequence’ were excluded and a subgroup with no statement or
comment was included in the analysis (Table S3). The 512 MRI pairs
with no comments had the smallest variance, 0.29 %, of all the ‘conse-
quences’ (where n > 10) and were comparable with the variance of the
‘Approved’ group (Table S3).

We therefore combined the ‘Approved’ and ‘Approved with remarks
—no comment’ groups to create a cohort of 1885 MRI pairs (3051 unique
MRIs) from 974 patients which had the lowest PBVC variance (Fig. 1). Of
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Table 1
Demographic & clinical characteristics of patient cohort.
CHARACTERISTICS VALUES OF VALUES OF
INCLUDED MRI EXCLUDED MRI
PAIRS” PAIRS”
DEMOGRAPHIC
Number of participants 1207 686
Sex, F (%) 910 (74 %) 488 (71 %)

Age, y, mean (SD)
at CIS diagnosis
at MS diagnosis
at MRI*

MS disease duration®, y, mean/
median (IQR)

MRI PAIRS

Number of MRI pairs
Total
Per participant, median (IQR),
range

Scan interval between MRI pairs,
y, median (IQR)

Scanner differences, n (%)
Interscanner pair (different
scanners)

Intrascanner pair (same
scanner)

Field strength differences, n (%)
1.5T-3T
3T-1.5T
1.5T both
3T both

Vendor differences, n (%)

GE both

Philips both
Siemens both
Different vendors

CLINICAL (MS)

EDSS at visit closest to MRI-1°,
median (IQR), range

MS course at visit closest to MRI-
1, n (%)

CIS
RRMS
SPMS
PPMS
Unknown

Relapse number during MRI pair?,
n (%)

0
1
2
3
4

Relapses in month pre MRIs, n
(%)

None

Pre both MRI-1 and MRI-2
Pre MRI-1

Pre MRI-2

Corticosteroid use in month pre

MRIs, n (%)

None

Pre both MRI-1 and MRI-2
Pre MRI-1

Pre MRI-2

DMT use during MRI pair, n (%)

Duration of current DMT pre MRI-
1, y, median (IQR)

Time spent on DMT during MRI
pair,%, median (IQR)

Any
High-efficacy”
Low-efficacy'

30.2 (9.6)

32.6 (9.7)

40.7 (10.8)

8.1; 6.8 (2.8, 11.6)

3334
3(2,4),1-10

0.9 (0.6, 1.1)

358 (11 %)

2976 (89 %)

23 (0.7 %)
9 (0.3 %)
1696 (51 %)
1606 (48 %)

391 (12 %)
1059 (32 %)
1871 (56 %)
13 (0.4 %)

2.5(1.5,4),0-7.5

51 (2 %)
3116 (94 %)
150 (4 %)

0

0

2787 (84)
460 (14 %)
80 (2 %)

6 (0.2 %)

1

3080 (92 %)
7 (0.2 %)
147 (4 %)
100 (3 %)

3122 (94 %)
6 (0.2 %)
120 (4 %)
86 (2 %)
3099 (93 %)
1.6 (0.4, 2.8)

100 (97, 100)
100 (54, 100)
0(0,0)

29.9 (9.6)
32.3(9.7)

40.9 (10.6)

8.7, 7.2 (3.8,12.3)

1112
1(1,2),1-11

0.7 (0.3, 1.1)

552 (50 %)

560 (50 %)

388 (35 %)
13 (1 %)

224 (20 %)
487 (44 %)

106 (9 %)

151 (14 %)
534 (48 %)
321 (29 %)

2.5(1.5,4),1-8

55 (5 %)
926 (83 %)
47 (4 %)

6 (1 %)

78 (7 %)

947 (85 %)
133 (12 %)
29 (3 %)

1

2

1014 (91 %)
6 (1 %)

47 (4 %)

45 (4 %)

1033 (93 %)
2 (0.2 %)

37 (3 %)

39 (4 %)
958 (86 %)
1.4(0.2,3.2)

100 (84, 100)
100 (0, 100)
0(0,0)

Abbreviations: CIS, clinically isolated syndrome; DMT, disease modifying ther-
apy; EDSS, expanded disability status scale; F, female; GE, General Electric; IQR,
interquartile range; MRI, magnetic resonance imaging; MRI-1, first MRI in pair;
MRI-2, second MRI in pair; MS, multiple sclerosis; SD, standard deviation; T,
tesla; y, year.

