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Abstract

Background Arterial spin-labeling (ASL) imaging is currently the most useful method for diagnosing mitochondrial
encephalomyopathy, lactic acidosis, and stroke-like attack syndrome (MELAS). However, ASL is often an optional
feature of standard MRI systems. Therefore, not all MRI systems can perform ASL imaging. In contrast, fluid-attenuated
inversion recovery (FLAIR) imaging is one of the common sequences in brain MRI because FLAIR imaging can be per-
formed regardless of the specifications of the equipment. This study aimed to compare the diagnostic performance
of quantitative analysis of signal intensity obtained from fluid-attenuated inversion recovery (FLAIR) images with ASL
images for MELAS with recurrent stroke-like episodes (SLEs). A total of 68 cases with normal magnetic resonance
imaging findings and 25 cases diagnosed MELAS with recurrent SLEs were included. We evaluated the frontal lobe
and cuneus as target areas and compared the regional cerebral blood flow (rCBF) values obtained from ASL images
with the normalized signal intensity (nSI) obtained from FLAIR images.

Results The sensitivity and specificity for diagnosing MELAS from linear discriminant analysis (LDA) obtained
from the rCBF values were 0.84 and 0.941, respectively, and those of nSI were 0.8 and 0.897, respectively. The area
under the ROC curves (AUC) calculated from the receiver operating characteristic (ROC) curve analysis using rCBF
values and nSI were 0.889 and 0.804, respectively.

Conclusion Quantitative analysis using the signal intensity of the FLAIR image could have a diagnostic performance
equivalent to that of rCBF values obtained from ASL images.
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Background

Mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like attack syndrome (MELAS) are common clini-
cal forms of mitochondrial disease, a multisystem dis-
order that occurs in childhood in approximately 70% of
cases [1-3]. MELAS is characterized by stroke-like epi-
sodes (SLEs), such as headache, vomiting, convulsions,
impaired consciousness, and motor paralysis of the
extremities [4]. A typical MELAS lesion is an edematous
lesion centered in the cerebral cortex that is not con-
sistent with vascular control areas [5]. SLE lesions often
appear from the unilateral cuneus to the temporal lobe,
and distinguishing MELAS from cerebral infarction is
important. SLE lesions appear as high-signal areas on dif-
fusion-weighted images; however, the apparent diffusion
coefficient values of SLE lesions do not show a strongly
decreased intensity area compared with cerebral infarc-
tions. MELAS is often associated with dilated vessels due
to vascular endothelial dysfunction, resulting in foci of
predominantly vasogenic edema due to extravasation [6];
however, in the subacute phase, there may also be a mix-
ture of cytotoxic edema in the foci. Arterial spin labeling
(ASL) imaging is currently the most useful imaging for
differentiating MELAS from cerebral infarction because
it can easily capture increased blood flow at SLE lesions
[7, 8]. ASL uses an inversion pulse to magnetically label
the arterial blood flowing into the imaging cross section,
which is then used as a tracer [9], and a labeling pulse is
applied. It is a non-invasive imaging method that meas-
ures brain perfusion by collecting data after a delay time
between the application of the labeling pulse, called post-
labeling delay, and data collection. Recently, magnetic
resonance imaging (MRI) has seen rapid technological
advances in pulse sequencing and the proliferation of
hardware, such as high-field devices and high-sensitivity
phased array coils. However, ASL is often an optional
feature of standard MRI systems. Therefore, not all MRI
systems can perform ASL imaging. In contrast, fluid-
attenuated inversion recovery (FLAIR) imaging is one
of the common sequences in brain MRI because FLAIR
imaging can be performed regardless of the specifications
of the equipment [10, 11]. FLAIR is an imaging technique
that suppresses the cerebrospinal fluid signal by scanning
at a time when the longitudinal magnetization of the cer-
ebrospinal fluid becomes negative when a 180° inversion
pulse is applied and then returns to zero. FLAIR is char-
acterized by lesions in contact with cerebrospinal fluid,
such as the cortex and periventricular walls, which are
more easily visualized than T2-weighted imaging. This
study aimed to compare the diagnostic performance of
quantitative analysis of signal intensity obtained from
FLAIR images with ASL images for MELAS with recur-
rent SLEs.

