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ABSTRACT
BACKGROUND AND PURPOSE: Feasibility of brain atrophy measurement in patients with MS in clinical routine, without prior standard-
ization of the MRI protocol, is unknown. Our aim was to investigate the feasibility of brain atrophy measurement in patients with MS in
clinical routine.

MATERIALS AND METHODS: Multiple Sclerosis and Clinical Outcome and MR Imaging in the United States (MS-MRIUS) is a multicenter
(33 sites), retrospective study that included patients with relapsing-remitting MS who began treatment with fingolimod. Brain MR imaging
examinations previously acquired at the baseline and follow-up periods on 1.5T or 3T scanners with no prior standardization were used, to
resemble a real-world situation. Brain atrophy outcomes included the percentage brain volume change measured by structural image
evaluation with normalization of atrophy on 2D-T1-weighted imaging and 3D-T1WI and the percentage lateral ventricle volume change,
measured by VIENA on 2D-T1WI and 3D-T1WI and NeuroSTREAM on T2-fluid-attenuated inversion recovery examinations.

RESULTS: A total of 590 patients, followed for 16 months, were included. There were 585 (99.2%) T2-FLAIR, 425 (72%) 2D-T1WI, and 166
(28.2%) 3D-T1WI longitudinal pairs of examinations available. Excluding MR imaging examinations with scanner changes, the analyses were
available on 388 (65.8%) patients on T2-FLAIR for the percentage lateral ventricle volume change, 259 and 257 (43.9% and 43.6%, respec-
tively) on 2D-T1WI for the percentage brain volume change and the percentage lateral ventricle volume change, and 110 (18.6%) on 3D-T1WI
for the percentage brain volume change and percentage lateral ventricle volume change. The median annualized percentage brain volume
change was �0.31% on 2D-T1WI and �0.38% on 3D-T1WI. The median annualized percentage lateral ventricle volume change was 0.95% on
2D-T1WI, 1.47% on 3D-T1WI, and 0.90% on T2-FLAIR.

CONCLUSIONS: Brain atrophy was more readily assessed by estimating the percentage lateral ventricle volume change on T2-FLAIR
compared with the percentage brain volume change or percentage lateral ventricle volume change using 2D- or 3D-T1WI in this observa-
tional retrospective study. Although measurement of the percentage brain volume change on 3D-T1WI remains the criterion standard and
should be encouraged in future prospective studies, T2-FLAIR– derived percentage lateral ventricle volume change may be a more feasible
surrogate when historical or other practical constraints limit the availability of percentage brain volume change on 3D-T1WI.

ABBREVIATIONS: MS-MRIUS � Multiple Sclerosis and Clinical Outcome and MR Imaging in the United States; PBVC � percentage brain volume change; PLVVC �
percentage lateral ventricle volume change; RRMS � relapsing-remitting MS; SIENA � structural image evaluation with normalization of atrophy

Multiple sclerosis is an inflammatory and neurodegenerative

autoimmune disease of the central nervous system charac-

terized by demyelination and axonal degeneration.1 The mea-

surement of brain atrophy has become one of the most important

biomarkers for assessing the extent of neurodegenerative pathol-

ogy in patients with MS.2-4 Development of brain atrophy in pa-

tients with MS is 3–5 times accelerated compared with the healthy

aging population,2,3,5,6 correlates with physical and cognitive dis-

ability from the earliest disease stages,7,8 and continues through-

out the course of the disease.9-13
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Evidence is mounting that the development of disability progres-

sion in patients with MS is partially independent of accumulation of

active MR imaging lesions and substantially dependent on the devel-

opment of brain atrophy.14 Hence, there is an increasing interest in

evaluating the effect of disease-modifying therapy on decelerating

brain volume loss in clinical trials and consequently making person-

alized, patient-centric treatment choices.2,4,15,16 Therefore, there

is an urgent need for translation and incorporation of brain atro-

phy measurement into clinical routine and patient-level treat-

ment monitoring.2,4

While the need for assessment of brain atrophy on the indi-

vidual patient level for the effectiveness of treatment monitoring

has become a hot topic in the literature recently,15 there is little

understanding of how major obstacles are to be overcome. The

feasibility of brain atrophy measurement for the short term, mid-

term, and long term,2-4,17 using MR imaging sequences available

in a clinical routine is currently unknown.

