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Phase White Matter Signal Abnormalities in Patients with
Clinically Isolated Syndrome and Other Neurologic Disorders
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ABSTRACT

BACKGROUND AND PURPOSE: Identifying MRI biomarkers that can differentiate multiple sclerosis patients from other neurological
disorders is a subject of intense research. Our aim was to investigate phase WM signal abnormalities for their presence, prevalence,
location, and diagnostic value among patients with clinically isolated syndrome and other neurologic disorders and age-, sex-, and
group-matched healthy controls.

MATERIALS AND METHODS: Forty-eight patients with clinically isolated syndrome and 30 patients with other neurologic diseases and a
healthy control group (n = 47) were included in the study. Subjects were scanned at 3T by using SWI-filtered phase and T2WI, with WM
signal abnormalities =3 mm being classified.

RESULTS: Patients with clinically isolated syndrome had significantly more phase and T2 WM signal abnormalities than healthy controls
(P < .001). Phase WM signal abnormalities were more prevalent among patients with clinically isolated syndrome compared with patients
with other neurologic disorders (4:1ratio), whereas T2 WM signal abnormalities were more ubiquitous with a 2:1ratio. The presence of phase
WM signal abnormalities was sensitive for clinically isolated syndrome (70.8%) and achieved a moderate-to-high specificity for differen-
tiating patients with clinically isolated syndrome and healthy controls, patients with other neurologic disorders, and patients with other
neurologic disorders of other autoimmune origin (specificity, 70%—76.7%). Combining the presence of =2 phase lesions with the McDonald
2005 and 2010 criteria for dissemination in space improved the specificity (90%), but not the accuracy, in differentiating patients with
clinically isolated syndrome from those with other neurologic disorders. In subanalyses among patients with clinically isolated syndrome
who converted to clinically definite multiple sclerosis versus those who did not within a 3-year follow-up period, converters had
significantly more phase (P = .008) but not T2 or T1 WM signal abnormalities.

CONCLUSIONS: Phase WM signal abnormalities are prevalent among patients with clinically isolated syndrome. The presence of (mul-
tiple) phase WM signal abnormalities tended to be more predictive of conversion to clinically definite multiple sclerosis and was specific
in differentiating patients with clinically isolated syndrome and other neurologic disorders, compared with T2 WM signal abnormalities;
however, the accuracy remains similar to that of the current McDonald criteria.

ABBREVIATIONS: CDMS = clinically definite MS; CIS = clinically isolated syndrome; DIS = dissemination in space; HC = healthy control; OND = other neurologic
disorders; ROC = receiver operating characteristic; SA = signal abnormality

he occurrence of WM signal abnormalities (SAs) isa hallmark ~ observed on T2WTI and T1WI represent focal pathology and are

feature of multiple sclerosis, yet the clinical relevance of the
pathologic substrate of WM-SAs is disappointing.'™ WM-SAs
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thought to be caused by inflammation, edema, demyelination, or
gliosis.” They are usually secondary to active inflammation, im-
aged by using postcontrast TIWI gadolinium-enhanced scan-
ning.” Even though T2 WM-SAs are present at the first demyeli-
nating episode, the poor specificity of conventional MR
imaging"® and comparable MR imaging features at disease onset
compared with ischemic, autoimmune diseases or aging limits
their predictive value.
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Previously, differential diagnosis between MS and other con-
ditions was considered by using brain and spinal cord MR imag-
ing and incorporating number, location, and morphology of T2
WM-SAs in the diagnostic criteria of MS” or by using different
nonconventional MR imaging techniques.>®'° It is important to
further investigate the value of nonconventional MR imaging
techniques in the MS differential diagnosis, for example by using
SWi-filtered phase to identify early focal brain pathology indica-
tive of M, especially in patients with clinically isolated syndrome
(CIS).