Page 2 of 8

Methods

Subjects

Sixty-eight cases were included as the normal group, as
they were diagnosed with normal findings and without
developmental delay or organic abnormalities in the
brain parenchyma on MRI. Additionally, 25 cases diag-
nosed MELAS with recurrent SLEs were included as the
MELAS group. The normal group included 28 males
and 40 females with a median age of 8.5 years (range
5 months to 14 years). The MELAS group included 25
females with a median age of 11.17 years (range 9-14
years). All cases underwent ASL and FLAIR imaging
on brain MRI scans from May 2015 to May 2021 in our
hospital. All cases underwent MRI examination with
closed eyes.

Image acquisition

MRI images were obtained using an Optima 450w 1.5T
scanner (GE Healthcare, Milwaukee, WI, USA). A
16-channel GEM Head Neck Unit coil was used as the
receiving coil. The imaging parameters of the ASL and
FLAIR images are listed in Table 1.

Regional cerebral blood flow calculation

The frontal lobe and cuneus were evaluated as tar-
get areas at the basal ganglia level on transverse ASL
images. As aforementioned, we chose the cuneus as the
target area because of the increased blood flow in the
cuneus in MELAS cases. The frontal lobe was selected
because it is the region furthest from the cuneus. The
console attached to the MRI scanner was used to locate
three circular regions of interest (ROIs), each 50 mm?
in size, on both sides of the frontal lobe and cuneus.
Regional cerebral blood flow (rCBF) was measured in

Table 1 Imaging parameters of ASL and FLAIR images

Image ASL (pulsed continuous ASL) FLAIR
Dimension 3D 2D

Pulse sequence fast spin echo fast spin echo

Slice plane Axial Axial
TR [msec] 4555 9000
TE [msec] 10.7 120
Tl [msec] - 2500
RFA[* ] - 160
FOV [mm] 220 220
Matrix - 320% 192
Points * Arms 5126 -
Slice thickness [mm] 4 6
NEX 2 1
Band width [kHz] +62.5 +31.25
PLD [msec] 1525 -

Labeling duration [msec] 1450 (fixed)
Scan time [sec] 146 189
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the ROIs, and the mean value of rCBF obtained from
the six ROIs was used in the analysis (Fig. 1). This pro-
cedure was performed in all cases in the normal and
MELAS groups.

Signal intensity of FLAIR images

The frontal lobe and cuneus on transverse FLAIR images
were also evaluated as well as ASL images. A circular
ROI of 200 mm? and oval ROI of 200 mm? were located
on each side of the frontal lobe and cuneus, respec-
tively (Fig. 2a). The signal intensity in the ROIs was
measured, and the mean signal intensity was calculated.
However, the signal intensities of the frontal lobe and
cuneus obtained from the FLAIR images were relative
values, unlike rCBEF, which is an absolute value. There-
fore, the mean signal intensity was normalized to the
signal intensity in the brainstem. This is referred to as
the normalized signal intensity (nSI). A 180-mm? circu-
lar ROI was located on the brainstem to avoid the effect
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of cerebrospinal fluid on signal intensity, and the sig-
nal intensity in the ROI was averaged for normalization
(Fig. 2b).

