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ABSTRACT
BACKGROUND AND PURPOSE: Our aims were the following: 1) to compare multicontrast cortical lesion detection using 3T and 7T MR
imaging, 2) to compare cortical lesion type frequency in relapsing-remitting and secondary-progressive MS, and 3) to assess whether
detectability is related to the magnetization transfer ratio, an imaging marker sensitive to myelin content.
MATERIALS AND METHODS: Multicontrast 3T and 7T MR images from 10 participants with relapsing-remitting MS and 10 with secondaryprogressive MS. We used the following 3T contrast sequences: 3D-T1-weighted, quantitative T1, FLAIR, magnetization-transfer, and 2D
proton-density- and T2-weighted. We used the following 7T contrast sequences: 3D-T1-weighted, quantitative T1, and 2D-T2*-weighted.
RESULTS: Cortical lesion counts at 7T were the following: 720 total cortical lesions, 420 leukocortical lesions (58%), 27 intracortical
lesions (4%), and 273 subpial lesions (38%). Cortical lesion counts at 3T were the following: 424 total cortical, 393 leukocortical (93%),
zero intracortical, and 31 subpial (7%) lesions. Total, intracortical, and subpial 3T lesion counts were signiﬁcantly lower than the 7T
counts (P ⬍ .002). Leukocortical lesion counts were not signiﬁcantly different between scanners. Total and leukocortical lesion
counts were signiﬁcantly higher in secondary-progressive MS, at 3T and 7T (P ⱕ .02). Subpial lesions were signiﬁcantly higher in
secondary-progressive MS at 7T (P ⫽ .006). The magnetization transfer ratio values of leukocortical lesions visible on both scanners
were signiﬁcantly lower than the magnetization transfer ratio values of leukocortical lesions visible only at 3T. No signiﬁcant
difference was found in magnetization transfer ratio values between subpial lesions visible only at 7T and subpial lesions visible on
both 3T and 7T.
CONCLUSIONS: Detection of leukocortical lesions at 3T is comparable with that at 7T MR imaging. Imaging at 3T is less sensitive to
intracortical and subpial lesions. Leukocortical lesions not visible on 7T T2*-weighted MRI may be associated with less demyelination
than those that are visible. Detectability of subpial lesions does not appear to be related to the degree of demyelination.
ABBREVIATIONS: CL ⫽ cortical lesion; IC ⫽ intracortical; LC ⫽ leukocortical; MTR ⫽ magnetization transfer ratio; NAcGM ⫽ normal-appearing cortical GM;
RRMS ⫽ relapsing-remitting MS; SP ⫽ subpial; SPMS ⫽ secondary-progressive MS

M

ultiple sclerosis is an inflammatory and neurodegenerative
disease characterized by lesions that affect the white mat-
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ter and gray matter of the central nervous system.1 MR imaging
of the brain is the criterion standard method to detect MS
lesions in vivo,2 allowing an accurate quantification of the WM
component of MS. However, correlations between a patient’s
clinical status and WM lesion load remain modest3,4, so it is
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Table 1: Demographic and clinical characteristics of the participants
Patients with
Patients with
Signiﬁcant Differences
RRMS
SPMS
(P Value)
Male/female
3:7
3:7
EDSS score
Median, 1.5
Median, 4.5
.001a
Range, 1–3
Range, 3–6.5
Age at Onset (yr)
Mean, 34
Mean, 30
.15b
SD, 8.2
SD, 6.5
Disease duration (yr)
Mean, 12
Mean, 18
.04b
SD, 7.8
SD, 6.8
Median, 9.3
Median, 12.9
.18a
White matter lesion
Range, 0.8–44.3
Range, 3.7–50.4
volume (cm3)
Note:—EDSS indicates Expanded Disability Status Scale.
a
Mann-Whitney U test.
b
T test.