Recent studies have confirmed histologically that WM-SAs
visible on MR imaging phase and R*" correspond to focal iron
deposits, whereas T2 and T1 WM-SAs are influenced by water
content.'' A substantial subset of MS WM-SAs has phase
shifts'"'? and morphologic differences.'**> However, factors
other than nonheme iron may influence the observed WM-SA
signal, such as changes in myelin, deoxyhemoglobin, and inflam-
mation.' 1" ° Therefore, because there are a multitude of effects,
it is not fully known to what extent they each individually influ-
ence SWI-filtered phase changes.

Phase changes may signal early WM-SA development'”*® in
that these phase WM-SAs may appear initially but then disappear
as the pathology advances.'” Considering that the distinct pathol-
ogies influencing phase shift (eg, cellular/myelin destruction, iron
levels, microstructural changes) in WM-SAs are most likely intri-
cately related and are observed in MS and related disor-

12,14,15,21-23
ders,

the inquiry into pathology visible on SWI-fil-
tered phase remains important regardless of the causative factors.

SWI-filtered phase work has mostly focused on patients with
MS,' 11371324 high-field-strength imaging,' "' *** or histologically
validating phase WM-SAs."'"*> Regardless of what pathology
phase WM-SAs represent, it is imperative to identify whether
their presence has diagnostic value. In the present study, we as-
sessed WM-SAs visible on T2WT and SWI-filtered phase among
patients with CIS and patients with other neurologic disorders
(OND) to investigate their prevalence, location, and ability to
differentiate disease groups.

MATERIALS AND METHODS

Subjects

This study used data from an ongoing prospective study of genetic
and environmental risk factors in MS.*>*” One-hundred twenty-
five subjects satisfied the inclusion criteria: CIS, OND, or healthy
control (HC) and having an MR imaging scan obtained with an
SWI sequence. Forty-eight patients were diagnosed with CIS (dis-
ease duration = 2.8 = 3.9 years), while 47 HCs were age- and sex-
matched to the patients with CIS and OND. From the 48 patients
with CIS, subanalyses were performed on 20 patients who under-
went a second clinical attack within a 3-year follow-up period
(clinically definite multiple sclerosis [CDMS]), 12 remained clin-
ically stable (non-CDMS), while no follow-up was available for 16
patients with CIS. Presented analyses are based on baseline data
because the follow-up MR imaging protocols were not standard-
ized. In addition, 30 patients with OND were also included. HCs
were recruited from volunteers who had normal neurologic ex-
amination findings without a history of any neurologic or psychi-
atric disorders. Patients with CIS were recruited from the MS

clinic if they had no relapse and were not treated with steroids
within the month preceding study entry. The OND group was re-
cruited from the Department of Neurology specialized clinics and
consisted of a heterogeneous assortment of neurologic patients
that included degenerative (n = 10, 33.3%), autoimmune (n =
10, 33.3%), and vascular (n = 10, 33.3%) disorders. Participants
underwent full neurologic assessment and were excluded if they
had pre-existing medical conditions or were pregnant. Written
informed consent was obtained, and the study protocol was ap-
proved by our institutional review board.

MR Imaging Acquisition

Scans were acquired on a 3T Signa Excite HD 12.0 (GE Health-
care, Milwaukee, Wisconsin) by using a multichannel head and
neck coil. We acquired the following sequences: 3D flow-com-
pensated gradient-echo for SWI, T2WTI and proton attenuation,
FLAIR, and T1WI spoiled gradient-echo with magnetization-pre-
pared inversion recovery pulse. Imaging parameters are presented
in On-line Table 1.

Image Analysis and White Matter Signal-Abnormality
Classification

SWI-filtered phase images were reconstructed, processed, and an-
alyzed as described previously.'>'> Each subject’s images and
WM-SA maps were coregistered into a subject-specific up-
sampled FLAIR image space (576 X 768 X 64) with 0.33 X 0.33 X
2 mm voxels. The FMRIB Linear Image Registration Tool soft-
ware”® (http://www.fmrib.ox.ac.uk/) was used to determine the
optimal 6 df (rigid-body) registration. Images were resampled by
using trilinear interpolation, and WM-SA maps were resampled
with nearest neighbor interpolation by using the registration ma-
trix of their associated images. Identification of WM-SAs was
done by using a semiautomated edge-detection contouring/
thresholding technique.”