Against this background, we aimed to determine whether it is

feasible to measure brain atrophy in patients with MS in clinical

routine without prior standardization of the MR imaging proto-

col, using a multicenter study design that included academic and

nonacademic centers in the United States to resemble the real-

world situation. The study evaluated MR imaging scanner

strength, type, and the quality of pulse sequence characteristics

and investigated whether MR imaging changes influence the mea-

surement of brain atrophy on the most commonly used pulse

sequences in a clinical routine on a group level over the midterm.

MATERIALS AND METHODS
The Multiple Sclerosis and Clinical Outcome and MR Imaging in

the United States (MS-MRIUS) study is a multicenter, longitudi-

nal, retrospective, observational chart review of patients with MS

treated with fingolimod (Gilenya) in clinical routine practice. The

methodologic approach and design of this retrospective study

have been previously reported.18

Briefly, clinical information and digital brain MR imaging im-

age data were retrospectively collected from 33 participating aca-

demic and nonacademic MS centers across the United States and

integrated into a central research data base.

The inclusion criteria were the following: 1) adult patients

younger than 65 years of age with relapsing-remitting MS

(RRMS) able to walk 20 m with or without assistance at the index

date (defined as the date the patient first received treatment with

fingolimod), equivalent to an Expanded Disability Status Scale19

score of �6.5; 2) starting fingolimod at the index date and remain-

ing on fingolimod for at least 28 days; 3) the availability of clinical

data �12 months from baseline (index date); and 4) a minimum of

index and follow-up (postindex date) MR imaging examinations

performed from 6 months before to 1 month after the index date and

9–24 months after index, respectively. Key exclusion criteria were the

following: 1) neurologic disease other than MS affecting CNS struc-

ture or function; 2) a history of alcohol or substance abuse; 3) partic-

ipation in an interventional trial during the study period; 4) prior use

of fingolimod or natalizumab; and 5) steroid treatment in the 30 days

prior to the scan dates.

A subgroup of 184 patients had preindex scans performed 9–24

months before fingolimod initiation (median, 13.9 months), but

this was not a required inclusion criterion. This subgroup of pa-

tients was used only to investigate serial longitudinal changes

(3 time points) of brain volume, measured for approximately 30

months.

All demographic and clinical data required for this study were

collected from patient medical records into a study-specific elec-

tronic clinical research form. For each patient, clinical informa-

tion was collected for a 48-month period, including 12–24

months’ data in the pre- and postindex period.

MR imaging examinations should have been performed on

1.5T or 3T scanners, and no standardization was expected. Pa-

tients did not need to have study examinations performed on the

same scanner type and strength to resemble a real-world situa-

tion. 2D- or 3D-T2 fluid-attenuated inversion recovery and 2D-

or 3D-T1-weighted images were collected. The participating sites

transferred digital images using the standard DICOM format. To

ensure that patient privacy was protected and that we adhered to

relevant regulations, the centralized imaging center followed

guidance from DICOM PS3.15 2015b, Security and System Man-

agement Profiles, Annex E: Attribute Confidentiality Profiles

(http://dicom.nema.org/medical/Dicom/2015b/output/html/

part15.html#chapter_E).20 Automatic de-identification via the

on-line transfer portal was performed for all study scans. This

pathway was the simplest and least burdensome for the sites, be-

cause all sites had digital transfer capability. DICOM images were

automatically anonymized before transmission to the centralized

imaging center via encrypted channels, and there was no “burned-

in” information on the images.

All scans were inspected by an experienced rater at the central-

ized imaging center. We evaluated the following quality metrics:

section thickness, excessive patient motion (“yes” or “no”), image

contrast (“bad,” “acceptable,” or “good”), and overall quality

(“bad,” “acceptable,” or “good”). The overall quality metric re-

flected anatomic coverage, the presence of imaging artifacts, noise

level, and contrast. Examinations with excessive patient motion

or bad image contrast automatically received a bad rating for

overall quality. Additionally, for each MR imaging examination,

differences in hardware model, scanner software, and the coil be-

tween index and postindex were evaluated. For each MR imaging

sequence (2D- or 3D-T2-FLAIR, 2D-T1WI, and 3D-T1WI), dif-

ferences in orientation, thickness, and protocol changes were ex-

amined. Then, overall hardware, software, coil, or protocol differ-

ences between time points were determined. Hardware change

was defined as a change in the MR imaging scanner. Software was

defined as an upgrade to a different software version using the

same scanner. Coil change was defined as a change of the coil.