essential to accurately quantify GM lesions, especially in the
cortex, which could increase clinical-imaging correlations.
MS cortical lesions (CLs) have been classified histopathologically into 4 types: type I leukocortical (LC), affecting the
cortex and juxtacortical white WM; type II intracortical (IC),
affecting only the cortex, without reaching the WM or subpial
surfaces; type III subpial (SP), affecting the outer cortex along
the SP boundary but not reaching the WM surface; and type IV,
also SP but cortex-spanning, affecting all layers of the cortex.5
In many studies, types III and IV are grouped together as SP.
In vivo, CLs are detectable using MR imaging but are more
difficult to visualize than WM lesions because of the lower myelin
content in the cortex. Consequently, the change in myelin-related
signal in CLs is smaller. CLs also generally exhibit less inflammation than WM lesions,6 leading to limited alteration of T1 and
T2.4,7,8
During the past 2 decades, there has been significant interest in
improving MR imaging– based detection of CLs.8-12 At MR imaging field strengths of 1.5T and 3T, CLs are difficult to classify
due to an insufficient signal-to-noise ratio (SNR), making the
delineation of the boundaries between small CLs and surrounding normal tissue very challenging.10 At 7T, a classification of CLs
that approximates that of histology is possible because of the increased SNR afforded by high-field MR imaging; hence, 7T MR
imaging has emerged as the in vivo criterion standard for CL
identification.8,13,14
The reduced sensitivity of lower MR imaging field strengths
for CL detection is reflected in postmortem studies. In particular,
1.5T and 3T MR imaging detect only a small fraction of the CLs, as
low as 5%.15 MR imaging at 7T improves the detection rate16;
however, a large number of CLs are still not captured. This is
particularly true for type III lesions, for which 7%–32% detection
sensitivities have been reported.14
The simultaneous use of multiple MR imaging contrasts improves CL detection over single-contrast reads at 3T, so multicontrast 3T MR imaging CL quantification may provide results closer
to those from 7T.17
Our study presents the assessment of CL counts obtained
with multicontrast reading protocols on both 3T17 and 7T MR
images of the same MS cohort. Our goal was to establish which
CL types were visible at 3T compared with 7T, using a multicontrast approach on coregistered images and to assess
whether detectability was related to the degree of abnormality on

magnetization transfer imaging,18,19 as a
measure of relative myelin content.

MATERIALS AND METHODS
Study Population

Twenty participants with MS (6 men, 14
women, between 38 and 56 years of age)
followed at the London, Ontario MS
clinic, were recruited as part of a larger
prospective cohort study designed to assess CLs in MS. The first 10 participants
with relapsing-remitting MS (RRMS)
and the first 10 with secondary-progressive MS (SPMS) were included in the
present cross-sectional analysis. The
median Expanded Disability Status Scale score was 3 (range,
1– 6.5). The demographic details of the participants are presented
in Table 1.
The study was approved by the institutional research ethics
boards of the University of Western Ontario and McGill University. Each participant gave written informed consent.

MR Imaging Acquisition
All participants were imaged at the Centre for Functional and
Metabolic Mapping at the Robarts Research Institute, University
of Western Ontario. Subjects were imaged on a 3T Magnetom
Prisma MR imaging scanner (Siemens, Erlangen, Germany). The
same subjects were then scanned on a 7T Magnetom Step 2.3
(Siemens), using an 8-channel parallel-transmit configuration.
Each participant was scanned at both 3T and 7T on the same day,
except for 1 person whose scanning sessions were a week apart.
None of the patients received treatment with corticosteroids during the month before the MR imaging.
The 3T MR imaging contrast sequences acquired were the following: 1) 3D-MP2RAGE sequence, yielding a 3D-T1-weighted
image and a quantitative T1-map; 2) 3D-FLAIR; 3) 2D dual-echo,
TSE, yielding proton-density-weighted and T2-weighted images;
and 4) 3D-FLASH with and without a magnetization transfer
pulse, to compute the magnetization transfer ratio (MTR) images.
On the 7T scanner, we obtained MP2RAGE and 2D-FLASH
T2*-weighted image volumes. The detailed acquisition parameters are listed in Table 2.

MR Imaging Analysis
Image Processing. All 3T MR imaging contrast sequences were
coregistered before CL segmentation, using the following imageprocessing pipeline: 1) brain mask extraction,20 2) bias field correction,21,22 3) linear 9-parameter registration of the T1-weighted
image to standard Montreal Neurological Institute stereotactic
space23 (transformations for registration were calculated using
gradient orientations of minimal uncertainty),24 4) intermodality
6-parameter registration, and 5) resampling of all modalities to
the T1-weighted image in Montreal Neurological Institute stereotactic space.25
7T images were bias-field-corrected,21 and the MP2RAGE volumes (3D-T1WI and T1 map) were then linearly registered to the
AJNR Am J Neuroradiol 40:1162– 69
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Table 2: MRI acquisition parameters

