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Cerebral lesions of multiple sclerosis: is gadolinium always 
irreplaceable in assessing lesion activity?
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PURPOSE 
We aimed to identify imaging characteristics on convention-
al magnetic resonance imaging that could predict multiple 
sclerosis (MS) brain lesion activity without contrast media 
administration. 

MATERIALS AND METHODS
Magnetic resonance data sets of forty-two patients with re-
lapsing-remitting MS who presented symptoms or signs sug-
gestive of new disease activity were retrospectively reviewed. 
We classified the MS lesions into three types according to 
different patterns present on T2-weighted images and eval-
uated their relationship with the contrast uptake. Evolving 
aspects of each type of lesion were observed in 18 patients 
during a follow-up period ranging from nine to 36 months. 

RESULTS
On T2-weighted images, only the pattern consisting of a thin 
border of decreased intensity compared with the lesion’s 
center and perifocal edema (Type II) reached diagnostic ac-
curacy in terms of its relationship with gadolinium enhance-
ment (P = 0.006). The sensitivity was 0.461, and the specific-
ity was 0.698. In contrast, enhancement was not significantly 
related to the pattern consisting of a lesion center that was 
homogeneously brighter than its periphery (Type I) or 
less-hyperintense T2 focal lesions with either homogeneous 
or inhomogeneous center (Type III) (P > 0.05 for both). 

CONCLUSION
The assessment of MS lesion activity should include a careful 
evaluation of T2-weighted images in addition to contrast en-
hancement assessment. The presence of an accompanying 
peripheral thin rim of hypointensity on T2-weighted imag-
es related best with contrast enhancement and subsequent 
lesion activity and may represent an additional pattern for 
disease activity assessment when gadolinium examination is 
contraindicated or influenced by prior therapy. 

M ultiple sclerosis (MS) is a chronic inflammatory disease charac-
terized by demyelination and widespread tissue damage in the 
white and grey matter in the central nervous system (CNS) and 

spinal cord (1). MS has a very heterogeneous neurological presentation. 
In diagnosing MS, magnetic resonance imaging (MRI) studies with and 
without gadolinium contrast are required, according to McDonald 2005 
(2) and the modified McDonald criteria 2010 (3), to provide informa-
tion about the CNS involvement of demyelinating lesions. A decreased 
incidence of clinical relapse in MS is commonly used as a measure of 
therapeutic intervention efficacy. Despite their generalized use in clin-
ical trials of relapsing-remitting and progressive multiple sclerosis, the 
current MRI measures add little if anything to the clinically relevant 
relapse and disability outcomes when used independently (4). At the 
present time, there is limited association between the lesions detected 
with conventional MRI and clinical status (5), with a low reported sen-
sitivity to diffuse grey-matter and white matter disease (6, 7). Therefore, 
there is a sustained need for research to find better MRI markers of dis-
ease activity.

It is generally believed that because acute MS lesions are associated 
with a transient breakdown of the blood-brain barrier (BBB), gadolin-
ium contrast agents would produce enhancement of these lesions on 
T1-weighted images. Beginning with the earliest magnetic resonance 
studies of MS, it became clear that the correlation between enhanced 
lesions and clinical disease activity is modest at best (8). Nevertheless, 
contrast enhancement remains a sensitive method for detecting active 
MS lesions, with all the implications derived from its presence (from 
diagnosis to treatment trial monitoring). However, there are conditions 
under which the administration of gadolinium-based agents is prohib-
ited (9). Additionally, contrast administration cannot help document 
disease activity following steroid treatment when variable degrees of en-
hancing lesions suppression occurs (10).

Still, is the information offered by the administration of contrast real-
ly irreplaceable? Certainly, a less invasive and more cost-effective meth-
od is needed in clinical practice to assess MS lesion activity. Ideally, this 
assessment method would also work for patients in whom gadolinium 
agents cannot be used or are influenced by medication. Furthermore, 
the confidence intervals for correlations between contrast-enhanced le-
sions and MS relapses exclude the possibility that contrast enhanced 
lesions can be a good surrogate outcome for the occurrence MS relapses 
(11). Furthermore, when studies centered their analysis on the morpho-
logical characteristics of the conventional MRI lesions of MS (rim lesions 
and ring enhancement) and the patients’ clinical characteristics (12), 
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only ring-enhancing lesions seemed to 
be associated with a worse prognosis.

Therefore, the present study aimed 
to identify imaging characteristics that 
could predict lesion activity without 
the administration of contrast media 
by analyzing the morphology and 
signal patterns of brain MS lesions on 
T2-weighted images that are present in 
all routine MRI protocols for MS sur-
veillance and correlating these results 
with the findings obtained from con-
trast-enhanced T1-weighted images.