The classification of phase WM-SAs was previously deter-
mined to be reproducible by using the same methodology and
rater.'> Image analyses were performed by a single operator
blinded to the clinical status. The operator had 4 years of experi-
ence in phase WM-SA identification. WM-SAs were identified
separately on T2/proton-attenuation/FLAIR and SWI-filtered
phase maps in a blinded manner without a priori knowledge of
where the WM-SAs were located with respect to the other tech-
nique. Round/oval WM-SAs =3 mm were included in the study
(Fig 1). In addition, a subset of WM-SAs was visible on both
SWI-filtered phase and T2/proton-attenuation/FLAIR; these
were identified a posteriori as overlapping when =1 voxel over-
lapped, after unblinding was performed. Location of both T2 and
phase WM-SAs was determined and divided into periventricular,
juxtacortical, infratentorial, and deep WM regions according to
anatomic location. T2 WM-SAs were classified according to the
McDonald 2005°° and 20107 criteria for dissemination in space
(DIS).

Global and tissue-specific brain volumes were acquired on 3D
T1WI by using SIENAX, Version 2.6, in FMRIB."> Normalized
volume measures of the whole brain, gray matter, white matter,
and lateral ventricles were calculated.
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FIG1. Phase (top)and FLAIR imaging (bottom) WM signal abnormalities in patients with clinically isolated syndrome, other neurologic diseases,
and healthy controls. Red arrows indicate a hypointense ring on nodular-phase WM-SAs on SWI. Note the presence of phase WM-SA in the right
periventricular region in the patient with CIS, which is not present on FLAIR.

Statistical Analysis

Analyses were conducted by using the Statistical Package for the
Social Sciences 20.0 (IBM, Armonk, New York) and R for
Windows 2.15.2 (R-project; http://www.r-project.org/). Demo-
graphic characteristics were compared by using the ¢ test and x*
test. WM-SA characteristics were compared between groups by
using the Mann-Whitney U test.

Receiver operating characteristic (ROC) analysis curves were
computed to calculate the area under the ROC curve for distin-
guishing CIS, OND, and HC groups on the basis of the frequency
of both phase and T2 WM-SAs. To investigate whether the pres-
ence of phase-, T2, and overlapping phase T2 WM-SAs can aid in
the differential diagnosis of patients with CIS from HCs and pa-
tients with OND, we conducted sensitivity, specificity, and accu-
racy analysis. We also examined whether the use of dichotomized
variables (the presence of multiple phase lesions and a combina-
tion of multiple phase lesions with fulfillment of the McDonald
2005°° and 20107 criteria for DIS) may further improve sensitivity
and specificity in differentiating patients with CIS from those with
OND. Analyses were repeated between patients with CIS who
remained stable and those who progressed to CDMS after a 3-year
follow-up. All P values were adjusted by using the false discovery
rate at the P < .05 level.”’!
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RESULTS

Demographic Characteristics

HC subject groups were age- and sex-matched to patients with
CIS and OND (Table 1). Patients with CIS and OND had a mean
disease duration of 2.8 = 3.9 years and 12.3 *11.2 years, respec-
tively, and patients with CIS had a median Expanded Disability
Status Scale score of 1.5 (interquartile range = 1). Patients with
CIS had a significantly higher T2 WM-SA volume compared with
HCs. Global and tissue-specific brain volumes were consistently
smaller in the CIS and OND groups compared with the HC
groups but did not reach statistical significance, with the excep-
tion of normalized WM volume, which was smaller in patients
with CIS. Patients with CIS who converted to CDMS at follow-up
did not differ significantly on demographic characteristics from
those who did not (P > .05).

