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ABSTRACT

BACKGROUND AND PURPOSE: Contrast-enhancing MS lesions are important markers of active inflammation in the diagnostic work-up
of MS and in disease monitoring with MR imaging. Because intravenous contrast agents involve an expense and a potential risk of adverse
events, it would be desirable to identify active lesions without using a contrast agent. The purpose of this study was to evaluate whether
pre-contrast injection tissue-relaxation rates and proton density of MS lesions, by using a new quantitative MR imaging sequence, can
identify active lesions.

MATERIALS AND METHODS: Forty-four patients with a clinical suspicion of MS were studied. MR imaging with a standard clinical MS
protocol and a quantitative MR imaging sequence was performed at inclusion (baseline) and after 1year. ROIs were placed in MS lesions,
classified as nonenhancing or enhancing. Longitudinal and transverse relaxation rates, as well as proton density were obtained from the
quantitative MR imaging sequence. Statistical analyses of ROl values were performed by using a mixed linear model, logistic regression, and
receiver operating characteristic analysis.

RESULTS: Enhancing lesions had a significantly (P < .001) higher mean longitudinal relaxation rate (1.22 % 0.36 versus 0.89 = 0.24), a higher
mean transverse relaxation rate (9.8 % 2.6 versus 7.4 * 1.9), and a lower mean proton density (77 = 11.2 versus 90 * 8.4) than nonenhancing
lesions. An area under the receiver operating characteristic curve value of 0.832 was obtained.

CONCLUSIONS: Contrast-enhancing MS lesions often have proton density and relaxation times that differ from those in nonenhancing
lesions, with lower proton density and shorter relaxation times in enhancing lesions compared with nonenhancing lesions.

ABBREVIATIONS: AUC = area under the curve; Gd = gadolinium; NAWM = normal-appearing white matter; PD = proton density; qMRI = quantitative MRI;

ROC = receiver operating characteristic; R, = longitudinal relaxation rate; R, = transverse relaxation rate

R imaging of the CNS is of great importance in the diagnos-
tic evaluation of multiple sclerosis and in the follow-up and
monitoring of disease activity and treatment response.’ With the
use of MR imaging, dissemination of lesions in time and space is
evaluated according to the revised McDonald criteria.” New le-
sions at follow-up scans represent disease activity and may indi-
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cate a need for a therapy switch.” Even though patients with MS
are monitored with MR imaging, lesion load does not have a
strong predictive value for disability.* Injection of a gadolinium
(Gd)-based contrast agent is included in routine MS MR imaging
protocols and is used to detect active MS lesions on the basis of a
local disruption of the blood-brain barrier due to acute inflam-
mation. Even though uncommon, Gd administration may be as-
sociated with nephrogenic systemic fibrosis® in patients with re-
duced renal function, and there is a potential risk for immediate
adverse events.® Furthermore, 2 recent studies reported signal
changes in the deep nuclei of the brain with a relationship to an
increasing cumulative dose of Gd-based contrast material,”®
which has been shown to indicate deposition of Gd in the body.”
Apart from the potential adverse events, contrast agents also con-
stitute an additional expense (cost of contrast agent and prolon-
gation of scanning time). Intravenous injections of contrast
agents may also cause patient discomfort during MR imaging
examinations.

Overall, it would be desirable to develop a method to identify
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Table 1: Patient demographics

Demographics

No. of subjects 44
Median age at inclusion (yr) 31(range, 21-62)
Sex (M/F) 8:36
Diagnosis at inclusion (possible MS/MS) 23/21
Diagnosis at 1-year follow-up (possible MS/MS) 16/28
Relapse® at inclusion (yes/no) 22/22
Relapse at 1-year follow-up (yes/no) 4/40

Median EDSS at inclusion
Median EDSS at 1-year follow-up

2 (range, 0-5)
1.25 (range, 0-4)

Note:—EDSS indicates Expanded Disability Status Scale.
*A “relapse” was defined as new symptoms or worsening of previous symptoms,
lasting >24 hours and in the absence of increased body temperature and infection.

active MS lesions without the administration of contrast agents.
Previous studies have reported changes in acute MS lesions re-
garding MR imaging frequency shift,'® magnetization transfer ra-
tio,'" and relaxation values,'” suggesting the possibility of using
quantitative methods to distinguish and characterize the acute
lesions. However, so far no method has met the requirements
necessary to be considered fully clinically applicable. A new se-
quence for quantitative MR imaging, quantitative MRI (QMRI),
with a clinically acceptable scanning time of approximately 5 min-
utes has been developed.'*'* The gMRI sequence makes it possi-
ble to measure the longitudinal relaxation rate (R,), the trans-
verse relaxation rate (R,), and proton density (PD) from the
same scan and also takes the normalized radiofrequency Bl
field into account.