Materials and methods
This study was performed in accor-

dance with the ethical standards estab-
lished in the 1964 Declaration of Hel-
sinki and its later amendments. Our 
hospital institutional review board ap-
proved this study and waived the need 
for informed consent because of the 
retrospective nature of the research.

Patients
We reviewed the data sets and MRI 

evidence of brain MS lesions in 67 
patients with relapsing-remitting MS 
who had symptoms or signs on neu-
rologic examination suggestive of new 
disease activity. All the patients were 
diagnosed with relapsing-remitting MS 
type according to the revised McDon-
ald criteria (2). From this group, we se-
lected only the MR images of patients 
who had a disease onset of less than 
10 years, presented supratentorial focal 
lesions and did not receive any steroid 
treatment within 30 days prior to their 
MRI studies. Forty-two patients (10 
males and 32 females) aged 19 to 54 
years (mean age, 33 years) fulfilled the 
study inclusion criteria. The mean dis-
ease duration was 3.4 years (range, 1–8 
years). Follow-up MR images were also 
available for 18 patients and were con-
ducted in intervals varying from two 
weeks to six months. The follow-up 
period ranged from nine to 36 months. 

MRI protocol
The MRI examinations were per-

formed between January 2004 and 
March 2012 at 1.0 and 1.5 Tesla (T) 
(General Electric Medical Systems, Mil-
waukee, Wisconsin, USA). The scan-
ning protocol included axial slices 

through the brain with a 192×256 or 
256×256 pixel matrix and T2-weighted 
images fast spin-echo (90–120/2500–
3500/1 [repetition time/echo time/
excitations]) and T1-weighted images 
spin-echo (10–20/600–650/2) before 
and after an intravenous injection of 
0.1 mmol/kg gadolinium contrast (gad-
olinium-DTPA, Magnevist, Schering, 
Berlin, Germany or gadolinium-DTPA, 
Magnegita, Biokanol Pharma GmbH, 
Rastatt, Germany). The postinjection 
delay was at least 5 min as is stated on 
our routine MRI post-contrast stud-
ies. The slice thickness was 3 or 5 mm 
(1.25 or 1.50 mm gap). All available 
follow-up examinations (18 patients) 
were performed on the same MRI unit 
for each individual patient.

Image evaluation
The four radiologists working on this 

study were divided into two teams of 
two radiologists each. To reduce the in-
terobserver variability, the radiologists 
within each team worked together. 
Consensus was reached by agreement. 
From the T2-weighted images, focal 
supratentorial ovoid lesions were se-
lected for visual assessment by the first 
team of radiologists (D.M.P., I.P.S.), 
who were blinded to the study pur-
pose (at the time of selection). A total 
of 300 lesions were chosen. The other 
team of radiologists (C.A.T., M.M.B.) 
evaluated the intensity of the lesions 
compared with the surrounding nor-
mal white matter and with each other, 
the internal homogeneity of lesions, 
and the presence or absence of accom-
panying peripheral rim hypointensity, 
as defined by previous studies (12, 13). 
The patterns of lesions on T2-weighted 
images were then classified into three 
types according to their morphology 
and signal intensity. Type I and II le-
sions were defined as having the high-
est signal intensity core on T2-weight-
ed images when compared with all 

other MS lesions. Type II lesions had 
also a hypointense thin rim (either 
complete or incomplete) that delineat-
ed the core periphery. Both types of le-
sions are surrounded in most cases by 
a hyperintense area of edema. Type II 
lesions overlap with the patterns pre-
viously described by Schwartz et al. 
(13) and Llufriu et al. (12). The Type 
III pattern exhibits a less hyperintense 
pattern on T2-weighted images and is 
well defined and either homogeneous 
or inhomogeneous (small hypointense 
ring, arc or dot) in the center. Each le-
sion was then analyzed on precontrast 
and postcontrast T1-weighted images 
to evaluate the presence of contrast 
uptake and its pattern.

Statistical analysis
Fisher’s exact test was used to ex-

plore whether the different T2 types of 
lesions were related to lesion enhance-
ment on T1-weighted images. A P val-
ue less than 0.05 was considered statis-
tically significant. The sensitivity and 
specificity of predicting gadolinium 
enhancement was also calculated. All 
statistical tests were performed using 
GraphPad Prism, Version 6.0. (Graph-
Pad Software Inc, La Jolla, California, 
USA). Linear unidimensional measure-
ment of the longest diameter of lesions 
was also performed.