Protocol change was defined as a meaningful change in TR/TE/

TI/flip angle/geometry. When the hardware changes occurred, in

almost all instances, software, coil, and protocol changes were

noticed; therefore, we refer to those as the MR imaging scanner

change. When software, coil, or protocol changes occurred with-

out hardware change, we refer to those as software/coil/protocol

MR imaging changes.

Longitudinal brain atrophy outcomes included percentage

brain volume change (PBVC) measured by structural image eval-

uation, with normalization of atrophy (SIENA)21 on 2D-T1WI

and 3D-T1WI and the percentage lateral ventricle volume change
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(PLVVC) measured by VIENA22 on 2D-T1WI and 3D-T1WI

examinations and measured by NeuroSTREAM23 on T2-FLAIR.

Lesions were inpainted before segmentation to reduce the impact

of T1 hypointensities.24 All outcomes of brain atrophy analyses

were assessed by an experienced rater. Because hardware changes

can affect longitudinal measurements,25-27 SIENA PBVC and

VIENA PLVVC analyses were considered invalid when a patient

was imaged on different hardware. In addition, because Neuro-

STREAM PLVVC was previously shown to be robust to hardware

changes in a study that included 125 patients with MS and 76

healthy controls,23 we explored the stability of this measure in

patients with and without MR imaging hardware changes using

the current real-world setting dataset.

The study adhered to the Health Insurance Portability and

Accountability Act and received central and local institutional

review board approvals.

Statistical Analyses
All statistical analyses were performed using the SAS statistical

software systems (SAS Institute, Cary, North Carolina). All anal-

yses were performed on the basis of a statistical analysis plan de-

fined a priori. Summary statistics for continuous variables in-

cluded the number of patients with valid/missing observations,

mean, SD, median, interquartile ratio, minimum, and maximum.

Summary statistics for categoric variables included frequencies

and related percentages per class level. Demographic, clinical, and

MR imaging characteristic differences were examined with the

Student t, �2, and Wilcoxon rank sum tests as appropriate. The

MR imaging acquisition differences between academic and non-

academic centers were examined using the �2 test. The influence

of MR imaging changes during follow-up was investigated by

analysis of covariance, adjusted for age, sex, days between time

periods during the follow-up, and baseline volume, as appropri-

ate. To investigate correlations between PLVVC on T2-FLAIR

using NeuroSTREAM and PLVVC and PBVC on 2D-T1WI and

3D-T1WI using VIENA and SIENA, respectively, in patients with

MS with and without software/coil/protocol MR imaging changes,

we performed Spearman rank correlations. A nominal P value of

� .05 was considered statistically significant, using 2-tailed tests.

RESULTS
Demographic and Clinical Characteristics at Index and
Postindex
Table 1 outlines demographic and clinical characteristics of the

study subjects, according to the MR imaging scanner changes be-

tween index and postindex. Of the 590 patients with RRMS in-

cluded in the study, 464 (78.6%) were women. Of the 33 centers

participating in the study, 25 (75.8%) centers were nonacademic

specialty and community MS centers and 8 (24.2%) were aca-

demic; 398 (67.5%) patients with RRMS were collected in nonac-

ademic, and 192 (32.5%), in academic centers. Between index and

postindex follow-ups, MR imaging scanner changes occurred in

284 (48.1%) patients with RRMS. The median follow-up between

index and postindex was approximately 16 months.

The median age was somewhat lower in patients with RRMS

with MR imaging scanner changes compared with those without

(P � .007). The number of relapses in 2 years before index was

significantly higher in patients with RRMS with MR imaging

scanner changes compared with those without (P � .001). Pa-

tients with RRMS without MR imaging scanner changes had

higher Expanded Disability Status Scale scores (P � .002). No signif-

icant differences between patients with RRMS with and without MR

imaging scanner changes were detected for disease duration or pre-

vious type of disease-modifying treatment at index.

MR Imaging Acquisition Characteristics at Index and
Postindex
At postindex, there was a higher proportion of patients examined

on 3T scanners (34.1%) compared with the index (29.5%, On-

line Table 1). All except 3 patients at index (99.5%) and 4 patients

Table 1: Demographic and clinical characteristics of the study subjects according to the MRI scanner changes between the index and
postindex periodsa

Index Variables

Total Patients
with RRMS

(n = 590)

Patients with RRMS
with MRI Scanner
Changes (n = 309)

Patients with RRMS
without MRI Scanner

Changes (n = 281)
P

Valueb

Age at index in yr (median) (IQR) 42 (36; 49) 41 (35; 48) 44 (37; 51) .007
Women (No.) (%) 464 (78.6) 247 (79.9) 217 (77.2) .422
Race/ethnicity (No.) (%)