Multiple Sclerosis and Related Disorders 92 (2024) 106148

# Included MRI pairs: consecutive pairs, ‘final’, affine index >0.2, scan in-
terval >4 m, no rejected, no contrast mismatch, no PPMS/NMO.

b Excluded MRI pairs: missing corticosteroid and DMT information from 1
patient.

¢ Age at MRI is taken as the midpoint of the MRI pair.

4 Disease duration at MRI is taken as the midpoint of the MRI pair.

€ If visit within 12 months of MRI-1. This visit was available for 3194 MRI
pairs (140 missing).

f Information available for 3317 MRI pairs (17 missing).

8 Excluding 1 month pre MRI-2.

" High-efficacy DMTs include: alemtuzumab, autologous stem-cell transplant,

daclizumab, dimethyl-fumarate, fingolimod, natalizumab, ocrelizumab,
rituximab.

iLc»w—efﬁcacy DMTs include: glatiramer acetate, interferon beta,
teriflunomide.

these 1885 MRI pairs, 1685 (89 %) were intrascanner pairs and 200 (11
%) were interscanner pairs. This final cohort of 1885 MRI pairs had a
mean (SD) PBVC of —0.26 % (0.58) and variance of 0.34 % (Fig. 3). This
corresponds to a minimum detectable effect size of 0.24 % annualised
PBVC (for a hypothetical cohort of 100 patients, power 0.95 and a =
0.05).

3.2.3. Scan interval results

We further assessed the variance of the final 1885 MRI pairs by the
time difference between MRI-1 & 2, noting that all included pairs were
already >4 months apart. Limiting scan intervals to >6 months (183
days) resulted in 1659 MRI pairs with mean (SD) PBVC —0.27 % (0.53)
and variance 0.28 %. 1379 MRI pairs with scan intervals >8 months
(244 days) had mean (SD) PBVC —0.25 % (0.49) and variance 0.24 %.
The mean (SD) and variance of 753 MRI pairs with scan intervals >12
months (365 days) were —0.22 % (0.45) and 0.21 % respectively.

3.3. Prediction of annualised PBVC

The final cohort of 1885 MRI pairs with QC status ‘Approved’ and
‘Approved with remarks’ (without a quality remark or comment) were
subsequently used to identify predictors of annualised PBVC. De-
mographic, clinical, scanner and radiological variables (Table 2) were
assessed using a two-step mixed model analysis. The final multivariable
model identified age, sex, scanner field strength, MRI vendor, GMV at
MRI-1 and relapses prior to MRI-1 as the six independent predictors for
PBVC (R? = 0.05) (Table 2).

4. Discussion

In this study, we explored quantification of PBVC in a multicentre
real-world setting using icobrain. We found that exclusion of consecu-
tive MRI pairs with affine index <0.2 and scan interval <4 months led to
an attrition of 23 % pairs. Interscanner pairs made up the majority of
MRI pairs with affine index <0.2. We found comparable variance in
PBVC between the remaining intrascanner and interscanner MRI pairs
(0.78 % and 0.80 % respectively), indicating good performance of the
affine index method. Further filtering of MRI pairs by image quality
remarks or “consequences” listed in the ‘Approved with remarks’ group
resulted in selection of a final cohort of MRI pairs which were 42 % of
the original number of consecutive MRI pairs. This final cohort of MRI
pairs had the lowest variance, 0.34 %, again illustrating both the
effectiveness and need for these QC steps.

Additional examination of MRI pairs at one site showed that a large
majority of pairs excluded for image quality reasons had low contrast.
This was only an issue when using the standard scanner sequence for
brain volumetry and ceased to be a problem after modification of the
sequence. The most important factors that influence the affine similarity
index are related to substantial differences in MRI acquisition protocols,
which influence the contrast and noise in the image. These technical
factors are more influential than volume differences for the time
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Fig. 2. Distribution of PBVC values for intrascanner and interscanner MRI pairs based on affine index cutoff. PBVCs (%) are shown for intrascanner and interscanner
MRI pairs where affine index >0.2 and <0.2. The dotted line represents the mean.
Abbreviations: IQR, interquartile range; MRI, magnetic resonance imaging; n, number; PBVC, percentage brain volume change; SD, standard deviation.
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Fig. 3. Distribution of PBVC values based on QC status