Results
Of the 300 focal MS lesions select-

ed, 154 lesions (51.3%) showed con-
trast enhancement on postcontrast 
T1-weighted images. Contrast-en-
hanced lesions were absent in two pa-
tients.

Table 1 describes the number and fre-
quency of lesions belonging to Types I 
to III upon T2-weighted-image assess-
ment and the number and frequency 
of contrast-enhanced lesions associat-
ed with each type of lesion. Type III le-
sions coexisted with Type I or II lesions 
or with both Type I and Type II in all 

Table 1. The overall number of lesions and the number of contrast-enhanced lesions by 
type 

Lesion type Number of lesions Contrast-enhanced lesions

Type I 54 (18%) 24 (15.6%)

Type II 115 (38%) 71 (46.1%)

Type III 131 (44%) 59 (38.3%)
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patients. Type I lesions coexisted with 
Type II lesions in eight patients. Eight 
patients presented all types of lesions.

There was a statistically significant 
relationship (P = 0.006) between the 
Type II lesions on T2-weighted im-
ages and the presence of contrast en-
hancement (Fig. 1). The sensitivity and 

specificity is shown in Table 2. The co-
existence of Type II lesions with and 
without enhancement was observed in 
14 patients. Neither Type I nor Type III 
lesions was found to be statistically sig-
nificant related with contrast enhance-
ment (Fig. 1). The P values were 0.294 
and 0.062, respectively.

The corresponding contrast enhance-
ment pattern among Type I lesions was 
predominantly (79%) nodular (Fig. 2) 
and appeared in small, 4.9±1.5 mm 
lesions. The ring-like enhancement 
(21%) in Type I lesions was linked to 
larger lesions of 8.8±0.5 mm. The en-
hancement pattern associated with 
Type II lesions was mostly (87.32%) 
ring-like and either complete or in-
complete (Fig. 3) in lesions measuring 
12.2±5.9 mm. The nodular enhance-
ment of Type II lesions appears only 
in 12.7% of Type II enhanced lesions 
with dimensions of 7.5±1.4 mm. The 
enhancement pattern related to Type 
III lesions was nodular (69%), ring-like 
(21%) and other (arcs, open-ring or one 
small point in the center of the ring) in 
10% of lesions; the size of the enhanced 
Type III lesions was 8.2±3.2 mm.

For the five patients with enhanced 
Type I lesions who had follow-up MRIs 
within less than a month, we observed 
three persistent enhancing lesions 
with conversion from a nodular to 
ring-like enhancement pattern as the 
lesion progressively expanded from 
5.1±0.8 to 7.0±0.3 mm. Conversion 
from a ring-like pattern to nodular pat-
tern was not observed. Six ring-like en-
hanced Type II lesions had a follow-up 
within one month or less and showed 
an increase in size from 9.8±2.3 to 
13.2±3.5 mm in four lesions, while 
two lesions remained unchanged. 
Twenty-two ring-like enhanced Type 
II lesions demonstrated a reduction 
in size and intensity associated with a 
progressive decrease and shift of the T2 
hypointense rim toward the lesion’s 
center (Fig. 4) on follow-up scans per-
formed three and nine months later. 
The dimensional change was from 
12.6±5.1 to 5.1±2.4 mm nine months 
later. The hypointense rim on T2 
changed to a central hypointense dot 
in 12 lesions from the 13 patients with 
follow-up MRIs (median, 12 months; 
range, 1–36 months). Fourteen con-
trast-enhanced Type III lesions also 
showed a decrease in size from 8.9±2.6 
to 4.7±1.3 mm 12 months later.

Discussion
In our retrospective study, we focused 

on extracting possible predictive MRI 
features of active MS lesions from the 

Table 2. Contingency table to test associations between Type II lesions and contrast  
enhancement 

Type of lesion Gd+  Gd- 

Type II lesion (n) 71 44

All other types of lesions (n) 83 102

 Sensitivity (95% CI)          0.461 (0.380–0.543) 

 Specificity (95% CI)          0.698 (0.617–0.771)

CI, confidence interval; Gd+, contrast-enhanced lesions; Gd-, unenhanced lesions.