Caucasian/white 494 (83.7) 252 (81.6) 242 (86.1) .319
Non-Caucasian 63 (10.7) 37 (12.0) 26 (9.3)
Unknown 33 (5.6) 20 (6.5) 13 (4.6)

Body mass index at index (median) (IQR) 26.6 (23.2–30.6) 26.5 (23.3–30.4) 26.6 (23–30.9) .895
Disease duration in yr (median) (IQR) 8 (4; 13) 7 (4; 12) 8 (4; 13) .148
Number with relapse in 2 yr before index (No.) (%) 236 (40.0) 143 (46.3) 93 (33.1) .003
EDSS at index (median) (IQR) 2.0 (1.0–3.0) 2.0 (1.0–3.0) 2.5 (1.5–3.5) .002
Use of DMT 2 yr before index (No.) (%)

Teriflunomide 5 (0.9) 3 (1) 2 (0.7) .749
Glatiramer acetate 175 (30.8) 87 (28.9) 88 (32.8) .310
Interferon-� 317 (55.7) 175 (58.1) 142 (53) .217
Alemtuzumab 1 (0.2) 1 (0.3) 0 (0) .345
Dimethyl fumarate 38 (6.7) 21 (7) 17 (6.3) .763
No DMT 94 (15.9) 46 (14.9) 48 (17.1) .467

Note:—EDSS indicates Expanded Disability Status Scale; IQR, interquartile range; DMT, disease-modifying treatment.
a MRI changes include hardware/software/coil/protocol differences between the index and postindex.
b P values represent group comparisons of patients with MS with and without MRI changes during the follow-up derived with the Student t, �2, and Mann-Whitney rank sum
tests as appropriate.
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at postindex (99.3%) had T2-FLAIR examinations, with most be-

ing 2D acquisitions, except for 9 examinations at index and 16

examinations at postindex, which were 3D. The use of 2D-T1WI

decreased during follow-up from 79.7% at index to 75.6% at

postindex, whereas the use of 3D-T1WI increased from 31.4% at

index to 39.7% at postindex. Only 16.6% index and 20.7% postin-

dex examinations had both 2D- and 3D-T1WI. A section thick-

ness of �5 mm was present in 40%–50% of the T2-FLAIR and

35%– 40% of the 2D-T1WI examinations. More than 85% of 3D-

T1WI examinations were �2 mm thick. There was minimal-

to-no excessive patient motion for all sequences, and scanner con-

trast and overall quality of the examinations were generally

acceptable or good. 3D-T1WI examinations had superior quality

to 2D-T1WI, with 80%–90% having good quality compared with

60%–70% on T2-FLAIR and 40%– 45% on 2D-T1WI.

At index and postindex, there was a significantly higher pro-

portion of 3T scanners (P � .001) and more 2D- and 3D-T1WI

examinations in academic centers (On-line Table 2). The section

thickness for various pulse sequences was lower in academic cen-

ters (�5-mm section thickness for T2-FLAIR and 2D-T1WI and

�2-mm section thickness for 3D-T1WI) (On-line Table 2). No

differences in patient motion were found between academic and

nonacademic centers, but scanner contrast and overall scan qual-

ity were better in the academic centers (On-line Table 2).

Eligibility of MR Imaging Examinations for Calculation of
Brain Atrophy Outcomes
On-line Table 3 shows the eligibility of a longitudinal pair of ex-

aminations for calculation of PBVC and PLVVC measures be-

tween index and postindex. Among index-to-postindex examina-

tions, hardware changes were identified in 29.5%; software, in

27.3%; and coil, in 31.9% of the longitudinal pairs. When pooled

together, hardware/software/coil changes were identified in about

50% of the examinations, more frequently in the academic than in

nonacademic centers (59.9% versus 42.2%, P � .002). A similar

frequency of MR imaging protocol changes during the follow-up

occurred on a pulse sequence basis for T2-FLAIR, 2D-T1WI, and

3D-T1WI, with higher rates of change in the academic than in

nonacademic centers.

There were 585 (99.2%) T2-FLAIR, 425 (72%) 2D-T1WI, and

166 (28.1%) 3D-T1WI examinations eligible for calculation of

brain atrophy outcomes. If we excluded longitudinal pairs of ex-

aminations that underwent hardware changes (174, 29.5%), anal-

yses of brain atrophy outcomes were possible for 388 (65.8%)

patients using PLVVC on T2-FLAIR, 259 and 257 (43.9% and

43.6%, respectively) patients using PBVC and PLVVC on 2D-

T1WI, and 110 (18.6%) patients using PBVC and PLVVC on

3D-T1WI.