0

Annualised PBVC (%)

PBVCs (%) are shown based on QC status: ‘Approved’ (A), ‘Approved with remarks’ (B) and the combination of ‘Approved’ & ‘Approved with remarks’ where there is
no qualifying remark or comment for the latter (C). The dotted line represents the mean.
Abbreviations: MRI, magnetic resonance imaging; n, number; PBVC, percentage brain volume change; QC, quality control; SD, standard deviation.

intervals seen in our cohort. It highlights the importance of selecting an
optimal MRI protocol for volumetric software before implementation on
routine clinical MRIs.

Brain atrophy has been used as an outcome measure in MS clinical
trials for over a decade but its implementation in clinical practice has
been difficult. Analysis of brain volumetry in trial data is relevant at the
group level. However, interpretation of this data on an individual level
has several potential sources of error. Interscanner variability is the
major limitation in real-world longitudinal measurements, and we have
confirmed this as a major roadblock for quantitative serial MRI analysis
(Huppertz et al., 2010).

Prior studies that explored the effect of interscanner variability on
volumetric MRI analysis suggested that it could be mitigated during
longitudinal follow-up with multiple recorded time-points. Takao and
colleagues followed 208 healthy participants on two 3.0T MRIs over 2
years (Takao et al., 2011) and found no differences in SIENA PBVCs
between the four combinations of scanners, with the standard deviation
of PBVC reported as 0.71 %. A contemporary study by Durand-Dubief
et al. assessed 9 MS patients on two 1.5T MRI scanners at three time-
points over 1 year (Durand-Dubief et al., 2012). They also found that
registration-based algorithms were less sensitive to MRI scanner changes
and showed acceptable reproducibility across the 2 scanners. The re-
ported mean difference in PBVC between scanners was 0.45 % using
Jacobian integration and 0.12 % using SIENA.

Conversely, Biberacher and colleagues found significant scanner ef-
fects on PBVC (Biberacher et al, 2016). Two patients with
relapsing-remitting MS were scanned 6 times on three 3.0T MRIs over 3
weeks. The PBVCs estimated by SIENA fluctuated between —4.45 % and
+4.48 %. A recent study by Lee et al. assessed 237 subjects in the Alz-
heimer’s Disease Neuroimaging Initiative (ADNI) study who were
scanned longitudinally on the same or different 1.5T MRIs (Lee et al.,
2019). They found that different interscanner combinations led to
different offsets in SIENA PBVCs that ranged from —1.81 % to +0.99 %.

The mean absolute error of PBVC in these studies was higher than in the
original validation study in healthy controls (Smith et al., 2002). Our
study adds to this knowledge by validating the affine index as a software
tool to reduce scanner effects on the variance of PBVC.

We further assessed the feasibility of our real-world data to support
studies by estimating the sample size required of a multicentre study
aimed at a hypothetical treatment effect on annualised PBVC of 50 %.
Using the mean and SD of the 3334 included MRI pairs with affine index
>0.2, there would need to be at least 1155 MRI pairs per arm (using
a=0.05 and power of 1-$=0.8), excluding the 25 % of pairs discarded
due to affine index <0.2. Using the 1885 final MRI pairs (discarding the
58 % of scan pairs with remarks on quality control), we would require a
minimum of 314 MRI pairs per arm. To obtain such a usable sample we
should include at least 750 patients in our real-life study, expecting that
42 % of their MRI pairs will pass the quality control. This estimated
sample size is significantly lower than that required if we did not exclude
the ‘Approved with remarks’ group, and emphasises the importance of
careful selection of MRI pairs in multi-site or multi-scanner analyses.
However, it is still higher than the sample size that would be required in
a single-scanner setting, (Beadnall et al., 2019; Rocca et al., 2017) and
higher than the sample size estimates reported for multicentre non-trial
MRI data on untreated MS patients (Takao et al., 2013) and healthy
controls (Battaglini et al., 2019).