Figure 1. Relationship between lesion type on T2-weighted images and contrast enhancement 
on T1-weighted images of demyelinating lesions in patients with multiple sclerosis. No 
statistically significant relationship was observed between Type I or Type III lesions and 
enhancement. In contrast, Type II lesions were statistically significantly related to contrast 
enhancement. P values, Fisher’s exact test; Gd+, contrast enhanced lesions; Gd-, unenhanced 
lesions. 
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Figure 2. a, b. Two Type I lesions in the right corona radiata with their center homogenously 
brighter than their periphery on T2-weighted images (a). Less hyperintense Type III white 
matter lesions are also present bilaterally. The corresponding contrast enhancement was 
nodular and visible only in Type I lesions (b).

a b



Gadolinium for assessment of multiple sclerosis lesion activity • 181

T2-weighted images and analyzed their 
sensitivity and specificity when com-
pared with patients’ postcontrast images.

To date, previous studies (14–16) 
modeling the development of MS le-
sions found a positive relationship 

between the peak intensity of the le-
sion center on T-weighted images and 
contrast enhancement. One important 
parameter in our classification of the 
lesions was the signal intensity of the 
MS lesions on T2-weighted images. On 

this basis, a subclassification of three 
distinct MS lesion types (I, II, and III) 
was made. The lesions classified as be-
longing to Type I and Type II had a 
similar high-intensity core, but only 
Type II lesions were statistically sig-
nificantly related with the presence of 
contrast enhancement.

Studies by Tievsky et al. (17) and 
Llufriu et al. (12) demonstrated in 
ring-enhancement lesions with colo-
calized rim hypointensity that there 
was a relationship between the T2 
hyperintensity core and a high appar-
ent diffusion coefficient, with reduced 
anisotropy compared with the rim, 
normal-appearing white matter and 
chronic lesions. Llufriu et al. (12) as-
sumed that this most likely represents 
the presence of vasogenic edema in the 
extracellular space superimposed on a 
decrease in diffusivity caused by cyto-
toxic edema from massive cell infiltra-
tion; alternatively, it may be caused 

Figure 4. a–f. An axial T2-weighted image (a) with an ovoid Type II lesion in the right corona radiata associated with other Type III punctate 
shows less hyperintense lesions in the white matter. The postgadolinium axial T1-weighted image (b) has a fairly regular rim of contrast 
enhancement around the periphery of the right-sided Type II lesion. After three weeks, the T2 aspect persisted (c), even when the contrast 
enhancement had disappeared (d). As the lesions decreased in size and core intensity, a progressive decrease and shift of the hypointense rim 
toward the lesion center was observed three (e) and nine (f) months later, respectively.

d

a

e

b c

f

Figure 3. a, b. Frontal left white matter lesion (Type II) with marked hyperintensity centrally, 
surrounded by a slightly lower signal intensity rim and then by a second zone of somewhat 
less intense T2 prolongation (a). Ring-like enhancement was associated with this lesion (b).

a b
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by the cell infiltration by itself. In our 
study, diffusion-weighted images were 
not available either because the local 
routine MRI protocol for MS did not 
include this acquisition or because the 
1T scanner did not include this facility. 

It is well known that gadolinium en-
hancement is a consequence of blood 
brain barier disruption and leakage, 
which appear in the acute inflamma-
tory phase of the lesion (18). Although 
inflammation is considered one of the 
earliest changes observed in MS lesions, 
neuropathological and immunocyto-
chemical studies revealed that blood 
brain barier leakage may be found to 
variable degrees in every MS lesion (19). 
Quantitative contrast-enhanced MRI 
also showed that subtle blood brain 
barier leakage was a consistent feature 
in nonenhancing lesions (20). Those 
observations suggest that enhance-
ment cannot detect all the inflamma-
tory changes, particularly when the 
level of inflammation is low. He et al. 
(21) noted that lesion activity should 
not be equated with enhancement; 
more activity is taking place that is not 
necessarily defined by enhancement 
alone. Another explanation might be 
linked to the fact that poorly enhanced 
lesions could have escaped detection, 
as shown in previous reports using the 
magnetization transfer and image sub-
traction techniques (22–24).

When enhanced Type I lesions 
showed a nodular (predominant) or 
ring-like pattern, the ring-like pattern 
was linked to larger lesions. Additional-
ly, in patients with Type I lesions who 
had follow-up MRIs within less than 
a month, we observed in the group 
with persistent enhancing lesions a 
conversion from a nodular to a ring-
like pattern as the lesions expanded 
progressively, but not from a ring-like 
to a nodular pattern. This observation 
seems to support the assumption that 
the initial enhancing pattern must have 
been nodular, as previously reported 
(21). In their 1997 study, Brück et al. 
(25) found no clear histopathologic dif-
ferences between ring-like and nodular 
enhanced lesions. We can also suppose 
that distinct enhancement patterns 
may solely be a consequence of the 
timing of image acquisition after gad-
olinium administration (26) because of 
the increased dimensions of the lesions.