Changes in Brain Atrophy Measures during Follow-Up
At index (data not shown), no differences were seen in brain at-

rophy measures for any pulse sequence when stratified according

to MR imaging software/coil/protocol changes occurring during

the follow-up, except for the 3D-T1WI lateral ventricle volume,

which was significantly higher in the group that underwent MR

imaging changes (P � .05).

There were no significant differences in PBVC or PLVVC mea-

sures between patients with RRMS with and without software/

coil/protocol MR imaging changes from index to postindex for

any of the MR imaging sequence types explored. Median annual-

ized PBVC was �0.31% on 2D-T1WI and �0.38% on 3D-T1WI.

Median annualized PLVVC was 0.95% on 2D-T1WI, 1.47% on

3D-T1WI, and 0.90% on T2-FLAIR (Table 2).

In a subgroup of 91 patients with RRMS with available prein-

dex, index, and postindex MR imaging examinations, no signifi-

cant differences in brain atrophy measures were found between

patients with RRMS with and without software/coil/protocol MR

imaging changes (On-line Table 4).

Using all patients with RRMS, who had analysis for PLVVC on

T2-FLAIR examination (n � 554) independent of hardware

changes, we found a significant index-to-postindex difference

when comparing those with and without MR imaging scanner

changes (�0.31% versus 1.13%, P � .007, Table 2), but not in

a subgroup of 184 patients with RRMS with available preindex,

Table 2: Brain atrophy measures of the study subjects between index and postindex, according to MRI changesa

Total Patients
with RRMS

Patients with
RRMS with MRI

Software/Coil/Protocol
Changes

Patients with RRMS
without MRI

Software/Coil/Protocol
Changes

P
Valueb

PBVC on 2D-T1WI n � 259 n � 89 n � 170 .233
�0.31 (�0.74–0.13) �0.35 (�0.97–0.11) �0.28 (�0.67–0.14)

PBVC on 3D-T1WI n � 110 n � 37 n � 73 .740
�0.38 (�0.88 to �0.04) �0.38 (�0.93–0.02) �0.37 (�0.81 to �0.08)

PLVVC on 2D-T1WI n � 257 n � 89 n � 168 .848
0.95 (�1.77–3.99) 0.95 (�1.92–4.1) 0.96 (�1.63–3.94)

PLVVC on 3D-T1WI n � 110 n � 37 n � 73 .940
1.47 (�1.26–4.39) 1.5 (�1.36–4.15) 1.01 (�1.17–4.46)

PLVVC on T2-FLAIR n � 388 n � 130 n � 258 .179
0.90 (�2.91–5.94) 0.21 (�4.67–7.2) 1.1 (�2.1–5.51)

PLVVC on T2-FLAIRc n � 554 n � 291 n � 263 .007
0.51 (�3.95–6.01) �0.31 (�6.4–6.9) 1.13 (�2.15–5.53)

a PBVC and PLVVC on 2D-, 3D-T1WI and T2-FLAIR were obtained in patients with software/coil/protocol scanner changes. All values in the table are presented as the number
of patients for a particular analysis, median, and interquartile range. The longitudinal follow-up values are annualized.
b P values represent patients with MS with and without MRI changes during the follow-up group comparisons and were derived using analysis of covariance adjusted for age,
sex, days between index and postindex, and baseline volume as appropriate.
c PLVVC on T2-FLAIR was performed in patients with hardware/software/coil/protocol changes.
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index, and postindex MR imaging examinations (On-line

Table 4).

When only MR imaging hardware change was considered, a

significantly different PLVCC was observed for patients imaged

with hardware changes between index and postindex (n � 166,

30%) compared with those who were not (n � 388, 70%)

(�1.23% versus 0.9%, P � .02).

Correlation among Different Brain Atrophy Measures
Using Different MR Imaging Pulse Sequences
On-line Table 5 shows the correlations between PLVVC on T2-

FLAIR using NeuroSTREAM and PLVVC and PBVC on 2D-

T1WI and 3D-T1WI using VIENA and SIENA, respectively, in

patients with MS with and without software/coil/protocol MR

imaging changes. PLVVC on 3D-T1WI, 2D-T1WI, and T2-

FLAIR was significantly associated with PBVC on 3D-T1WI and

2D-T1WI when all patients with MS were considered. As ex-

pected, correlations were stronger in patients with MS who were

not imaged with software/coil/protocol changes, compared with

those who were. PBVC on 3D-T1WI was associated with PLVVC

on 3D-T1WI (r � �0.7, P � .0001), PLVVC on T2-FLAIR (r �

�0.5, P � .0001), and PLVVC on 2D-T1WI (r � �0.39, P �

.0001) in patients with MS imaged without MR imaging software/

coil/protocol changes during the follow-up.