This study was performed to compare the relaxation rates and
PD ofactive MS lesions before contrast agent injection with quan-
titative values from nonenhancing lesions to determine whether
active MS lesions can be identified by qMRI without the admin-
istration of a Gd-based contrast agent.

MATERIALS AND METHODS

Subjects

Forty-six patients with a clinical suspicion of MS were consecu-
tively enrolled in a prospective longitudinal cohort study of early
MS at the Department of Neurology at the University Hospital in
Linkoping, Sweden. Two patients were excluded, 1 due to with-
drawal of consent and 1 due to the finding of a trigeminal schwan-
noma, which explained the patient’s clinical findings. The pa-
tients were classified as having possible MS or MS according to the
revised McDonald criteria.” Table 1 shows details of patient de-
mographics. MR imaging according to a standard clinical MS pro-
tocol with the addition of QMRI before and after administration
of a Gd-based contrast agent was performed at inclusion (base-
line) and after 1 year. In addition, 4 MR imaging examinations
were performed in relation to clinical relapses. Ninety-two MR
imaging examinations were performed. The local institutional re-
view board approved the study, and informed written consent was
obtained from all patients.

MR Imaging Acquisition

Images were acquired on a 1.5T MR imaging scanner (Achieva;
Philips Healthcare, Best, the Netherlands) by using an 8-channel
phased array head coil. The sequence parameters for conventional
images were as follows:

2 Blystad @ 2016 www.ajnr.org

e T2-weighted fluid-attenuated inversion recovery: axial; FOV,
230 X 183 mm; 43 sections; voxel size, 0.9 X 1.14 X 3 mm; TE,
120 ms; TR, 6000 ms; TI, 2000 ms; scan time, 6 minutes

e T1-weighted spin-echo before and after Gd contrast agent in-
jection: axial; FOV, 230 X 183 mm; 43 sections; voxel size,
0.9 X 1.13 X 3 mm; TE, 15 ms; TR, 596 ms; scan time, 5:08
minutes

e T2-weighted spin-echo; axial; FOV, 230 X 184 mm; 43 sec-
tions; voxel size, 0.6 X 0.78 mm; TE, 100 ms; TR, 4452 ms; scan
time, 3:42 minutes.

The quantitative sequence, QMAP,'*! is a multisection, multi-
echo, and multisaturation delay qMRI technique, with the following
parameters in this study:

e gMRI: axial; FOV, 230 X 182;43 sections; voxel size, 1.5 X 1.5 mmy;
TE, 14, 28, 42, 56, 70 ms; TR, 4244 ms; TI, 0.0974, 0.5846, 1.8511,
4.0919 seconds; saturation flip angle, 120° scan time, 6:09 minutes.

Allimages had a section thickness of 3 mm without an intersection
gap. Postcontrast qMRI images were acquired approximately 15 min-
utes after intravenous injection of 0.2 mL/kg body weight of a 0.5-
mmol/mL Gd-based contrast agent (gadopentetate dimeglumine,
Magnevist; Bayer HealthCare Pharmaceuticals, Wayne, New Jersey).

Postprocessing and ROl Placement

The qQMRI sequence yields quantitative maps of R, R,, and PD
(Fig 1), which are used for measurements and to create synthetic
images matching the conventional ones (Fig 2). The postprocess-
ing time of the raw image dataset was approximately 1 minute on
an ordinary PC by using SyMRI Diagnostic software (SyntheticMR,
Linkoping, Sweden) to create the synthetic images. Relaxation
time values (T-values) were obtained from R, and R, by calculat-
ing T = 1/R. Using the software MevisLab, Version 2.4 (MeVis
Medical Solutions, Bremen, Germany), we anonymized the syn-
thetic images with corresponding conventional images and pre-
sented them to a neuroradiologist in random order. For each
patient, synthetic T2-weighted, T2-FLAIR, T1-weighted, and T1-
weighted Gd images were displayed side by side. MS lesions were
identified by conventional neuroradiologic criteria, described in
the McDonald criteria for MS. The MS lesions were then classified
by visual assessment as enhancing or nonenhancing. The neuro-
radiologist had access to the conventional images for confirma-
tion of the findings (Fig 3A).