Type II lesions differ from Type I by 
the presence of a low signal rim that 
delineates the core periphery. Previ-
ous pathological studies revealed the 
morphological correlate of this pat-
tern, which is represented by a rim of 
activated macrophages in the zone of 
myelin destruction at the lesion’s bor-
der (25). The macrophages’ ferritin or 
hemosiderin content could explain 
the rim of T2 shortening. In our study, 
such hypointense T2 rims largely corre-
sponded with an area of ring enhance-
ment on T1 postcontrast MR images. 
The nodular enhancement appeared in 
few lesions and was linked to a small 
lesion dimension. Statistically, only 
this type of lesion was significantly 
related to enhancement. Nevertheless, 
the sensitivity and specificity of Type 
II lesions in predicting lesion activity 
was rather low. However, as we have 
already mentioned, we considered 
gadolinium contrast enhancement the 
gold standard for evaluating lesion ac-
tivity, even it might not be sufficiently 
sensitive for this purpose. Llufriu et al. 
(12) reported that rim lesions colocal-
ized with ring enhancement in only 
40% of lesions, while in our cases, 54% 
of Type II lesions showed this corre-
spondence. The difference may arise 
from the fact that we selected only pa-
tients with clinical signs of a relapse. 
In any case, the relationship between 
the rim lesions and nodular enhance-
ment was fairly close in both studies 
at 12.5% (12) and 12.7% of lesions, re-
spectively. Another similarity with the 
Llufriu et al. (12) study was the coex-
istence of rim lesions with and with-
out enhancement in the same patient 
(three patients vs. 14 in our study). 

In the Type II lesions, we also ob-
served that as the lesions decreased 
in size and intensity, there was a pro-
gressive decrease and shift of the hy-
pointense rim toward the lesion’s 
center. This finding could be superim-
posed upon the previously demonstrat-
ed change in enhancement dynamics 
in MS lesions from centrifugal to cen-
tripetal (27). Only two Type II lesions 
increased in size on follow-up scans, 
an aspect possibly related to a shorter 
interval between examinations (less 
than a month). However, not all Type 
II lesions enhanced in our patients, 
and follow-up scans (when available) 
did not show a subsequently enhance-

ment of those lesions. This aspect 
might have been linked to a decrease 
in the level of inflammation that may 
have been too low to be revealed by 
contrast enhancement alone.

The Type III lesions had a less hy-
perintense signal on T2-weighted im-
ages, no peripheral edema and either 
a homogeneous or an inhomogeneous 
center. While not significantly related 
with contrast load, the enhancement 
of these lesions could embrace almost 
any pattern described: nodular, ring-
like, arcs, open-ring, or one small point 
in the center of the ring.

Despite the different patterns dis-
played by MS focal lesions both on 
T2-weighted images and postcontrast 
scans, we believe that in fact all of 
these represent patterns evolving from 
Type I toward III. The coexistence that 
was detected between Type III lesions 
and Type I or II lesions in all cases and 
between all types of lesions in eight 
patients might sustain this hypothesis. 
Additionally, this finding is consistent 
with the prior observation that the ini-
tial heterogeneity (28) of demyelinat-
ing lesions in the earliest phase of MS 
lesion formation may disappear over 
time as different pathways converge 
into one general mechanism of demy-
elination (29).

In follow-up scans, we observed a 
reduction in the size and intensity of 
Type II lesions associated with a pro-
gressive decrease and shift of the T2 hy-
pointense rim toward the lesion’s cen-
ter. Additionally, when the follow-up 
period available was more extensive, 
the hypointense rim on T2 changed 
to a central hypointense dot in 12 le-
sions, which at that stage looked sim-
ilar to the Type III lesions. Llufriu and 
al. (12) reported a persistence of the 
hypointense border on T2 in 12% of 
lesions at 3.5 and 13 months and a 
change to a homogeneous T2-weight-
ed hyperintensity in 88% lesions. It is 
possible that the pattern with a central 
hypointense dot on T2-weighted imag-
es evolves towards a homogeneous T2 
pattern, and the fact that we did not 
observe such evolution may have been 
linked to the different follow-up peri-
ods of the studies (median, 12 months; 
range, 1–52 months in Llufriu et al. 
[12]; and median, 12 months; range, 
1–36 months in ours).
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Nevertheless, despite our results, 
further longitudinal, preferably pro-
spective studies with a larger patient 
population are needed to improve the 
accuracy of lesion activity detection. It 
will be interesting to see whether fu-
ture long-term studies using a larger 
sample size can reproduce these data.