DISCUSSION
This is one of the first multicenter, retrospective, real-world stud-

ies that investigated the feasibility of brain atrophy measurement

in a clinical routine without prior standardization of the MR im-

aging protocol, using academic and nonacademic centers special-

ized in treatment and monitoring of MS in the United States.

The main findings of the study can be summarized as follows: 1)

The quality of the MR images used for brain atrophy analyses were

mostly acceptable or good in all centers; 2) about 70% of the

centers used 1.5T field strength, and there was a tendency for

higher use of 3T scanners during the follow-up; 3) academic cen-

ters performed MR imaging examinations with thinner sections,

better contrast, and overall scan quality; they also used 3T scan-

ners more frequently, with �50% of postindex examinations be-

ing performed on 3T, and had a higher proportion of 3D-T1WI

examinations; 4) T2-FLAIR examinations were used in �99% of

patients, while the figures were 72% for 2D-T1WI and 28% for

3D-T1WI examinations longitudinally; 5) scanner changes oc-

curred in �50% of the patients during the follow-up, and the

changes occurred more frequently in the academic, compared

with nonacademic centers; 6) measurement of PLVVC on T2-

FLAIR was feasible in 66% of patients, making it the most suitable

measure of brain atrophy for clinical routine, while PBVC was

obtained in 44% of patients on 2D-T1WI and 18% on 3D-T1WI;

7) excluding MR imaging hardware changes, there were no signif-

icant differences of brain atrophy outcomes in patients with and

without MR imaging software/coil/protocol changes from index

to postindex; 8) hardware changes resulted in significant PLVVC

differences on T2-FLAIR, though this was not evident in the sub-

group of patients with 3 serial MR imaging examinations during

30 months; and 9) finally, PBVC changes on 2D- and 3D-T1WI in

patients treated with fingolimod for 16 months were similar to

those reported in pivotal and/or open-label observational

studies.28

Clinical routine MR imaging examinations pose many unique

challenges.2,16 They have a lower signal-to-noise ratio and/or spa-

tial resolution due to trade-offs in scanning time. They lack stan-

dardization, which, in turn, is compounded by changes in MR

imaging hardware and/or software upgrades. In the MS-MRIUS

study, we confirmed that the spatial resolution was lower than

that used in MS research clinical trials; however, most of the scans

were of acceptable or good quality with negligible patient motion.

The MS-MRIUS study detected important differences in the

type of MR imaging scanners used between academic and nonac-

ademic centers in the United States. On the basis of some previous

reports of the use of MR imaging in the referral of patients with

MS to academic centers in the United States,29 it could be ex-

pected that the adherence to the Consortium of MS Centers30 and

Magnetic Resonance Imaging in MS (MAGNIMS)31 MR imaging

acquisition protocol guidelines for MS is somewhat lower in non-

academic compared with academic centers, which was exactly

what we found in the current study. However, MR imaging scan-

ner changes during the follow-up occurred even more frequently

in academic than in nonacademic centers, which could be attrib-

uted to academic centers upgrading software more frequently or

replacing their scanning technology more rapidly.

Image resolution and image contrast are important for a reli-

able and optimal segmentation of brain volume, and 3D pulse

sequences are preferred for measurement of brain atrophy as the

criterion standard for brain volumetric imaging because of the

reduction of partial volume effects and more accurate coregistra-

tion, especially for serial imaging with time, compared with 2D-

pulse sequences.2,3,16,17 Although 3D-T1WI is the recommended

sequence for the calculation of brain volume measures, it is con-

sidered only as an optional sequence in the current MR imaging

acquisition guidelines.30,31 The MS-MRIUS study showed that

less than one-quarter of patients with MS had eligible 3D-T1WI

for estimation of brain volume measures during the follow-up,

which substantially impacted applicability for use in clinical rou-

tine. On the other hand, the MS-MRIUS study showed that T2-

FLAIR was eligible in 99% of patients, allowing reliable PLVVC

analysis in 66% of patients during the follow-up. Therefore, mea-

surement of PLVVC on T2-FLAIR increased by 33% the propor-

tion of patients who obtained reliable brain atrophy measure-

ments compared with 2D-T1WI and by 73% compared with

3D-T1WI, respectively.