ROIs were placed in the synthetic images within MS lesions of
>3 mm in diameter, slightly inside the visual outer rim of the
lesion in order to avoid partial volume effects from surrounding
tissue. Thus ROI size varied depending on the size of the lesion.
ROIs in nonenhancing lesions were drawn in synthetic T2-
weighted images. ROIs in enhancing lesions were drawn on the
synthetic T1-weighted Gd images (Fig 3B). A transformation ma-
trix between the gMRI volume after contrast agent injection and
the gMRI volume before contrast agent injection was calculated.
This calculation was done by a registration of the synthetic T1-
weighted Gd imaging to the synthetic TIWI by using rigid body
registration with the image registration toolkit in MeVisLab. The
transformation matrix was then used to register the T1-weighted
Gd imaging ROIs of active lesions to the precontrast qMRI vol-
ume (Fig 3A).
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FIG 2. Synthetic TIWI (left), T2WI (middle), and T2-weighted FLAIR (right) imaging, postsynthesized from the quantitative MR imaging scanin a

patient with MS.

In the same patients, ROIs were also placed in synthetic T2-
weighted images in the normal-appearing white matter (NAWM)
inan area in the contralateral hemisphere that corresponded as far
as possible to the location of the lesion. However, NAWM ROIs
tended to be located more subcortical in the hemisphere due to
diffuse signal changes in the periventricular white matter, “dirty
appearing white matter” (Fig 4).

Statistics
After forming mean values of R}, R,, and PD in each RO], these
means were compared by using a mixed linear model. The fixed
effects were the type of ROI (NAWM, enhancing lesion, or non-
enhancing lesion) and the time (in years) from the first examina-
tion, whereas patient identity was a random effect. For compari-
sons between types of ROIs, we used the Tukey ¢ test.

In addition, receiver operating characteristic (ROC) analysis

was performed after aggregating data to the ROI level and exclud-
ing ROIs representing NAWM. Lesions were classified as nonen-
hancing or Gd-enhancing by using each of the measured entities
(Ry, Ry, and PD) and a linear combination of the 3, obtained with
a logistic regression model; the corresponding area under the
ROC curve (AUC) was reported.

All statistical calculations were performed in JMP 9.0 (SAS,
Cary, North Carolina).

RESULTS

Of the 92 examinations, 14 contained both contrast-enhancing
and nonenhancing MS lesions. Forty-four examinations had non-
enhancing MS lesions only. These 58 examinations were obtained
from 29 individuals. Thirty examinations had no lesions or MS
lesions that were <3 mm. Four examinations had white matter
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FIG 3. A, Conventional TIWI images corresponding to the synthetic
images in B. Postgadolinium imaging is on the left and native on the
right. B, An active lesion with ROI placement in the synthetic TIWI
after gadolinium-based contrast agent injection (left image). The ROI
was then registered onto the synthetic precontrast injection TIWI
(right image).

lesions assessed as not having a typical MS lesion appearance (un-
specific white matter lesions); thus, these examinations were not a
part of the quantitative analysis. Forty-three ROIs were drawn in
enhancing MS lesions, and 622 ROIs were drawn in nonenhanc-
ing MS lesions. In all, 102 ROIs were drawn in NAWM, approxi-
mately 2 ROIs per patient with certain MS lesions.

Enhancing MS lesions had significantly higher precontrast
mean R, higher mean R,, and lower mean PD than nonenhanc-
ing lesions (Table 2). Precontrast relaxation times for the enhanc-
ing lesions were thus shorter than those for the nonenhancing
lesions. For enhancing lesions, the mean R, value was 1.22 s !
(T1 = 820 ms) and the mean R, value was 9.8 s~ ' (T2 = 102 ms).
For nonenhancinglesions, a mean R, value of0.89 s~ "(T1=1126
ms) and amean R, of 7.4 s~ ' (T2 = 135 ms) were found. NAWM
had a mean R, of 1.71 s~' (T1 = 584 ms), and mean R, was 13.1
s ' (T2 = 76 ms).

Distributions of mean R, mean R,, and mean PD for enhanc-
ing and nonenhancing lesions are shown in Fig 5. As can be seen in
Fig 5A, enhancement was rare in lesions with a mean R, value
below 0.8 s ! (sensitivity, 0.884). On the other hand, above this
threshold, enhancing lesions were still less frequent than nonen-
hancing ones, and the specificity was only 0.360. Very few enhanc-
ing lesions had a mean R, value below 6 s ! (sensitivity, 0.954),
whereas higher mean R, values were not specific for enhancing
lesions (specificity, 0.249) (Fig 5B). Mean PD values above 95%
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FIG 4. An example of a synthetic T2WI with an ROI placed in the
NAWM in the left hemisphere contralateral to a nonenhancing lesion
in the right hemisphere.