This study has some limitations. 
First, the retrospective design of this 
study precluded the standardization 
of techniques and the similarity of the 
follow-up intervals. In addition, the 
fact that the examinations were per-
formed on different units (1 and 1.5 
T) with different parameters of pulse 
sequences (even though follow-up 
examinations for individual patients 
were performed on the same MRI 
unit) decreased the uniformity of the 
study. Second, infratentorial lesions 
were neither counted nor appreciated 
in this study. Third, we used contrast 
enhancement as the standard for de-
termining the active lesions even if the 
use of this single criterion might have 
been insufficient for lesion activity 
detection. Diffusion-weighted images, 
which might have improved activity 
detection, were not acquired in our 
patients. Contrast enhancement also 
depends on many factors, including 
both the dose of contrast material and 
the time from injection to imaging. 
Late-phase imaging and triple dosing 
may improve the conspicuity of acute 
lesions (30). Additionally, we could 
not appreciate in all cases whether the 
active lesions were in fact new or old-
er and had been reactivated because 
the selected MR images were the first 
images recorded for those patients. 
Subsequently, we could not formulate 
any conclusions regarding this aspect. 
Fourth, we did not perform a quanti-
tative measurement of the region of 
interest, which is more objective than 
visual assessment and could improve 
the accuracy of assessing the patterns 
of MS lesions. However, in the current 
daily practice, visual assessment re-
mains a more realistic approach.

In conclusion, we believe that in-
formation about the activity of MS 
brain lesions in patients who had 
symptoms or signs on neurologic ex-
amination that suggested new dis-
ease activity, may be extracted from 
both contrast-enhanced and unen-
hanced MR images. Our results suggest 

that evaluation of MS lesion activity 
should include a careful evaluation of 
T2-weighted image aspects in addition 
to contrast-enhancement assessment. 
The lesion pattern in T2-weighted 
images consisted of a thin rim of de-
creased intensity compared with the 
lesion’s center, and the perifocal ede-
ma related best with contrast-enhance-
ment and subsequent lesion activity. 
Perhaps future, larger clinical studies 
will conclude that MS lesions should 
be evaluated in terms of patterns on 
noncontrast imaging, at least in the 
small subset of MS patients with gad-
olinium restrictions and steroid treat-
ment, possibly even in other patients 
with MS in a subset of their examina-
tions. 

Acknowledgement
This study was partly supported by Sectori-

al Operational Programme Human Resources 
Development (SOP HRD), financed from the 
European Social Fund and by the Romanian 
Government (POSDRU number 80641).

Conflict of interest disclosure

The authors declared no conflicts of interest. 

References

1. Filippi M, Rocca MA. MRI evidence for 
multiple sclerosis as a diffuse disease 
of the central nervous system. J Neurol 
2005; 252:16–24. [CrossRef]

2. Polman CH, Reingold SC, Edan G, et al. 
Diagnostic criteria for multiple sclerosis: 
2005 revisions to the McDonald Criteria. 
Ann Neurol 2005; 58:840–846. [CrossRef]

3. Polman HC, Reingold SC, Banwell B, et al. 
Diagnostic criteria for multiple sclerosis: 
2010 revisions to the McDonald Criteria. 
Ann Neurol 2011; 69:292–302. [CrossRef]

4. Daumer M, Neuhaus A, Morrissey S, Hint-
zen R, Ebers GC. MRI as an outcome in 
multiple sclerosis clinical trials. Neurolo-
gy 2009; 72:705–711. [CrossRef]

5. Miller DH, Thompson AJ, Filippi M. Mag-
netic resonance studies of abnormalities 
in the normal appearing white matter 
and grey matter in multiple sclerosis.  
J Neurol 2003; 250:1407–1419. [CrossRef]

6. Cotton F, Weiner HL, Jolesz FA, Gutt-
mann CR. MRI contrast uptake in new le-
sions in relapsing-remitting MS followed 
at weekly intervals. Neurology 2003; 
60:640–646. [CrossRef]

7. Meier DS, Weiner HL, Guttmann CR. MR 
imaging intensity modeling of damage 
and repair in multiple sclerosis: relation-
ship of short-term lesion recovery to pro-
gression and disability. AJNR Am J Neu-
roradiol 2007; 28:1956–1963. [CrossRef]

8. Miller DH. Biomarkers and surrogate 
outcomes in neurodegenerative disease: 
lessons from multiple sclerosis. NeuroRx 
2004; 1:284–294. [CrossRef]

