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ABSTRACT

BACKGROUND AND PURPOSE: Systematic and accurate glioma grading has clinical significance. We present the utility of multi-Tl arterial
spin-labeling imaging and provide the bolus arrival time maps for grading astrocytomas.

MATERIALS AND METHODS: Forty-three patients with astrocytomas (21 men; mean age, 51 years) were recruited. The classification
abilities of conventional MR imaging features, normalized CBF value derived from multi-Tl arterial spin-labeling imaging, normalized bolus
arrival time, and normalized CBF derived from single-Tl arterial spin-labeling were compared in patients with World Health Organization
(WHO) grade 11, Ill, and IV astrocytomas.

RESULTS: The normalized CBF value derived from multi-Tl arterial spin-labeling imaging was higher in patients with higher grade astro-
cytoma malignancies compared with patients with lower grade astrocytomas, while the normalized bolus arrival time showed the opposite
tendency. The normalized CBF value derived from the multi-Tl arterial spin-labeling imaging showed excellent performance with areas
under the receiver operating characteristic curve of 0.813 (WHO Il versus Ill), 0.964 (WHO Il versus 1V), 0.872 (WHO lll versus IV), and 0.883
(low-grade-versus-high-grade gliomas). The normalized CBF value derived from single-Tl arterial spin-labeling imaging could statistically
differentiate the WHO Il and IV groups (area under the receiver operating characteristic curve = 0.826). The normalized bolus arrival time
effectively identified the WHO grades Il and Ill with an area under the receiver operating characteristic curve of 0.836. Combining the
normalized CBF value derived from multi-Tl arterial spin-labeling imaging and normalized bolus arrival time improved the diagnostic
accuracy from 65.10% to 72.10% compared with the normalized CBF value derived from multi-T! arterial spin-labeling imaging being applied
independently. The combination of multi-Tl arterial spin-labeling imaging and conventional MR imaging had the best performance, with a
diagnostic accuracy of 81.40%.

CONCLUSIONS: Multi-Tl arterial spin-labeling imaging can evaluate perfusion dynamics by combining normalized bolus arrival time and
normalized CBF values derived from multiple Tls. It is superior to single-Tl arterial spin-labeling imaging and conventional MR imaging
features when applied independently and can improve the diagnostic accuracy when combined with conventional MR imaging for grading
astrocytomas.

ABBREVIATIONS: ASL = arterial spin-labeling; AUC = area under the receiver operating characteristic curve; BAT = bolus arrival time; HGG = high-grade glioma;
LGG = low-grade glioma; mTI-ASL = multi-TI arterial spin-labeling imaging; nBAT = normalized bolus arrival time; nCBF-mTI = normalized CBF value derived from
mTI-ASL; nCBF-sTI = normalized CBF value derived from single-TI ASL; sTI-ASL = single-Tl arterial spin-labeling imaging; WHO = World Health Organization

liomas are the most common primary brain tumor in adults.  the degree of malignancy in astrocytic neoplasms. Generally, ob-

More than 75% of gliomas have astrocytic features." MR vious enhancements suggest high malignancy. However, these

imaging is important in tumor diagnosis, surgical guidance, and
therapeutic monitoring of brain tumors. Conventional MR imag-
ing, especially gadolinium-based contrast-enhanced MR imaging,
is commonly used to evaluate tumor morphology and distinguish
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contrast enhancements are limited by low specificity because the
enhancement after contrast agent injection may not be a true
assessment of tumor vascularity but may instead reflect BBB dis-
ruption effects. In addition to conventional MR imaging, some
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Table 1: Patient characteristics

Histologic Diagnosis

Diffuse Anaplastic
Astrocytoma Astrocytoma Glioblastoma
(WHOI)  (WHOIl)  (WHO V)
No. of patients 15 15 13
Male/female ratio 7:8 6:9 8:5
Median age (yr) (range) 54 (17-70) 52 (15-73) 57 (28-67)

other MR imaging modalities such as PWI, DWI, MR spectros-
copy, and PET/MR imaging, have also found their place in brain
tumor evaluation.”™*

Various PWI methods have shown clinical usefulness in adult
gliomas, including the use of relative maximal CBV and relative
CBF from DSC-MR imaging to predict tumor grade and behav-
ior.”® Moreover, recent studies have shown that arterial spin-
labeling (ASL) may be a reliable alternative to DSC-MR imaging
for evaluating tumor perfusion.”®

However, standard 3D ASL MR imaging with a single TT (typ-
ically ~2000 ms) does not allow the temporal characteristics of
blood inflow and tissue perfusion to be evaluated.” Other previ-
ous studies have used multiple (4~8) TIs to calculate the timing
information; however, despite the longer acquisition times, the
temporal resolution is not sensitive enough to observe the small
bolus arrival time (BAT) changes that are characteristic of glioma
cases.”!”