Presence, Prevalence, and Location of White Matter
Signal Abnormalities

Table 2 reports the prevalence of WM-SAs visible on SWI-filtered
phase and T2WI and WM-SAs overlapping between these 2 mo-
dalities. In total, 186 phase and 770 T2 WM-SAs (92 overlapping)
were observed among patients with CIS, whereas HCs only
showed 19 phase, 46 T2 WM-SAs, and zero overlapping WM-SAs



Table 1: Demographic characteristics of patients with clinically isolated syndrome and other neurologic disorders and healthy controls®

CIS (n = 48) HC (n =47) P OND® (n=30) P

Male/female n:37 12:35 766 7:23 827
Age (yr) (mean) 407 £1.6 401107 814 409 = 15.6 780
Age at diagnosis (yr) (mean) 383 *+11.6 - - 346 £17. -
Disease duration (yr) (mean) 28*+39 - - 123 £12 -
Expanded Disability Status Scale (median = IQR) 15 %1 - - - -
Disease modifying therapy (No.) (%)

No therapy 21,43.8

Interferon B 1a 19,39.6 - - - -

Glatiramer acetate 7,145

Other 1,21
Type of OND (No.) (%)°

Degenerative 10(33.3)

Autoimmune - - - 10(33.3) -

Vascular 10 (33.3)
WM-SAV 51*+88 01*x03 <.001 34+ 86 .042
Normalized brain volume 1532.6 = 61.9 1556.4 £77.9 103 1549.3 =101 733
Normalized GM volume 785.8 =457 783.6 £ 451 814 786.9 = 82.5 816
Normalized WM volume 746.9 =289 772.8 = 49.8 .003 7624 + 376 332
Normalized lateral ventricle volume 36.6 =152 30.5*£10.3 .032 36.2 £219 151

Note:—ClS indicates clinically isolated syndrome; HC, healthy controls; IQR, interquartile range; OND, other neurological disorders; —, not applicable; WA-SAV, white matter
signal abnormality volume.

2 Values are presented as means. Volumetric measurements are presented in milliliters. Groups were compared using the x? test and Student t test.

b Degenerative disease group (n = 10) included patients with Parkinson disease (n = 6), epilepsy (n = 2), cerebellum syndrome (n = 1), and dementia (n = 1); autoimmune disease
group (n = 10) included patients with antiphospholipid syndrome (n = 4), systemic lupus erythematosus (n = 3), neurosarcoidosis (n = 1), acute disseminated encephalomyelitis
(n = 1), and chronic fatigue syndrome (n = 1); neurovascular disease group (n = 10) included patients with migraine (n = 7), transitory ischemic attack (n = 1), headache (n =1),
and CNS vasculitis (n = 1).

P value of OND vs HC.

Table 2: Location of white matter signal abnormalities visible on SWIi-filtered phase, T2WI, and their overlaps between patients with
clinically isolated syndrome, other neurologic disorders, and healthy controls®