9. Dillman JR, Ellis JH, Cohan RH, Strou-
se PJ, Jan SC. Frequency and severity of 
acute allergic-like reactions to Gadolini-
um-containing iv contrast media in chil-
dren and adults. AJR Am J Roentgenol 
2007; 189:1533–1538. [CrossRef]

10. Sahraian MA, Radue EW. Gadolinium en-
hancing lesions in multiple sclerosis. In 
Sahraian MA, Radue EW, eds. MRI Atlas of 
MS lesions. Berlin: Springer-Verlag, 2008; 
45–65. [CrossRef]

11. Petkau J, Reingold SC, Held U, et al. Mag-
netic resonance imaging as a surrogate 
outcome for multiple sclerosis relapses. 
Mult Scler 2008; 14:770–778. [CrossRef]

12. Llufriu S, Pujol T, Blanco Y, et al. T2 
hypointense rims and ring-enhancing 
lesions in MS. Mult Scler 2010; 16:1317–
1325. [CrossRef]

13. Schwartz KM, Erickson BJ, Lucchinetti C. 
Pattern of T2 hypointensity associated 
with ring-enhancing brain lesions can 
help to differentiate pathology. Neurora-
diology 2006; 48:143–149. [CrossRef]

14. Bakshi R, Thompson AJ, Rocca MA, et al. 
MRI in multiple sclerosis: current status 
and future prospects. Lancet Neurol 2008; 
7:615–625. [CrossRef]

15. Pirko I, Lucchinetti CF, Sriram S, Bakshi 
R. Gray matter involvement in multiple 
sclerosis. Neurology 2007; 68:634–642. 
[CrossRef]

16. Meier DS, Guttmann CR. MRI time series 
modeling of MS lesion development. Neu-
roimage 2006; 32:531–537. [CrossRef]

17. Tievsky AL, Ptak T, Farkas J. Investigation of 
apparent diffusion coefficient and diffusion 
tensor anisotropy in acute and chronic mul-
tiple sclerosis lesions. AJNR Am J Neuroradi-
ol 1999; 20:149–499. 

18. Filippi M. Enhanced magnetic resonance 
imaging in multiple sclerosis. Mult Scler 
2000; 6:320–326. [CrossRef]

19. Lucchinetti CF, Brück WB, Rodriguez M, 
Lassmann H. Distinct patterns of multiple 
sclerosis pathology indicates heterogene-
ity in pathogenesis. Brain Pathol 1996; 
6:259–274. [CrossRef]

20. Soon D, Tozer DJ, Altmann DR, Tofts 
PS, Miller DH. Quantification of subtle 
blood-brain barrier disruption in non-en-
hancing lesions in multiple sclerosis: a 
study of disease and lesion subtypes. Mult 
Scler 2007; 13:884–894. [CrossRef]

21. He J, Grossman I, Ge Y, Mannon GI. En-
hancing patterns in multiple sclerosis: 
evolution and persistence. AJNR Am J 
Neuroradiol 2001; 22:664–669.

22. Gavra MM, Voumvourakis C, Goulia-
mos AD, Sfagos C, Vlahos LJ. Brain MR 
post-gadolinium contrast in multiple 
sclerosis: the role of magnetization trans-
fer and image subtraction in detecting 
more enhancing lesions. Neuroradiology 
2004; 46:205–210. [CrossRef]