Sequence
Orientation
TR (ms)
TE (ms)

3T T1WI
3DMP2RAGE
Sagittal
5000
2.98

TI (ms)

700
2500
4°
5°
176
1⫻1⫻1
8:22

Flip angle
Slices
Voxel size (mm)
Scan time (min:sec)

3T PDw/
T2WI
2D-dual
echo TSE
Axial
2350
22
87
NA
120°
120
1 ⫻ 1 ⫻ 1.5
5:26

3T
FLAIR
3D-TSE

3T MT
On/Off
3D-GRE

7T T1WI
3D-MP2RAGE

7T T2*
2D-GRE

Sagittal
6000
356

Axial
36
3.86

Sagittal
6000
2.7

Axial
1000
22

2200

NA

NA

180°

10°

800
2700
4°
5°
224
0.7 ⫻ 0.7 ⫻ 0.7
10:14

176
1⫻1⫻1
8:44

192
1⫻1⫻1
8:10

55°
60 (2 Stacks of 30)
0.3 ⫻ 0.3 ⫻ 1
8:26 (per stack)

Note:—PDw indicates proton density-weighted; MT, magnetization transfer; GRE, gradient recalled-echo; NA, not applicable.

FIG 1. Multicontrast protocol volumetric area. Due to the sensitivity
of 7T T2*-weighted acquisitions to magnetic susceptibility inhomogeneities present at the level of the posterior fossa and inferior temporal lobes, coverage of this interleaved, multislice acquisition is limited to the superior temporal lobes and above. Representation of the
common volume of the brain is considered when comparing CL types
detected on 3T and 7T.

T2*-weighted images, maintaining the high in-plane resolution of
the T2*-weighted image that allows the classification of CL types.8
Once CL identification was performed (see the Cortical Lesion
Quantification section below), we linearly registered all 3T MR
imaging contrast sequences and their corresponding masks to 7T
T2*WI space. This allowed accurate assessment of colocalization
between CLs identified at 3T and 7T.
All comparisons between 3T and 7T scans were performed in
the same volumetric area covered by the 7T T2*WI because this
sequence does not include the inferior portion of the temporal
lobes or the posterior fossa, while the 3T scans cover the whole
brain (Fig 1).
Cortical Lesion Quantiﬁcation. All MR images were segmented
by an experienced rater (J.M. with ⬎13 years of experience in
lesion segmentation on MR imaging research scans of patients
with MS), blinded to clinical status. Intra- and interrater reliability was assessed in 2 datasets (details presented in On-line Tables
1 and 2, respectively).
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3T CL identification was performed in random order before
7T CL identification, with an interval of 3 months between reads.
CLs were manually segmented using the interactive software
package “Display” (https://github.com/BIC-MNI/Display) developed at the McConnell Brain Imaging Center of the Montreal
Neurological Institute. This program allows simultaneous viewing and lesion segmentation in the coronal, sagittal, and axial
planes and cycling between multiple coregistered image contrasts.
The program provides a “painting” tool for marking voxels with a
given color (label number). These labels are saved in a separate
label file that can be loaded for superimposition onto other brain
images.26
On 3T images, CLs were segmented and classified in a single
group,17 providing a total CL count. This was done because the
resolution at 3T does not allow a confident classification of CL
types. Lesions had to be at least 3 voxels and have a high signal
intensity on FLAIR and T2WI/proton-density weighted imaging
and low signal intensity on T1WI in relation to the surrounding
normal-appearing GM to be considered a 3T CL.
On 7T images, CLs were segmented as 3 different types (using
3 label numbers) following the classification by Bø et al (2003)5,27:
type I (LC), type II (IC), and types III/IV (SP). Figure 2 shows an
example of these different types of lesions on our 7T T2*WI. All
7T contrasts were used to segment 7T CLs, which had to be at least
3 voxels and be hyperintense on T2*WI and the T1 map and
hypointense on the 3D-T1WI contrast sequence in relation to the
surrounding normal-appearing GM.
Once all scans were read, the 3T MR imaging contrast scans
and CL masks of each patient were registered to the corresponding 7T T2*WI contrast. A side-by-side comparison of registered
image slices allowed the categorization of CLs into those that had
been identified on both 3T and 7T images (common lesions), CLs
only identified at 3T (7T-negative lesions), and CLs only identified at 7T (3T-negative lesions). It also allowed us to determine
the type of CL identified by 3T images: retrospective classification
of 3T CL types.
White Matter Lesion Quantiﬁcation. WM lesions were segmented using an automated Bayesian classifier followed by manual review and correction by an experienced rater (J.M.), as previously described.28 The contrasts used for the classification and