CIS (n = 48) HC (n = 47) OND (n =30) P P
(No.) (%) Mean (SD) Median (No.) (%) Mean (SD) Median (No.)(%) Mean (SD)Median CIS vs HC CIS vs OND
Phase WM-SA
Total 186(100)  3.88(5.18)2 19 (100) 0.4(0.85)0 25(100) 83(215)0 001 .0001
Periventricular 132 (71) 2.75(3.26)2 16 (84.2) 0.34(0.7)0 14 (56) 47(1.22)0 .001 .0001
Juxtacortical 15(8) 031(0.55)0 0(0) 0(0)0 4(16) 13(43)0 001 137
Infratentorial 0(0) 0(0)0 0(0) 0(0)0 0(0) 0(0)0 1 1
Deep WM 39 (21) 0.81(1.99) 0 3(15.8) 0.06(0.24) 0 7(28) 23(68)0 on 232
T2 WM-SA
Total 770(100)  16.04(1427)105 46 (100) 98(23)0 243 (100) 81(11.99) 4.5 001 .0001
Periventricular 403 (52) 8.4 (5.68)7.5 4(9) .09(.28)0 138 (57) 4. 60 (4.92)3 .001 .0001
Juxtacortical 53 (7) 110 (1.65)1 5(1) n(43)0 15 (6) 50(1.28) 0 001 016
Infratentorial 14 (2) 0.29 (0.68)0 0 0(0)0 100) 03(18)0 .005 083
Deep WM 300(39)  6.25(8.66)2.5 (80) 79(21)0 89 (37) 297 (6:63)0 001 010
Overlap
Total 92(100)  192(2.97)1 0(0)0 0(0)0 12100) 40(1.4)0 001 .0001
Periventricular 70 (76) 146 (2.21)1 0(0)0 0(0)0 5(42) 17 (.53)0 .001 .0001
Juxtacortical 4(4) 0.08(0.28)0 0(0)0 0(0)0 3(25) 10 (40)0 082 918
Infratentorial 0(0) 0(0)0 0(0)0 0(0)0 0(0) 0(0)0 1 1
Deep WM 18(20)  0.38(1.06)0 0(0)0 0(0)0 4(33) 13(51)0 005 245

# WM signal abnormality numbers were compared between groups using the Mann-Whitney U test. P values have been corrected for false discovery rate at the P < .05 level.

(all P < .001). This yielded a ratio of phase WM-SAs and T2
WM-SAs between CIS and HCs of 10:1 and 16:1, respectively.
Most interesting, phase WM-SAs were, on average, more preva-
lent (4.7:1 ratio) among patients with CIS than among those with
OND (CIS mean = 3.88 * 5.2, OND mean = 0.83 *= 2.15, P <
.001), whereas T2 WM-SAs were more prevalent at a 2:1 ratio for
CIS versus OND (CIS mean = 16.04 *= 14.27 versus OND
mean = 8.1 * 11.99, P < .001). In subanalyses among patients
with CIS who converted to CDMS versus those who did not
within a 3-year follow-up period, converters had significantly
more phase (CIS mean = 1.6 * 1.8 versus CDMS mean = 6.2 *
6.8, P < .01) but not T2 or T1 WM-SAs (P > .05).

In ROC curve analysis by using the frequency of phase, T2, and
overlapping WM-SAs, the areas under the ROC curve for CIS
versus HC were 0.782 (Fig 2A), 0.818, and 0.781, respectively.
Phase WM-SAs had a moderate-to-high area under the curve in
distinguishing CIS from OND (area under the curve = 0.755, Fig
2B). T2 WM-SAs and overlapping WM-SAs had respective areas
under the curve of 0.739 and 0.725.

The most common location of phase WM-SAs across all study
groups was the periventricular region (56%-84%), followed by
the deep WM (16%—-28%) and juxtacortical regions (0%—-16%)
(Table 2). No phase WM-SAs were observed infratentorially.
While phase WM-SAs were relatively confined to the periven-
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FIG 2. ROC curves for the number of phase white matter signal abnormalities in differentiating
patients with clinically isolated syndrome versus healthy controls (A) and patients with CIS versus
those with other neurologic diseases (B).

Table 3: Sensitivity and specificity for the presence of SWi-filtered phase, T2, and their
overlapping white matter signal abnormalities among patients with clinically isolated