Table 2: Quantitative measurements of normal-appearing white
matter and enhancing and nonenhancing MS lesions before
gadolinium-based contrast agent injection®
Ri(l/s) R, (//s) PD(%)
171=0.09 31*0.67 624 *+19
122036 98*x26 77.0x12
089+024 7419 898 *+84

NAWM (n = 102)
Enhancing lesions (n = 43)
Nonenhancing lesions
(n = 622)
Difference between enhancing
and nonenhancing lesions

+0.33° +243% -128°

Data are means. Differences are estimated as least squares means and are tested
with the Tukey t test.
bp < .00l

were very seldom found in enhancing lesions (sensitivity, 0.977),
but even below this threshold, the enhancing lesions made up a
minority of the findings (specificity, 0.317) (Fig 5C). Table 3
shows the sensitivity and specificity for a few different cutoff val-
ues in the same parameters for predicting enhancing MS lesions.

When sensitivity and specificity for all possible thresholds
were combined in a receiver operating characteristic analysis, the
area under the ROC curve was 0.764 for mean R,, 0.760 for mean
R,,and 0.811 for mean PD. For the optimal linear combination of
the 3 measurements obtained by logistic regression [ —3.93 mean
(R;) + 0.210 mean (R,) — 0.194 mean (PD)], the AUC was only
slightly higher (0.832).

DISCUSSION

There have been attempts to predict the breakdown of the BBB in
MS lesions without contrast agents by using conventional im-
ages,">'° but the accuracy has not been satisfactory so far. Previ-
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FIG 5. A, Histograms of mean R, for enhancing and nonenhancing le-
sions. B, Histograms of mean R, for enhancing and nonenhancing lesions.
C, Histograms of mean PD for enhancing and nonenhancing lesions.

ous studies have used features of conventional images (eg, T2
peripheral rim hypointensities'®) and mathematic modeling of
voxel-based T1 and T2 intensities'® in an attempt to identify ac-
tive lesions, but they did not attain the desired sensitivity and
specificity to fully identify active lesions without a contrast agent.
Quantification of diffusion characteristics of acute lesions by us-
ing ADC values was previously thought to be a discriminator of
acute-versus-chronic MS lesions, but a recent study showed vari-
able diffusion values in acute MS lesions.'” Most previous quan-
titative relaxation methods yielded measurements of either T1 or
T2 relaxation. Some methods do quantify T1 and T2, but they

Table 3: Sensitivity and specificity for different cutoffs for
relaxation values to predict enhancing MS lesions

Relaxation Value Sensitivity (%) Specificity (%) Youden Index®

R; measurement

128 47 95 42

117 58 90 48

110 60 82 42
R, measurement

10 51 93 44

9.34 63 87 50

8.70 65 78 43
PD measurement

77.69 54 92 46

79.96 61 87 48

82.53 63 82 45

#Youden index = sensitivity + specificity — 100.

have not been clinically applicable, due to either long scan times,
lack of robustness, or complicated and cumbersome postprocess-
ing procedures,'® and relaxation values are thus not part of the
clinical routine assessment of MR imaging examinations today.
Previous reports of relaxation time measurements in MS le-
sions have shown variable results. In the present study, with the
use of gMRI, we found significant differences between the quan-
titative values of enhancing lesions and nonenhancing lesions,
which is in line with other studies that have found a difference in
quantitative characteristics in acute MS lesions compared with
nonenhancing lesions.'®'* We found that enhancing lesions had
shorter T2 than nonenhancing lesions but longer T2 than
NAWM. This finding is consistent with those in other studies,''”
whereas some early studies on relaxation times in MS lesions
showed a longer T2 in acute than in chronic lesions.”® However,
looking at the original studies, Larsson et al*' did not find a dif-
ference in T1 and T2 measurements between acute and chronic
plaques, but a tendency toward a slight increase in T1 and T2 in
the acute plaques and a very high T2 value in the center of the

plaque at a later stage. Ormerod et al*

reported a decrease in T1
and T2 relaxation times in serial studies of acute lesions; however
the classification of acute or chronic MS lesions of the brain stem
was based on the duration of symptoms, not on contrast enhance-
ment in lesions.

Our finding of a shorter T1 in enhancing lesions than in non-
enhancing lesions is not in line with the findings of Jurcoane et
al.'” However, they used a method for voxel-based automatic cal-
culation of T1 shortening after contrast agent administration, de-
fining all FLAIR hyperintense areas, including dirty-appearing
white matter, as lesions. Lesion voxels were then defined as con-
trast-enhancing if T1 shortening was 2 SDs above the T1 shorten-
ing in NAWM. Thus, dirty-appearing white matter would consti-
tute a great part of the nonenhancing lesions, explaining the
higher T1 values in enhancing lesions because the relaxation time
values of dirty-appearing white matter are lower than those in
lesions but higher than those in NAWM.?* In our study, the com-
parison was made between enhancing and nonenhancing lesions,
not including the dirty-appearing white matter.