Given that more than half of the patients underwent changes

in the MR imaging scanner during the follow-up, there is a strong

need for a universally applicable panel of simple brain volume

measures that are resistant to MR imaging scanner changes. For

proper estimation of brain volume changes with time, patients

should undergo an acquisition with the same hardware and with-

out software/coil/protocol changes. However, this is very difficult

to achieve in clinical routine because of a number of different

logistic factors.2 The MS-MRIUS study showed no significant im-

pact of software/coil/protocol changes on the measurement of

PBVC and PLVVC in the clinical routine during 16 months, as

evaluated using 3 different types of software on 3 different types of

sequences. In particular, PLVVC is of interest as a choice for brain
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atrophy assessment in the clinical routine because it is relatively

robust to the negative impact of imprecise positioning, gradient

distortions, incomplete head coverage, and other motion and

wraparound artifacts.12 In addition, PLVVC occurs at a 5-fold

greater rate compared with PBVC, and the effect size of PBVC and

PLVVC for the estimation of disability progression from baseline

to 10-year follow-up is similar.12

In a previous study, the correlation analysis between PLVVC

on T2-FLAIR using NeuroSTREAM and PLVVC and PBVC on

3D-T1WI using VIENA and SIENA, respectively, was described.23

The correlation analysis from the present study showed similar

associations between PBVC on 3D-T1WI and PLVVC on T2-

FLAIR in patients with MS who did not experience software/coil/

protocol MR imaging changes during the follow-up, corroborat-

ing that PLVVC on T2-FLAIR can be used reliably in retrospective

and prospective observational studies without prior standardiza-

tion of the MR imaging protocol. However, measurement of brain

atrophy on T2-FLAIR using PLVVC is still suboptimal compared

with PBVC on 3D-T1WI, which should prompt clinicians in the

more extensive use of the latter in clinical practice.

In line with other recent studies,23,25,26 the MS-MRIUS study

showed that scanner changes had an impact on brain volume

estimates. While it was previously shown that NeuroSTREAM-

derived PLVVC is relatively robust to different field strengths

when imaged during a short time (approximately 2% coefficient

of variation in the 1.5T versus 3T scan-rescan test for 72 hours),23

the current study showed that PLVVC on T2-FLAIR was signifi-

cantly different in patients with RRMS with hardware changes,

compared with those without. If the measurement of brain atro-

phy is to become an additional assessment tool for monitoring

individual patients with MS, the annualized rate of pathologic

cutoff5 will have to be lower than the error rate introduced by

hardware changes or the analyses will be considered invalid for

those patients. Although the MS-MRIUS study was not designed

to answer this important question, it provides the first evidence of

the feasibility of brain atrophy measurement in clinical routine

without prior standardization of the MR imaging protocol. Fu-

ture studies should investigate in greater detail the influence of

individual components of scanner changes on a variety of brain

atrophy measures, applicable to clinical routine, over the short

term, midterm, and long term.

CONCLUSIONS
We showed, in this retrospective observational study, that T2-

FLAIR was the most frequent sequence in the clinical routine. To

increase general applicability of brain atrophy measurement in

observational studies in the clinical routine, one can more feasibly

estimate brain atrophy by assessing PLVVC on T2-FLAIR com-

pared with PBVC or PLVVC using 2D- or 3D-T1WI. As the most

accurate and well-established measurement of brain atrophy,

PBVC assessment on 3D-T1WI is, and should remain, the crite-

rion standard of brain volumetric imaging research. However,

T2-FLAIR– derived PLVVC may be a more feasible surrogate

when historical or other practical constraints limit the availability

of PBVC on 3D-T1WI.
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31. Rovira À, Wattjes MP, Tintoré M, et al; MAGNIMS study group.
Evidence-based guidelines: MAGNIMS consensus guidelines on the
use of MRI in multiple sclerosis-clinical implementation in the diag-
nostic process. Nat Rev Neurol 2015;11:471–82 CrossRef Medline