syndrome, other neurologic disorders, and age- and sex-matched healthy controls®

CIS vs OND

CIS vs HC
Sensitivity Specificity Accuracy Sensitivity Specificity Accuracy

Phase WM-SA

Total 70.8 76.6 737° 70.8

Periventricular 66.7 76.6 71.6° 66.7

Juxtacortical 271 100 63.2° 271

Infratentorial 0 100 - 0

Deep WM 271 93.8 60° 271
T2 WM-SA

Total 93.9 68.8 814> 95.8

Periventricular 93.8 915 92.6° 93.8

Juxtacortical 521 93.6 72.6° 521

Infratentorial 18.8 100 58.9¢ 18.8

Deep WM 813 74.5 77.9° 813
Overlapping

Total 55.1 100 77.3b 56.3

Periventricular 54.2 100 76.8° 54.2

Juxtacortical 83 100 537° 83

Infratentorial 0 100 - 0

Deep WM 18.8 100 59¢ 18.8

the presence of phase (sensitivity,
70.8%; specificity, 76.7%) and overlap-
ping WM-SAs (sensitivity, 56.3%; spec-
ificity, 90%) differentiated relatively
well patients with CIS and those with
OND (P < .001), whereas the presence
of T2 WM-SAs yielded high sensitivity
(95.8%) butlow specificity (13.3%). Ad-
ditional analyses revealed that patients
with OND with autoimmune origin
other than CIS (a subset of the OND
group, n = 10) could be accurately dif-
ferentiated from patients with CIS when
considering the presence of phase (sen-
sitivity, 70.8%; specificity, 70%; accu-
racy, 70.7%) or overlapping phase T2
(sensitivity, 56.3%; specificity, 80%; ac-
curacy, 60.3%), but not with T2 WM-
SAs (sensitivity, 93.9%; specificity, 0%;
accuracy, 77.9%).

The presence of =1 phase WM-SA
was more sensitive and similarly specific

767 73.1p (Table 3) compared with both the
80 71.8° McDonald 2005 (Table 4) and the 2010
90 513 (Table 4) criteria for DIS when differen-
]gg . 5 0_ tiating patients with CIS and those with
’ OND. When we took into account the
133 641 presence of multiple phase WM-SAs, the
133 62.8 specificity of differentiating patients
833 64.1° with CIS from those with OND im-
zg; ;g; proved up to 93.3% (Table 4), at the
' ’ cost of lower sensitivity and accuracy.
90 69.2° Combining the presence of multiple
90 67.9° phase WM-SAs with the McDonald
933 4 2005 and 2010 criteria resulted in high
12(3)3 47_ 4 specificity (90%) but lower sensitivity

Note:— indicates not applicable.

2 Sensitivity and specificity were computed using cross-tabulations.

5P <001

€ P < .01. P values have been corrected for false discovery rate at the P < .05 level.

tricular region, the occurrence of T2 WM-SAs was divided be-
tween the periventricular and deep WM areas. Of the 19 phase
and 46 T2 WM-SAs observed in the HC group, no WM-SAs were
visible on both sequences. Ninety-two of the 770 T2 WM-SAs
(12%) in patients with CIS were also visible on SWI-filtered
phase, while among patients with OND, 12 of the 243 T2 WM-SAs
(5%) overlapped the SWI-filtered phase.

Sensitivity and Specificity Analysis

Sensitivity and specificity analysis of phase, T2, and overlapping
phase T2 WM-SAs is shown in Table 3. The presence of phase
WM-SAs was both a sensitive (70.8%) and specific (76.6%)
method of differentiating patients with CIS from HCs. Because of
the relatively high prevalence of T2 WM-SAs, the sensitivity was
93.9% but the specificity was lower at 68.8%. A high specificity
(100%) but medium sensitivity (55.1%) was observed for WM-
SAs visible on both T2 and SWI-filtered phase. Most interesting,
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and accuracy.

Similar sensitivity, specificity, and
accuracy were calculated between pa-
tients with CDMS and non-CDMS
when taking into account the combina-
tion of McDonald 2005 and 2010 criteria and the presence of
multiple phase WM-SAs (On-line Table 2).