http://dx.doi.org/10.1007/s00415-005-5004-5
http://dx.doi.org/10.1007/s00415-005-5004-5
http://dx.doi.org/10.1002/ana.20703
http://dx.doi.org/10.1002/ana.20703
http://dx.doi.org/10.1002/ana.22366
http://dx.doi.org/10.1002/ana.22366
http://dx.doi.org/10.1212/01.wnl.0000336916.38629.43
http://dx.doi.org/10.1212/01.wnl.0000336916.38629.43
http://dx.doi.org/10.1007/s00415-003-0243-9
http://dx.doi.org/10.1007/s00415-003-0243-9
http://dx.doi.org/10.1212/01.WNL.0000046587.83503.1E
http://dx.doi.org/10.1212/01.WNL.0000046587.83503.1E
http://dx.doi.org/10.3174/ajnr.A0701
http://dx.doi.org/10.3174/ajnr.A0701
http://dx.doi.org/10.1602/neurorx.1.2.284
http://dx.doi.org/10.1602/neurorx.1.2.284
http://dx.doi.org/10.2214/AJR.07.2554
http://dx.doi.org/10.2214/AJR.07.2554
http://dx.doi.org/10.1007/978-3-540-71372-2_3
http://dx.doi.org/10.1007/978-3-540-71372-2_3
http://dx.doi.org/10.1177/1352458507088104
http://dx.doi.org/10.1177/1352458507088104
http://dx.doi.org/10.1177/1352458510377905
http://dx.doi.org/10.1177/1352458510377905
http://dx.doi.org/10.1007/s00234-005-0024-5
http://dx.doi.org/10.1007/s00234-005-0024-5
http://dx.doi.org/10.1016/S1474-4422%2808%2970137-6
http://dx.doi.org/10.1016/S1474-4422%2808%2970137-6
http://dx.doi.org/10.1212/01.wnl.0000250267.85698.7a
http://dx.doi.org/10.1212/01.wnl.0000250267.85698.7a
http://dx.doi.org/10.1016/j.neuroimage.2006.04.181
http://dx.doi.org/10.1016/j.neuroimage.2006.04.181
http://dx.doi.org/10.1191/135245800678827969
http://dx.doi.org/10.1191/135245800678827969
http://dx.doi.org/10.1111/j.1750-3639.1996.tb00854.x
http://dx.doi.org/10.1111/j.1750-3639.1996.tb00854.x
http://dx.doi.org/10.1177/1352458507076970
http://dx.doi.org/10.1177/1352458507076970
http://dx.doi.org/10.1007/s00234-003-1146-2


184 • March–April 2014 • Diagnostic and Interventional Radiology Treabâ et al.

23. Algın O, Hakyemez B, Takapılıo¤lu O, 
Parlak M, Turan F. Imaging of active mul-
tiple sclerosis plaques: efficiency of con-
trast-enhanced magnetization transfer 
subtraction technique. Diagn Interv Radi-
ol 2010; 16:106–111. 

24. Atalay K, Diren HB, Gelmez S, ‹ncesu L, 
Terzi M. The effectiveness of magnetiza-
tion transfer technique in the evaluation 
of acute plaques in the central nervous 
system of multiple sclerosis patients and 
its correlation with the clinical findings. 
Diagn Interv Radiol 2005; 11:137–141. 

25. Brück W, Bitsch A, Kolenda H, Brück Y, 
Stiefel M, Lassmann H. Inflammatory 
central nervous system demyelination: 
correlation of magnetic resonance imag-
ing findings with lesion pathology. Ann 
Neurol 1997; 42:783–793. [CrossRef]

26. Bagheri MH, Meshksar A, Nabavizadeh 
SA, Borhani-Haghighi A, Ashjazadeh N, 
Nikseresht AR. Diagnostic value of con-
trast-enhanced fluid-attenuated inver-
sion-recovery and delayed contrast en-
hanced brain MRI in multiple sclerosis. 
Acad Radiol 2008; 15:15–23. [CrossRef]

27. Gaitán MI, Shea CD, Evangelou IE, et al. 
Evolution of the blood-brain barrier in 
newly forming multiple sclerosis lesions. 
Ann Neurol 2011; 70:22–29. [CrossRef]

28. Lucchinetti C, Bruck W, Parisi J, 
Scheithauer B, Rodriguez M, Lassmann 
H. Heterogeneity of multiple sclerosis 
lesions: implications for the pathogene-
sis of demyelination. Ann Neurol 2000; 
47:707–717. [CrossRef]

29. Breij EC, Brink BP, Veerhuis R, et al. Ho-
mogeneity of active demyelinating le-
sions in established multiple sclerosis. 
Ann Neurol 2008; 63:16–25. [CrossRef]

30. Sardanelli F, Iozzelli A, Losacco C, Murial-
do A, Filippi M. Three subsequent single 
doses of gadolinium chelate for brain MR 
imaging in multiple sclerosis. AJNR Am J 
Neuroradiol 2003; 24:658–662.

http://dx.doi.org/10.1002/ana.410420515
http://dx.doi.org/10.1002/ana.410420515
http://dx.doi.org/10.1016/j.acra.2007.07.022
http://dx.doi.org/10.1016/j.acra.2007.07.022
http://dx.doi.org/10.1002/ana.22472
http://dx.doi.org/10.1002/ana.22472
http://dx.doi.org/10.1002/1531-8249%28200006%2947:6%3C707::AID-ANA3%3E3.0.CO%3B2-Q
http://dx.doi.org/10.1002/1531-8249%28200006%2947:6%3C707::AID-ANA3%3E3.0.CO%3B2-Q
http://dx.doi.org/10.1002/ana.21311
http://dx.doi.org/10.1002/ana.21311