FIG 2. Cortical lesion classiﬁcation. 7T T2* MR imaging cortical lesion classiﬁcation (Bø et al 2003).5

manual correction of the WM lesions were 3T T1WI, FLAIR, and
T2WI/proton-density-weighted.
Normal-Appearing Cortical Gray Matter Segmentation. Masks
of normal-appearing cortical GM (NAcGM) adjacent to each CL
were created by dilating the CL masks by 5 voxels in the 3 coordinate directions. A cortical GM tissue mask based on a multiatlas
label fusion method29 was used to avoid the inclusion of juxtacortical WM and CSF.

7T SP Lesion Count ⬃
(Log-Link Function) 3T Total CL count.
A negative binomial regression model was chosen in all cases in
which the CL count was the outcome variable, due to its
overdispersion.30
Finally, differences in MTR values across CL types were assessed
and compared with the surrounding (NAcGM) using a mixed-effects
model:
Mean MTR ⬃ 1 ⫹ Lesion Type ⫹ (1 兩 subject ID).

Statistical Analysis
Subject demographic data that were normally distributed were
compared using a t test; otherwise, a Mann-Whitney U test was
used. CL counts (3T versus 7T) were compared using a Wilcoxon
signed rank test. The frequency of CL types in RRMS and SPMS
was compared using a 2 test. The relationship between CL counts
at 3T and 7T was evaluated with the Spearman correlation, and
sensitivity [3T True-Positive/(3T True-Positive ⫹ 3T FalseNegative) ⫻ 100], specificity [3T True-Negative/(3T True-Negative ⫹ 3T False-Positive) ⫻ 100], positive predictive value [3T
True-Positive/(3T True-Positive ⫹ 3T False-Positive) ⫻ 100],
and negative predictive value [3T True-Negative/(3T TrueNegative ⫹ 3T False-Negative) ⫻100] of 3T counts with respect to 7T counts were calculated.
An Generalized Linear Model with a negative binomial distribution and a log-link function assessed the relationship of CL
count as the outcome variable to the disease type (RRMS versus
SPMS) as the predictor factor, adjusting for disease duration and
age at symptom onset:
CL Count ⬃ (Log-Link Function) Disease Type
⫹ Age at Symptom Onset ⫹ Disease Duration.
The same type of GLM was used to determine the relationship
between different CL types (LC and SP) and 4 predictor variables: 1)
disease type, 2) age at symptom onset, 3) disease duration, and 4) WM
lesion volume:
LC/SP Lesion Count ⬃ (Log-Link Function) Disease Type
⫹ Age at Symptom Onset ⫹ Disease Duration
⫹ WM Lesion Volume.
We also assessed whether the number of SP lesions detected by 7T
MR imaging was related to the total number of CLs detected by 3T
MR imaging, using the same type of GLM:

All statistical analyses were performed using MATLAB R2018a
and SPSS v.24.

RESULTS
Study Population Features
The male-female ratio was the same in the RRMS and SPMS
groups: 3/7. The age at the onset of MS was not significantly different between RRMS and SPMS participants (P ⫽ 0.15). The
disease duration was significantly longer for SPMS (P ⫽ .04). The
Expanded Disability Status Scale scores were significantly higher
in the SPMS group (P ⫽ .001) (Table 1).
The volume of WM lesions was not significantly different between RRMS and SPMS groups (P ⫽ 0.18).