DISCUSSION

In this study, the presence, prevalence, and location of phase
WM-SAs were investigated in a sample of patients with CIS and
OND. There are several important observations from our find-
ings: 1) phase WM-SAs were more prevalent among patients with
CIS than in HCs and patients with OND; 2) compared with T2
WM-SAs, phase WM-SAs were specific to patients with CIS and
had high overall accuracy compared with individuals with OND
and even individuals with OND of autoimmune origin; 3) the
presence of >1 phase WM-SA increased the specificity in differ-
entiating CIS from OND but was similar to the 2005 and 2010
McDonald criteria for DIS by using T2 WM-SAs; 4) the presence
of multiple phase WM-SAs was associated with progression to



Table 4: Sensitivity and specificity for the presence of multiple
SWi-filtered phase si nalpabnormalities and fulfillment of the
McDonald 2005%° and 20107 criteria for dissemination in space
between patients with clinically isolated syndrome and other
neurologic disorders®

CIS vs. OND
Sensitivity Specificity Accuracy
=2 Phase WM-SAs 563 833 66.7°
=3 Phase WM-SAs 438 90 61.5°
=4 Phase WM-SAs 438 933 62.8°
McDonald 2005 criteria for DIS 52.1 80 62.8°
McDonald 2010 criteria for DIS 62.5 76.7 67.9°
=2 Phase + McDonald 2005 333 90 55.1
criteria for DIS
=2 Phase + McDonald 2010 39.6 90 58.9¢

criteria for DIS

Note:— P < .05. P values have been corrected for false discovery rate at the P < .05
level.

2 Sensitivity and specificity were computed using cross-tabulations.

PP <001

cP<.0L

CDMS from CIS; 5) approximately half of phase WM-SAs were
not detected by T2WI and may represent unique pathology; and
6) the presence of multiple phase WM SAs was associated with
higher conversion to CDMS.

To our knowledge, this is the first study quantifying the occur-
rence of phase WM-SAs in an early disease course suggestive of
MS, as well as OND, including those of autoimmune origin. Ap-
proximately three-quarters of phase WM-SAs were observed in
the periventricular region, regardless of disease type, whereas T2
WM-SAs were commonly observed in both the periventricular
and deep WM areas. This observation, coupled with there being
no infratentorial phase WM-SAs, suggests that phase WM-SAs
are either mostly present near the ventricles or are most readily
detected periventricularly. No juxtacortical phase WM-SAs were
observed in any of the HC subjects, yet 8% of patients with CIS
and 7% of those with OND had phase WM-SAs near the neocor-
tex. This finding suggests that the presence of juxtacortical phase
WM-SAs may be specific to CNS disease, though confirmation is
needed in a larger, healthy sample. In addition, zero WM-SAs
were visible on both SWI-filtered phase and T2WI in the total
sample of 47 HCs, making the presence of overlapping phase T2
WM-SAs another potential biomarker for CNS disease. The num-
ber of phase WM-SAs was significantly higher in patients with CIS
versus HCs, as well as in patients with CIS versus those with OND.
Evidently, the amount of phase WM-SAs was the highest among
patients with CIS, with a ratio of 10:1 compared with the HC
group. Similar results were observed for T2 WM-SAs. Approxi-
mately 50% of phase WM-SAs in patients with CIS were not vis-
ible on T2WI and might represent different pathology or WM-
SAs at different development stages.'”** Inversely, 12% of T2
WM-SAs overlapped with phase WM-SAs, a number in line with
but slightly lower than that previously observed (16%-18%) at
higher field strengths and in patients at a more advanced disease
stage.”*??

Even though this study demonstrates that the presence of
phase WM-SAs is both sensitive (70.8%) and specific (76.6%) in
distinguishing CIS and HCs, the benefit is not substantial com-
pared with T2 WM-SAs. However, the presence of phase WM-
SAshad a high sensitivity and specificity in differentiating patients

with CIS and OND, an observation that was even extended to
differentiating patients with CIS from those with OND with au-
toimmune origin. These 2 findings were specific to phase WM-
SAs because the presence of T2 WM-SAs had low specificity, lim-
iting its usefulness. Accuracy, a combined measure of sensitivity
and specificity, was also higher for phase WM-SAs. This result can
be interpreted as the mere presence of phase WM-SAs being sug-
gestive of CIS, whereas T2 WM-SAs can also be observed in other
CNS disorders. Indeed, all subjects with OND of autoimmune
origin had at least 1 T2 WM-SA.