Recently, the multiparametric multi-TT ASL (mTI-ASL) tech-
nique has been proposed, which fits the data collected from sev-
eral different TTs to a kinetic model."" This technique can provide
quantified CBF information and accurate BAT estimations that
allow the perfusion changes to be characterized within a clinically
feasible 5-minute protocol.'”'* Here, we tested the performance
abilities of different perfusion parameters obtained from mTI-
ASL and other conventional MR imaging modalities in grading
astrocytic neoplasms and investigated the potential advantages of
the mTI-ASL method.

MATERIALS AND METHODS

Subjects

This prospective study was approved by the Shandong University
institutional review board, and all patients provided written in-
formed consent. Forty-three patients (21 men; mean age, 51 *
15.34 years; range, 15-73 years) with new-onset astrocytomas
were consecutively included (Table 1). Patients were histologi-
cally divided into 3 groups: glioblastomas (n = 13, World Health
Organization [WHO] IV), anaplastic astrocytomas (n = 15,
WHO III), and diffuse astrocytomas (n = 15, WHO II); all lesions
were located in the supratentorial region. No multicentric or mul-
tifocal tumors were included in this study. Patients with histolog-
ically verified abscesses, granulomas, and recurrent tumors were
excluded, as were those with oligodendroglial elements, because
oligodendrogliomas have different perfusion patterns.'” Tissue
samples were graded according to the 2007 World Health Orga-
nization brain tumor classification, by 2 experienced neuropa-
thologists (both of whom have >5 years of experience).'*
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Data were collected on a Magnetom Skyra 3T scanner (Siemens,
Erlangen, Germany) with a 32-channel head coil. Before the
scans, padding was arranged around the subject’s head to mini-
mize head movement. MR imaging was performed by using the
following sequences and parameters: an axial T2-weighted TSE
sequence (TR/TE = 3000/80 ms, FOV = 230 X 230 mm?, ma-
trix = 512 X 408, section thickness = 4 mm, gap = 50%, 20
sections) and a T1-weighted TSE sequence (TR/TE = 400/10 ms,
FOV = 230 X 230 mm?, matrix = 512 X 408, section thickness =
4 mm, gap 50%, 20 sections); contrast-enhanced T1-weighted
images were obtained after the intravenous administration of 0.1
mmol/kg of gadodiamide (Omniscan; GE Healthcare, Piscat-
away, New Jersey). For all patients, the acquisition of ASL data was
performed before the application of contrast media because of the
known T1-shortening effect of gadolinium-based contrast agents,
which results in a reduction of the SNR ratio."”

We used a pulsed ASL sequence with flow-sensitive alternating
inversion recovery labeling and a quantitative imaging of perfu-
sion with a single subtraction with a thin-section TI, periodic
saturation scheme combined with a 3D gradient and spin-echo
readout at multiple TIs.'® The sequence was extended to include
an MO scan and automated in-line processing of the multiple TT
data. The model of Buxton et al'' was fitted with a nonlinear
fitting algorithm to obtain quantitative CBF and BAT maps. The
model function used the following parameters: A = 0.9, T1 of
arterial blood = 1650 ms, T1 of brain tissue = 1330 ms, and bolus
length = 700 ms. The mTI-ASL parameters were the following:
TR/TE = 4600/22 ms, FOV= 220 X 220 mm?, iPAT mode =
generalized autocalibrating partially parallel acquisition phase
endcoding (PE) 2, section thickness = 4 mm, voxel size = 1.7 X
1.7 X 4.0 mm?>, 20 sections, turbo factor = 12, echo-planar imag-
ing factor = 31, number of segments = 2, bandwidth = 2242
Hz/pixel, 16 TIs of 480—4080 ms with increments of 240 ms, 1
measurement for each TI, and total acquisition time = 5 minutes
9 seconds. The common and default ASL MR imaging sequences
with a single TT (sTI-ASL) generally use a TT of 2000 ms (usually
the flow-sensitive alternating inversion recovery model).'” In ad-
dition, the CBF values for both sTI-ASL and mTI-ASL were nor-
malized, and the variables in the quantification equation for sTI-
ASL were all invariant constants under a fixed protocol.
Therefore, instead of executing a conventional sTI-ASL sequence,
we only selected the perfusion-weighted images from a single TT
(TT = 1920 ms) to measure the normalized CBF of sTI-ASL
(nCBEF-sTT).