Cortical Lesion Counts
Seven hundred twenty CLs were detected using the 7T multicontrast protocol. The median CL count was 24.5 per participant
(range, 0 –119). Of these, 420 (58%) were LC, 27 (4%) were IC,
and 273 (38%) were SP.
Four hundred twenty-four CLs were detected using the 3T
multicontrast protocol (count limited to the region covered by
the 7T T2*WI scan). The median CL count was 13 per participant
(range, 1–59). Of these, 393 (93%) were retrospectively determined to be LC, none were IC, and 31 (7%) were SP. The total 3T
CL count, in the complete 3T volume, was 617, with a median
count of 24.5 per participant (range, 1– 85).
The 3T total CL, IC, and SP lesion counts were significantly
lower than the respective 7T counts (P ⫽ 0.39). The LC lesion
count was not significantly different between 3T and 7T.
One hundred twenty-six (30%) LC lesions were detected only
on 3T MR imaging and were missed on 7T. On retrospective
review, these LC lesions were visible at 7T on the MP2RAGE sequence but were not labeled as lesions due to the low signal on
T2*WI. These 126 LC lesions did not show a preferential location
AJNR Am J Neuroradiol 40:1162– 69
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Cortical Lesion Magnetization
Transfer Characteristics
Mean MTR values of LC lesions visible
on both scanners (3T–7T, common LC
lesions) were significantly lower (mean
MTR ⫽ 37.1 ⫾ 3.0) (P ⬍ 0.001) than
mean MTR values of LC lesions visible
only on 3T (7T-negative LC lesions)
(mean MTR ⫽ 38.3 ⫾ 2.6).
The MTR of SP lesions visible on
both 3T and 7T (common SP lesion)
did not differ significantly from the
MTR of SP lesions visible only on 7T
(3T-negative SP lesion) (P ⫽ .5).
The mean MTR values in the GM
voxels of each lesion type were also comFIG 3. Example of CL lesions detected by 3T and 7T protocols. Example of 3T–7T common SP
pared with surrounding NAcGM MTR
lesions (upper row) and 7T-negative LC lesions (lower row).
values. LC lesions only visible on 3T
in the gyri; 43.6% affected the crown of the gyri, and 56.4% were
scans or on both 3T and 7T scans showed significantly lower MTR
located along the sulci. Finally, 50% of these LC lesions were lovalues than the surrounding NAcGM (P ⫽ .03 and .002, respeccated in the frontal lobes (see detailed localization and lobe distively). In LC lesions visible only on 7T scans, the MTR difference
tribution in On-line Tables 3 and 4).
compared with the surrounding cortex did not reach statistical
Thirty-one (11%) SP lesions were detected on both 3T and 7T
significance (37.6 ⫾ 2.1 versus 38.0 ⫾ 1.6, P ⫽ .06). IC lesions,
MR imaging (Fig 3).
only visible on 7T scans, did not show lower MTR values than the
At 7T total CL, LC, and SP lesion counts were significantly
surrounding NAcGM. Finally, SP lesions detected on either 7T or
higher in SPMS participants after adjusting for disease duration
both 3T and 7T showed significantly lower MTR values compared
and age at disease onset (P ⫽ 0.01, P ⫽ 0.008, and P ⫽ 0.03,
with the surrounding NAcGM (P ⬍ 0.001 and .01, respectively).
Detailed MTR data are presented in On-line Table 10 and the
respectively). The IC lesion counts were not significantly different
On-line Figure.
across MS types (P ⫽ 0.23), likely due to their small numbers (9 in
RRMS, 18 in SPMS).
Association of Cortical Lesion Counts with Clinical and
At 3T, the proportions of LC and SP lesions of the total CL
MR Imaging Measures
count were not significantly different between RRMS and
We assessed the association between the 7T LC lesion count as the
SPMS (P ⫽ 0.06 and P ⫽ 0.49, respectively) (IC lesions were
outcome variable and 4 predictors: MS type, disease duration, age
not detected at 3T). The proportions of CL types obtained on
at onset, and WM lesion volume. We found a significant associa7T MR imaging were significantly different between RRMS and
tion with SPMS (P ⫽ .006), a significant negative association with
SPMS when considering all 3 CL types (P ⫽ .02). However,
age at onset (P ⫽ .05), and a significant positive association with
when assessing differences between MS types in pairs of CL
WM lesion volume (P ⫽ .03). When the same associations were
types, there were no significant differences in the proportions
evaluated for SP lesion as the outcome variable, only SPMS was
of LC and IC or IC and SP lesions. This finding is likely due to
found to have a significant association (P ⫽ .03).
the small number of IC lesions that were identified. ConFinally, we used a GLM to assess whether the total number of
versely, the proportion of LC and SP lesions was significantly
3T CLs detected in the whole-brain volume could predict the
different between phenotypes (P ⫽ 0.007), with a higher pronumber of SP lesions (3T total CL count ⫽ predictor; 7T SP lesion
portion of LC lesions in SPMS. Details of the CL proportion by
count ⫽ outcome variable), and we found a significant positive
phenotype and tables used to calculate 2 are presented in
association (P ⫽ .03).
On-line Tables 5–9.
The correlation between CL counts obtained at 3T and 7T,
determined using a nonparametric test (Spearman ), was
0.96 for LC lesions (P ⬍ 0.001) and 0.78 for SP lesions (P ⬍ 0.001)
(Fig 4).
The sensitivity of 3T counts with respect to 7T counts was
67.2% for LC lesions and 11.3% for SP lesions. The specificity of
3T counts, as well as the negative predictive values, could not be
determined due to the inability to count true-negatives (cortex
that appeared normal at both 3T and 7T). The positive predictive
values for the 3T LC lesion count were 93.4% and 100% for SP
lesions. However, these positive predictive values are relatively
uninformative because the classification of CL 3T scans was only
performed in a retrospective fashion.
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DISCUSSION
Comparison of our 2 multicontrast MR imaging reading protocols, using coregistered images derived from 3T and 7T scans,
showed that LC lesions are detected with a comparable degree of
accuracy and acceptable sensitivity on 3T scans: 3T LC sensitivity ⫽ 67.2% and 3T LC positive predictive value ⫽ 93.4%. Furthermore, we found that the correlation between LC lesion counts
on 3T and 7T was very high: r ⫽ 0.96, P ⬍ 0.001. Thus, a 3T
multicontrast detection of LC lesions could be considered equivalent to a 7T multicontrast assessment of LC lesions using T2* and
MP2RAGE.
Our study also reproduces previous findings regarding the su-