We showed that a greater annualised BV loss was associated with
older age, male sex, smaller GMV at MRI-1, presence of a relapse in the
month prior to MRI-1, MRI pairs of different field strength and transition
between General Electric and Philips scanners (compared to Siemens
and Philips transitions). Our models explained only 5 % of the variance
of PBVC, despite selecting the ‘best’ MRI pairs. Thus, almost all vari-
ability in PBVC remains unexplained. To some extent, this could be
explained by lack of availability of known contributors of BV loss such as
scanner upgrades, protocol or coil changes, physiological diurnal vari-
ation, lifestyle (hydration state, alcohol intake, smoking), comorbidities
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Table 2
Variables tested as potential predictors of annualised PBVC.
Variables Univariable Multivariable
models model
Beta (SE), p-value Beta (SE), p-value
(1885 MRI pairs, (1777 MRI pairs,
974 pts) 935 pts)
DEMOGRAPHIC
Sex (male) —0.08 (0.03), —0.10 (0.03), 0.01
0.01
Age at MRI, y -31x10°%(1.3 —4.2%107°(1.9 x
x 107%), 0.02 1073, 0.03
Age at MS diagnosis, y -3.0x 103 (1.4 -8
x 107%), 0.04
MS disease duration, y ~1.6 x 1073 (2.1
x 107), 0.46
Site (reference: site 1)*
Site 2 0.16 (0.04), 0.15 (0.08), 0.07
<0.001
Site 3 0.01 (0.04), 0.84 —0.31 (0.20), 0.11
Site 4 0.06 (0.04), 0.13 0.06 (0.09), 0.49
MRI

Scan interval, y

Switch of field strength
(reference 1.5T«—3T)
1.5T«—1.5T

3T«—3T

Switch of vendor (reference:
GE«—Philips)
Siemens<—Philips
GE—GE
Philips«—Philips
Siemens<—Siemens

Icobrain software version (reference:
3.1.1)
3.1.2

3.1.4

Intrascanner vs interscanner:
Intrascanner

RADIOLOGICAL (MS)
BV of MRI-1°, ml

GMV of MRI-1%, ml
FLAIR lesion volume (MRI-1)°, ml

T1 hypointense lesion volume (MRI-1)",
ml

FLAIR lesion volume change,%

CLINICAL (MS)

Relapse number between MRI-1 & 2°

Relapse in month pre MRI (reference: no
relapses or relapse pre MRI-1 & 2)
Relapse pre MRI-1 only

Relapse pre MRI-2 only

Corticosteroid use in month pre MRI
(reference: no corticosteroid or
corticosteroid pre MRI-1 & 2)
Corticosteroid pre MRI-1 only

Corticosteroid pre MRI-2 only
DMT use during MRI pair (yes)
Duration of time on DMT used during

MRI pair (time pre MRI-1), y

Proportion of time on DMT during MRI
pair,%

—0.18 (0.03),
<0.001

0.75 (0.21),
<0.001
0.79 (0.21),
<0.001

1.2 (0.82), 0.15
1.1 (0.58), 0.06
1.1 (0.58), 0.05
1.1 (0.58), 0.05

—0.42 (0.59),
0.47
—0.36 (0.58),
0.53

—0.10 (0.04),
0.03

5.2 x 1074 (1.8 x
107%), 0.004

5.3 x 107 (2.6 x
107, 0.04

—9.5 x 1073 (2.2
x 107%), <0.001
-0.01 (2.2 x
107%), <0.001
0.01 (0.01), 0.45

—0.01 (0.03),
0.71

—0.15 (0.07),
0.04
—0.03 (0.07),
0.71

—0.06 (0.08),
0.48

—0.08 (0.10),
0.41

—0.07 (0.05),
0.16

—9.0 x 107 (6.3
x 107%), 0.89
-39 x 107 (4.6
x 107, 0.40

0.05 (0.03), 0.10

0.94 (0.23),
<0.001
0.62 (0.26), 0.02

2.1 (0.85), 0.01
1.1 (0.58), 0.07
0.77 (0.59), 0.20
1.1 (0.58), 0.07

—0.03 (0.05), 0.59

7.1 x 107 (3.8 x
107, 0.06
-1.2x1073(5.6 x
107, 0.03

—0.01 (9.3 x
107, 0.20

4.7 x 107 (0.01),
0.71

—0.15 (0.07), 0.03

—0.05 (0.08), 0.54
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Table 2 (continued)

Multivariable
model

Beta (SE), p-value
(1777 MRI pairs,
935 pts)

Univariable
models

Beta (SE), p-value
(1885 MRI pairs,
974 pts)