The finding of shorter T1 and T2 in enhancing lesions than in
chronic lesions could be understood on the basis of the pathology
involved,”* with the acute lesions being hypercellular due to an
accumulation of inflammatory cells. The subsequent edema, in-
tra- and intercellular in origin, results in a slight increase in the
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relaxation values compared with normal tissue. In chronic le-
sions, there are hypocellularity, demyelination, and naked axons,
and the free water fraction increases, yielding a higher relaxation
time value. This is also reflected in the higher PD values in non-
enhancing lesions compared with the enhancing lesions.

Despite the significant differences demonstrated, the overlap
in T1-, T2-, and PD values between enhancing and nonenhancing
lesions results in an imperfect prediction of enhancement from
qMRI values. Even after forming an optimal linear combina-
tion of the 3 measurements, the AUC was only slightly higher
than that for PD, which yielded the best prediction out of the 3
measurements.

In this study, the relaxation measurements in the lesions were
made irrespective of their time point in the disease, which means
that the age of the lesion was not a factor in the analysis and the
dynamics of the evolution of the lesions were not considered.

However, Cotton et al*®

showed that the acute phase with contrast
enhancement has a median duration of 1-2 weeks for most le-
sions. Patients in this cohort were newly diagnosed with possible
MS or MS, and most were in the early stages of the disease.

The ROC analysis gave a maximal AUC of 0.832, which is
comparable with that in other studies,'” but the result does not
support the use of relaxation time measurements alone for clinical
evaluation of the status of the BBB in MS lesions, because the
clinical setting requires a higher sensitivity and specificity. Never-
theless, QMRI is a potentially useful complement in the event of
contraindications to contrast agents and in combination with the
visual assessment of the images with regard to new lesions and in
association with clinical findings of a relapse. The quantitative
measurement of lesions is clearly a more objective tool than the
visual assessment of a radiologist and could be of value in the
longitudinal monitoring of patients with MS.

Because the gMRI sequence enables quantitative assessment of
tissue relaxation values,”® other uses for this sequence are per-
forming segmentation and volumetric measurements.>”*® The
automated volumetric technique could also be an objective tool
for the evaluation of brain atrophy development in patients with
MS,*” which today is usually performed by visual assessment by
the neuroradiologist in the clinical setting. gqMRI could therefore
complement conventional MR images in the examination of pa-
tients with MS regarding brain volume measurements.

This study was performed on a 1.5T scanner, and a previous
study”” has shown that the results of tissue segmentation from the
qMRI sequence may differ between 1.5T and 3T. This means that
the relaxation values of this study cannot be extrapolated to a 3T
MR imaging setting. However, the higher field strength at 3T gives
a higher signal-to-noise ratio. This enables a higher resolution
that potentially could decrease the partial volume effect, which
would be beneficial for quantitative measurements. Even if care
was taken to place ROIs within the MS lesions to avoid partial
volume effects, this study would have been strengthened by an
MR imaging protocol with isotropic voxels and even thinner sec-
tions for higher accuracy of ROI placement.

In this work, the number of contrast-enhancing lesions was
limited, and future work will include follow-up MR imaging at 2
and 4 years, including scans from relapses, which will yield larger
subject matter for analysis, looking at the quantitative properties
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of the brain after Gd-based contrast agent injection, in lesions and
in the gray and white matter. In addition, a long-term prospective
study could evaluate the predictive prognostic value of gMRI
compared with traditional contrast-based assessment. One possi-
bility would be that changes in the quantitative characteristics in
acute MS lesions might better represent the pathologic process
than visual assessment of contrast enhancement, which merely
reflects the damaged BBB. Quantitative MR imaging with relax-
ation measurements may help elucidate more of the complex
mechanisms behind multiple sclerosis.

CONCLUSIONS

Contrast-enhancing MS lesions have PD and relaxation times that
differ from those in nonenhancing lesions, with lower PD and
shorter relaxation times in enhancing lesions compared with non-
enhancing lesions. PD, which had the highest AUC value, still had
only a moderate ability to predict Gd enhancement. Even though
qMRI can provide additional information about the changes oc-
curring in MS, it does not seem to be able to replace Gd injection
in the evaluation of MS lesions.
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