FIG 4. CL count correlations. Leukocortical and subpial lesion count correlations across scanners: 3T LC lesion counts and 7T LC lesion counts;
3T SP lesion counts and 7T SP lesion counts.

perior sensitivity of 7T MR imaging in the detection of SP and IC
lesions, with a 3T sensitivity for SP lesions of only 11.3%.14 A
slice-by-slice comparison of 3T images coregistered with 7T images revealed that 11% of SP lesions detected on 3T MR imaging
could not be prospectively differentiated from LC lesions due to
the lower resolution of the 3T scans. However, the number of
3T-positive SP lesions showed a high positive predictive value
(100%) and a high correlation with the total SP lesion count at 7T
(r ⫽ 0.78, P ⬍ 0.001), suggesting that the few SP lesions detected
on 3T scans are all true-positives and that their distribution across
participants would be representative of the distribution of SP lesions at 7T, albeit with a much lower sensitivity.
We also performed a slice-by-slice comparison of coregistered
3T and 7T images to assess CLs that were identified exclusively on
3T or 7T images. We found that 30% of LC lesions were not
identified at 7T due to the absence of increased signal on the 7T
T2*WI contrast, though they exhibited clear hypointensity on
3D-T1WI at 7T and elevated signal on the T1 map.14 Conversely,
these negative-7T LC lesions were visible on 3T FLAIR,13 where
they exhibited the classic hyperintensity of MS lesions. The finding of LC lesions negative on 7T T2*WI is in line with previous
studies that reported a lower sensitivity of 7T T2*WI compared
with 7T T2WI in the detection of LC lesions.14,31,32 Specifically,
Kilsdonk et al, in 2016,14 performed an ex vivo comparison between 7T MR imaging CL detection by lesion type on various MR
imaging contrast sequences versus histopathology, reporting that
7T T2*WI was able to detect only 50% of all LC lesions versus a
detection of 100% using 7T T2WI. Due to both time constraints
and inherent challenges related to whole-head B1 shimming for
T2WI acquisitions at 7T, it is not always possible to acquire both
T2*WI and T2WI data in a single scan session. Consequently,
researchers may favor 7T T2*WI, given its more sensitive performance in the assessment of SP lesions, which is the most difficult
CL type to detect. However, if an MP2RAGE sequence is used at
7T, the sensitivity for LC lesions might be improved by increasing
the weight of joint positivity on 3D-T1WI and the T1 map and
relaxing the requirement for hyperintensity on T2*WI. Alternatively, the inclusion of a FLAIR contrast in the acquisition proto-