Variables

Proportion of time on low-efficacy 2.3 x 107 (4.0 x

DMT during MRI pair,% 1074, 0.57
Proportion of time on high-efficacy -3.4 x107* (3.2
DMT* during MRI pair,% x 107, 0.29
EDSS at visit closest to MRI-1’ —0.02 (0.01), ~1.1 x1073(9.5 x
0.02 107%), 0.91
MS course at visit closest to MRI-1
(reference: CIS)
RR —0.06 (0.12),
0.61
Sp —0.11 (0.13),
0.42

Abbreviations: BV, brain volume; CIS, clinically isolated syndrome; DMT, dis-
ease modifying therapy; EDSS, expanded disability status scale; FLAIR, fluid-
attenuated inversion recovery; GE, General Electric; GMV, grey matter vol-
ume; MRI, magnetic resonance imaging; MRI-1, first MRI in pair; MRI-2, second
MRI in pair; MS, multiple sclerosis; PBVC, percentage brain volume change; pts,
patients; RR, relapsing-remitting; SE, standard error; SP, secondary-progressive;
T, tesla; y, years.

@ Site 1=Brain and Mind Centre (Sydney, AU), Site 2=Royal Melbourne
Hospital (Melbourne, AU), Site 3=Box Hill Hospital (Melbourne, AU), Site
4=General University Hospital (Prague, CZ).

b N = 1880.

¢ Excluding 1 month pre MRI-2.

4 Low-efficacy DMT include:
teriflunomide.

¢ High-efficacy DMT include: alemtuzumab, autologous stem-cell transplant,
cladribine (Cladribine), dimethyl-fumarate, fingolimod, mitoxantrone, natali-
zumab, ocrelizumab, rituximab.

£ If visit within 12 months of MRI-1. N = 1782.

8 Age at MS was excluded from the multivariable model due to a collinear
relationship with age at MRI.

interferon beta, glatiramer acetate,

(cardiovascular risk, trauma) or treatment effects (pseudoatrophy
(Sastre-Garriga et al., 2020; Rocca et al., 2017)). These factors are likely
significant, with one study on healthy subjects demonstrating that
scanner upgrade had effects comparable to that of using different
scanners (Takao et al., 2013). However, it does highlight that further
work is required before brain volumetry can be incorporated for indi-
vidualised patient monitoring in MS.

Another limitation is that the scan interval in our cohort was rela-
tively short. We demonstrated that longer scan intervals reduce the
variability of PBVC, which is not unexpected as the contribution of
variability in each individual is divided by the follow-up interval
(Battaglini et al., 2019; Opfer et al., 2018; Narayanan et al., 2020).
Battaglini et al. found that the 80th normative percentile of annualised
PBVC was 50 % smaller for participants with 2 year than with 1 year
follow-up (Battaglini et al., 2019). In our study, using the sample size
calculation for different scan intervals, we found that lengthening the
interval to >6 months reduced the sample size to 243 per arm, and this
figure was similar for the 8 and 12 month cutoffs. Therefore, it is
worthwhile considering an increase to the scan interval from 4 months
to a minimum 6 months. This could be done by changing the MRI pair
inclusion criteria or combining >3 MRIs from a patient to construct pairs
with longer intervals, resulting is less attrition of scans. Additionally, it
may be necessary to study multiple timepoints for each patient to
establish a trajectory and further minimise variability.

5. Conclusion
This real-world study using icobrain highlights the challenges and

limitations of brain volumetry measurements on group and individual
data in clinical settings and the need for standardisation to perform it
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adequately. Using this commercially available automated software, we
were able to define a real-world volumetric dataset to detect group-level
PBVC changes with low variance. Future development in this area will
need to improve the signal to noise ratio to enable use of volumetric data
in multi-site settings to support clinical decisions in individual patients.

Based on the observations made in this cohort, we recommend
applying strict selection criteria for volumetric analysis such as icobrain
in real-world settings, in line with the MAGNIMS guidelines
(Sastre-Garriga et al., 2020; Wattjes et al., 2015). We suggest that lon-
gitudinal MRI analysis be performed on the same scanner, and recom-
mend implementation of a thorough QC process, including scan
similarity measures. Other suggestions include increasing the scan in-
terval of analysed MRI pairs and optimising the MRI protocol for volu-
metric software, if possible, by the MS centre.
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