Statistical analysis

Spearman’s rank correlation coefficient was calculated
using the rCBF values and nSI obtained from the fron-
tal lobe and cuneus in all cases [12]. To distinguish
between the normal and MELAS groups, linear discri-
minant analysis (LDA) was performed to obtain the
linear decision boundary, which was estimated from a
scatter plot of the rCBF values and nSI. Fisher’s method
was employed to analyze LDA results [13]. The sensitiv-
ity and specificity were determined using these decision
boundaries. Additionally, receiver operating character-
istic (ROC) curves and the area under the ROC curve
(AUC) were estimated using the rCBF values and nSI
in the frontal lobe and cuneus. The DeLong method
was employed for statistical analysis of the two AUCs

Fig. 1 Locations of 12 ROls in the frontal lobe and cuneus for measuring rCBF values using ASL images. Each circular ROl has an area of 50 mm?
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to compare the diagnostic performance of the imaging
modalities for MELAS [14]. We used R Studio (version
2023.06.1+524, posit, Boston, USA) to perform the sta-
tistical analysis, with a significance level of 0.05.

Results

The correlation coefficients of rCBF values for the fron-
tal lobe and cuneus in the normal and MELAS groups
were 0.47 and 0.46, respectively. Those of nSI were 0.871
and 0.746, respectively. Scatter plots of the rCBF values
and nSI for the normal and MELAS groups are shown
in Figs. 3 and 4. We also show the decision boundaries
estimated from LDA, distinguishing between the nor-
mal and MELAS groups. From the decision bounda-
ries of rCBF values, the sensitivity and specificity for
the diagnosis of MELAS were 0.84 and 0.941, respec-
tively, and those of nSI were 0.8 and 0.897, respectively
(Table 2).

The four clinical images diagnosed MELAS are shown
in Fig. 5. In the positive case diagnosed with MELAS,
based on the decision boundaries obtained from the
LDA of the rCBF values, there was a clear increase in
blood flow from the right cuneus to the temporal lobe
(Fig. 5a). In the positive case diagnosed with MELAS
from the LDA of nSI, there was a clear T2 prolongation
area in the right occipital lobe and from the left cuneus
to the left temporal lobe, and increased blood flow on
ASL images consistent with the same area (Fig. 5b). In
the case that was not distinguished as MELAS using
the decision boundaries obtained from the rCBF values
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(b)

Fig. 2 Location of the ROI of the frontal lobe, cuneus, and brainstem for measuring normalized signal intensity using FLAIR images. a The circle ROI

of the frontal lobe has an area of 200 mm?. The oval ROI of the cuneus has an area of 200 mm?. b The circle ROI of the brainstem has an area of 180

mm?

and nSI, the right cuneus to the right occipital lobe
was the site of the lesion; however, there was no obvi-
ous increase in blood flow and area of T2 prolongation
(Fig. 5¢). In the case of MELAS diagnosed on the bor-
der of the decision boundary obtained from the LDA
of nSI, the right cuneus to the right temporal lobe was
the site of the lesion, but there was no obvious T2 pro-
longation area, while ASL images showed an obvious
increase in blood flow in the same area (Fig. 5d). The
AUCs for the ASL and FLAIR images were 0.889 and
0.804, respectively, as estimated from the ROC curves
using the rCBF values and nSI (Fig. 6). There was no
significant difference between the two AUC values (p =
0.173).

Discussion

In this study, we examined the clinical utility of FLAIR
imaging for the diagnosis of MELAS with recurrent
SLEs compared to ASL imaging. The results showed
that the rCBF values obtained from ASL images and
the nSI obtained from FLAIR images were equivalent
to their diagnostic performance in MELAS cases. We
calculated Spearman’s rank correlation coefficient using
the rCBF values and found no correlation between the
normal and MELAS groups. We considered that the
degree of increased blood flow in recurrent SLEs varied
by case. However, as shown in Fig. 3, the overall rCBF
values were higher in the MELAS cases than in the nor-
mal cases, especially in the cuneus. Therefore, only the
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Fig. 3 Results of rCBF values obtained from ASL images and the decision boundary calculated using LDA