AJNR Am J Neuroradiol 39:289 –95 Feb 2018 www.ajnr.org 295

http://dx.doi.org/10.1097/NEN.0b013e3181a19a5a
http://www.ncbi.nlm.nih.gov/pubmed/19525897
http://dx.doi.org/10.1080/14737175.2016.1181543
http://www.ncbi.nlm.nih.gov/pubmed/27105209
http://dx.doi.org/10.1093/brain/awf177
http://www.ncbi.nlm.nih.gov/pubmed/12135961
http://dx.doi.org/10.1007/s40263-014-0140-z
http://www.ncbi.nlm.nih.gov/pubmed/24446248
http://dx.doi.org/10.1136/jnnp-2014-309903
http://www.ncbi.nlm.nih.gov/pubmed/25904813
http://dx.doi.org/10.1007/s00415-016-8374-y
http://www.ncbi.nlm.nih.gov/pubmed/28054131
http://dx.doi.org/10.1148/radiol.13122424
http://www.ncbi.nlm.nih.gov/pubmed/23613615
http://dx.doi.org/10.1212/WNL.0b013e318220abd4
http://www.ncbi.nlm.nih.gov/pubmed/21613600
http://dx.doi.org/10.1002/ana.21436
http://www.ncbi.nlm.nih.gov/pubmed/18661561
http://dx.doi.org/10.1136/jnnp-2012-304094
http://www.ncbi.nlm.nih.gov/pubmed/23524331
http://dx.doi.org/10.1136/jnnp-2013-306906
http://www.ncbi.nlm.nih.gov/pubmed/24554101
http://dx.doi.org/10.1177/1352458516629769
http://www.ncbi.nlm.nih.gov/pubmed/26883943
http://dx.doi.org/10.1212/01.wnl.0000435551.90824.d0
http://www.ncbi.nlm.nih.gov/pubmed/24122185
http://dx.doi.org/10.1002/ana.24018
http://www.ncbi.nlm.nih.gov/pubmed/24006277
http://dx.doi.org/10.1177/1352458516649253
http://www.ncbi.nlm.nih.gov/pubmed/27335098
http://dx.doi.org/10.1097/WCO.0000000000000322
http://www.ncbi.nlm.nih.gov/pubmed/27070219
http://dx.doi.org/10.1212/WNL.0000000000003542
http://www.ncbi.nlm.nih.gov/pubmed/27986875
http://dx.doi.org/10.1111/jon.12411
http://www.ncbi.nlm.nih.gov/pubmed/27918139
http://dx.doi.org/10.1212/WNL.33.11.1444
http://www.ncbi.nlm.nih.gov/pubmed/6685237
http://dx.doi.org/10.1016/j.acra.2007.11.008
http://www.ncbi.nlm.nih.gov/pubmed/18280936
http://dx.doi.org/10.1006/nimg.2002.1040
http://www.ncbi.nlm.nih.gov/pubmed/12482100
http://dx.doi.org/10.1002/hbm.22237
http://www.ncbi.nlm.nih.gov/pubmed/23362163
http://dx.doi.org/10.1016/j.nicl.2017.06.022
http://www.ncbi.nlm.nih.gov/pubmed/28706852
http://dx.doi.org/10.1002/hbm.21402
http://www.ncbi.nlm.nih.gov/pubmed/21976406
http://dx.doi.org/10.1111/jon.12271
http://www.ncbi.nlm.nih.gov/pubmed/26118637
http://dx.doi.org/10.1002/brb3.422
http://www.ncbi.nlm.nih.gov/pubmed/27110445
http://dx.doi.org/10.1016/j.neuroimage.2016.07.035
http://www.ncbi.nlm.nih.gov/pubmed/27431758
http://dx.doi.org/10.1007/s40263-017-0415-2
http://www.ncbi.nlm.nih.gov/pubmed/28247239
http://dx.doi.org/10.1001/archneur.62.4.585
http://www.ncbi.nlm.nih.gov/pubmed/15824257
http://dx.doi.org/10.3174/ajnr.A4539
http://www.ncbi.nlm.nih.gov/pubmed/26564433
http://dx.doi.org/10.1038/nrneurol.2015.106
http://www.ncbi.nlm.nih.gov/pubmed/26149978

	MATERIALS AND METHODS
	Statistical Analyses

	RESULTS
	Demographic and Clinical Characteristics at Index and Postindex
	MR Imaging Acquisition Characteristics at Index and Postindex
	Eligibility of MR Imaging Examinations for Calculation of Brain Atrophy Outcomes
	Changes in Brain Atrophy Measures during Follow-Up
	Correlation among Different Brain Atrophy Measures Using Different MR Imaging Pulse Sequences

	DISCUSSION
	CONCLUSIONS
	APPENDIX
	REFERENCES