col of 7T scans may increase the LC lesion detection rate when
combined with the MP2RAGE sequence.
Our finding that 7T-negative LC lesion had significantly
higher MTR values than those found in 3T–7T common LC lesion
suggests that negative LC lesion on 7T might be related to lower
levels of demyelination.19 Additionally when comparing MTR
values of LC lesions with the values of the surrounding NAcGM,
3T-negative LC lesions showed lower MTR values but did not
reach statistical significance (P ⫽ .06). Conversely, common LC
lesions and 7T negative did show significantly lower MTR values
than the surrounding NAcGM (P ⫽ 0.002 and P ⫽ 0.03,
respectively).
MTR was also used to characterize SP lesions visible on both
3T and 7T (common SP lesions) versus SP lesions only visible on
7T (3T-negative SP lesions). We did not find significant differences in MTR values, suggesting that the visibility of SP lesions on
3T images is not related to their degree of myelination/demyelination,19 but possibly to MR imaging resolution and T2 contrast
characteristics of the lesions. We speculate that the inherently
lower myelin content in cortical GM, particularly in the superficial layers,33 may also, in part, be responsible for the lack of MTR
differences between common SP lesions and 3T-negative SP lesions. However, when we performed the comparison of MTR values of these lesions with the surrounding NAcGM, both common
SP lesions and 3T-negative SP lesions showed significantly lower
values (P ⫽ 0.01 and P ⬍ 0.001, respectively).
Our study also assessed differences in CL types in the RRMS
and SPMS groups. We did not find a higher proportion of SP
lesions in SPMS, as suggested by ex vivo studies.34,35 This discrepancy could be related to the use of end-stage SPMS tissue samples
in previous ex vivo studies. The participants with SPMS in our
study had moderate disability and were of similar age to the those
with RRMS. Another possible explanation could be related to pathologists typically only considering regions of complete demyelination as true lesions.35 This type of definition is operationally
impossible on MR imaging in vivo. When one applies MR imaging for in vivo identification of CLs, some LC lesions could represent areas of partial demyelination.32 This would increase the
AJNR Am J Neuroradiol 40:1162– 69
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MR imaging– based LC count in relation to a corresponding
count using histology. In addition, on MR imaging, we were able
to assess lesion counts over a larger volumetric area of the brain, as
opposed to single slices evaluated in ex vivo studies.
Regarding the associations of CL counts and clinical and MR
imaging measurements as predictors, we observed a significant
association with MS type of both LC and SP lesions, with significantly higher counts in SPMS. However, while LC lesion counts
also showed a significant positive association with WM lesion
volumes and a significant negative association with age at disease
onset, SP lesions did not. These differences could be related to
variations in the dynamic aspects of the pathophysiologic evolution in the 2 lesion types. However, given the lower sensitivity of
MR imaging to SP lesions, our sample size may be too small to
observe significant associations with other predictors.14
Finally, the positive relationship of 3T total CL count to the 7T
SP count, along with the strong relationship between LC lesion
count at 3T and 7T, suggests that the overall CL identification
performed on 3T is informative regarding the overall CL burden.
The use of multicontrast acquisitions and reading protocol would
allow many more centers without access to 7T scanning to assess
CL pathology in MS.

Limitations
The absence of a histopathologic assessment is an obvious limitation of this study. As a consequence, we have characterized lesions
as 3T positive/negative and 7T positive/negative because previous
work using ex vivo MR imaging has shown that 7T still has sensitivity limitations in the detection of the different CL types.14 Nevertheless, we performed an analysis of sensitivity and calculated
predictive values of 3T counts in relation to 7T counts, given the
generally higher performance of 7T imaging. An ex vivo study has
shown that partial demyelination in CLs is detectable on MR imaging32; however, most ex vivo studies do not consider partially
demyelinated lesions in their quantifications. We believe that this
is a limiting factor in the interpretation of count data in comparing MR imaging and histology results.

CONCLUSIONS
3T multicontrast MR imaging is an adequate method to detect the
number of LC lesions. 7T MR imaging is necessary for quantifying
SP lesions and IC lesions in vivo. However, CLs detected at 3T
include a fraction of SP pathology with a high predictive value that
significantly correlates with SP lesions seen on 7T. This outcome
suggests that a standardized, multicontrast 3T MR imaging reading protocol on coregistered images can be a valuable method to
assess overall CL burden in vivo. We found that LC and SP lesions
were higher in participants with SPMS, highlighting their association with progression in MS. Longitudinal studies are needed to
assess the rate of accumulation of CLs and their association with
change in clinical variables.
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