degree of increased blood flow can easily indicate an
abnormality of the brain; this is consistent with findings
of previous reports [7, 8]. In contrast to the rCBF val-
ues, there was a strong positive correlation in the nSI
results. The high correlation of the nSI obtained from
FLAIR images is due to the smaller signal intensity in
MELAS cases and normalization of the signal inten-
sity by dividing it by the signal intensity of the brain-
stem. We considered that the correlation coefficient
of nSI was also higher because normalization allowed
the variation in signal values to be compared between
cases. Based on the decision boundaries obtained from
LDA, both the sensitivity and specificity for diagnos-
ing MELAS using the rCBF value were higher than
those of the nSI; however, there were few differences.
Regarding sensitivity, in the positive cases diagnosed
with MELAS on the border of the decision boundary
obtained from the LDA of nSI, one MELAS-positive
case could be distinguished by the ASL image, which

was the cause for the slight difference. We considered
that the difference in specificity was due to the larger
rCBF values of cuneus in MELAS cases than in normal
cases, and the smaller signal intensity in MELAS cases
and the smaller difference between MELAS and normal
cases. Care must be taken in cases of MELAS that can-
not be distinguished using either rCBF values or nSI.
In this study, MRI examination of recurrent SLEs was
performed; however, there were no abnormalities on
the ASL or FLAIR images (Fig. 5c). Li et al. reported
that persistent cellular injury due to impaired adeno-
sine triphosphate production may give rise to exces-
sive loss of neurons, resulting in decreased rCBF in
the affected brain regions during the chronic phase of
SLEs [7]. Therefore, our method is not appropriate for
these cases, and we need to perform a comprehensive
diagnosis in conjunction with physical findings and
other examination results. We calculated AUC values
from ROC analysis using rCBF values and the nSI, and
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Fig. 4 Results of the normalized signal intensity obtained from FLAIR images and the decision boundary

Table 2 Sensitivity and specificity for MELAS cases obtained
from the LDA

Sensitivity  Specificity

0.84 (21/25) 0.941 (64/68)

Image

ASL (n=93)

FLAIR (n=93) 0.8 (20/25) 0.897 (61/68)

recognized that ASL images have better diagnostic per-
formance than FLAIR images.

However, there was no statistically significant differ-
ence between the AUC values obtained from the ASL and
FLAIR images. On the basis of the results, we concluded
that the diagnostic performances of ASL and FLAIR
images for MELAS with recurrent SLEs were equivalent
using our method.

Edematous lesions with cortical predominance may
persist long after symptom resolution, although FLAIR
high-signal lesions may shrink in size. Using this
method, it is possible to determine whether SLEs have
recurred in residual FLAIR high-signal lesions that are
difficult to assess visually. In addition, although the cases
in this study were obtained at the time of recurrent
SLEs, a case was reported in which ASL image over time
captured increased blood flow in the preictal lesion, and
it was also reported that ASL imaging was useful in pre-
dicting seizures [15, 16]. If our method has a diagnostic
performance equivalent to that of ASL imaging, we sug-
gest that FLAIR imaging may also be useful in predicting
seizures.

A limitation of this study was the small number of
MELAS cases; however, we considered that a population
trend was obtained when considering the distribution of
the scatter plots. In addition, both angioedema and cel-
lular edema show high signal intensity on FLAIR images
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Fig. 5 MELAS cases analyzed in this study. Positive cases were determined by the decision boundary obtained from the a rCBF value and b nSl. ¢
Cases in which MELAS could not be diagnosed using rCBF or nSl. d Case located on the decision boundary obtained from nSI
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Fig.6 ROC curves for diagnosing MELAS by using the ASL and FLAIR

images

and may not be discriminated based solely on the signal
intensity of the FLAIR image. Thus, we consider that the
diagnosis of such cases should be proceeded with other
sequences.

Conclusions

Quantitative analysis of the signal intensity in FLAIR
images had a diagnostic performance equivalent to that
of the rCBF values obtained from ASL images when diag-
nosing MELAS with recurrent SLEs. Using our method,
MELAS can be diagnosed even in facilities with MRI sys-
tem that cannot perform ASL imaging.
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ROI Regions of interest
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LDA Linear discriminant analysis

AUC Area under the ROC curve
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