A recent study showed marked phase shifts in WM-SAs of
patients with MS before they appear on conventional MR imag-

ing.?® Yablonskiy et al'”

reported that the phase contrast observed
in MS WM-SAs is dynamic and may be visible at early disease
onset. However, others have reported that ringlike phase WM-
SAs remained unchanged for several years.'> Results from the
present study indicate that the specificity in differentiating pa-
tients with CIS versus those with OND is increased by the pres-
ence of multiple phase WM-SAs, even exceeding the specificity of
using McDonald 2005°° and 20107 criteria for DIS. In fact, in
subanalyses among patients with CIS who converted to CDMS
versus those who did not within a 3-year follow-up, converters
had significantly more phase, but not T2 or T1 WM-SAs. These
results indicate that phase WM-SA, in addition to T2 WM-SAs,
may be a valuable additional tool for diagnosis and conversion to
CDMS of early patients with a single demyelinating episode.
Compared with the McDonald 2005 and 2010 criteria, the pres-
ence of =3 phase WM-SAs was more specific in distinguishing
CDMS and non-CDMS; and combining the presence of =2 phase
WM-SAs with the McDonald criteria increased the specificity of
identifying CDMS to >90%.

Previously, researchers have investigated other nonconven-
tional MR imaging techniques®® (eg, magnetization transfer,®
diffusion tensor,** perfusion,'® and MR spectroscopy”) to po-
tentially increase the level of confidence in the differential diag-
nosis between MS and other conditions. However, there is no
consensus at this time regarding their advantage in the differential
diagnosis at first clinical onset. It is currently not entirely under-
stood what phase shifts in WM-SAs constitute. Several properties
have been proposed, all of which might have differing levels of
effect on phase: iron, demyelination, deoxyhemoglobin, and in-
flammation, as well as tissue microstructure and fiber orienta-
tion."! In a recent autoimmune encephalomyelitis mouse-model
study, phase WM-SAs correlated with all of these factors indepen-
dently.>> A majority of MS WM-SAs have a central vein as seen on

3637 and it stands to reason that some WM-SAs

MR venography,
visible on SWI-filtered phase are the result of deoxygenated blood
in those veins.

The current study included a group of patients with neuro-
logic disorders other than CIS. Drawing conclusions from such a
heterogeneous group is challenging. However, the group was in-
cluded nonetheless to investigate whether there were any con-
trasting findings compared to patients with CIS. A subset of pa-
tients with OND with autoimmune origin confirmed our findings
obtained in the whole sample, and even though the sample size
was limited, the presence of phase WM-SAs could differentiate
this group and patients with CIS, whereas the T2 WM-SAs could

AINR Am J Neuroradiol 35:1916-23  Oct 2014  www.ajnr.org 1921



not. Similarly, subanalyses of CDMS versus non-CDMS were also
conducted on a limited sample size. Another limitation of the
present study is that subtypes of phase WM-SAs based on their
appearance were not investigated.'>"'* Furthermore, the subjects
with CIS in the present study were not imaged at clinical onset and
may, therefore, represent slightly more advanced patients, poten-
tially influencing the findings. Longitudinal studies are needed to
evaluate the value of phase lesions in diagnosing and monitoring
patients with CIS and CDMS by dissemination in time and the
potential effect of disease-modifying therapy.

CONCLUSIONS

This study showed that WM-SAs visible on SWI-filtered phase are
relatively specific to patients with CIS, even compared with indi-
viduals with OND of autoimmune origin. This finding could ren-
der the imaging of phase WM-SAs a potential biomarker aiding in
the differential diagnosis. Future longitudinal studies should re-
veal the source of phase contrast (iron, demyelination, deoxyhe-
moglobin, inflammation, and so forth) and thoroughly investi-
gate its clinical significance in CNS disorders.
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