Data Analysis
The conventional MR images were evaluated by 2 neuroradiolo-
gists with >10 years of experience. A score ranging from 1 to 3 was
assigned to the 5 MR imaging features of edema, mass effect,
contrast enhancement, heterogeneity, and necrosis/cyst, while
scores of 1-2 were assigned for the borders, hemorrhage, and flow
void. The scoring criteria are listed in Table 2."®'” The mean of
the summed scores from the 2 observers for the MR imaging
features of each patient was used for the analyses.

To measure the values for the parameters obtained by ASL, we
used the MRIcron software (Chris Rorden, http://people.cas.


http://people.cas.sc.edu/rorden/mricron/index.html

Table 2: MR imaging scoring criteria®

Tumor Feature

Scores

Edema

Mass effect

Contrast enhancement
Borders

Heterogeneity
Necrosis/cyst

Well-defined (1); poorly defined (2)

of the tumoral mass (3)
None (1); present (2)
None (1); present (2)

Hemorrhage
Flow void

None or mild (1); smaller than tumor volume (2); larger than tumor volume (3)
Subarachnoid space effacement (1); ventricular system compression (2); midline shift (3)
None (1); mild or nodular (2); marked and heterogeneous (3)

Homogeneous (1); heterogeneous on T2WI (2); heterogeneous on TIWI and T2WI (3)
None (1); involving less than half the volume of the tumoral mass (2); involving more than half the volume

? The numbers in parentheses are the scores assigned for the grades of tumor features.

FIG 1. VOI positioning. Three VOlIs are placed on the solid part of the tumor (VOI 1, 2, and 3) (A),
and 1is placed on the contralateral normal-appearing white matter of the frontal lobe (VOI 4) (B)
on T2-weighted images by each of the 2 neuroradiologists. The VOls are projected onto the maps

derived from ASL (eg, the CBF-mTI map) (C).

sc.edu/rorden/mricron/index.html) to draw VOIs and to calcu-
late the average value within each VOL.*° Two neuroradiologists
each drew 3 VOIs (810 voxels) on the solid tumor area and 1
similarly sized VOI in the contralateral normal-appearing white
matter of the frontal lobe on each subject’s T2-weighted images
(Fig 1). The neuroradiologists were blinded to the histologic di-
agnosis, clinical data, age, and sex of the subjects and were un-
aware of the relationship between the CBF and BAT values. When
drawing VOIs, we avoided areas involving vessels, calcification,
necrosis, hemorrhages, and CSF spaces. When tumors crossed the
midline, the reference VOI was drawn on the nondominant side.
All VOIs were then projected onto the maps derived from ASL by
using MRIcron. On the basis of previous reports,”' the normal-
ized values were obtained by dividing the mean value of the 3
tumor VOIs by that of the contralateral normal-appearing white
matter VOI for each patient, and they were marked as the normal-
ized CBF value derived from mTI-ASL (nCBF-mTI), normalized
BAT (nBAT), and nCBF-sTI. The normalized values measured by
each neuroradiologist were then averaged for further analysis.

Statistical Analysis

Statistical analysis was performed by using SPSS 19.0 (IBM,
Armonk, New York). Receiver operating characteristic curves and
areas under the receiver operating characteristic curve (AUCs)
were calculated by using MedCalc version 11.4.2.0 for Windows
(MedCalc Software, Mariakerke, Belgium). WHO grade II tu-
mors were defined as low-grade gliomas (LGGs), while those with
WHO grades III and IV were defined as high-grade gliomas
(HGGs).?* The interrater reliability was evaluated by using the
intraclass correlation coefficient. Intergroup differences (among
the WHO II, III, and IV grades) were calculated by applying

Kruskal-Wallis tests. We used Mann-
Whitney U tests to detect the differences
between the LGG and HGG groups.

Wilcoxon signed rank tests were per-
formed to detect the differences between
the nCBF-mTI and nCBF-sTI values.
Spearman correlation coefficients were
calculated between the nCBF-mTI and
nBAT values and between the nCBF-sT1I
and nBAT values.

The diagnostic accuracy percentage
of each parameter and the combined pa-
rameters was calculated by using the
Fisher linear classification algorithm in
Matlab (Version 7.14.0. 739, R2012a;
MathWorks, Natick, Massachusetts).

All data are presented as median and range. Multiplication of
the P values acquired by performing the multiple comparisons
among the WHO TII, III, and IV grades was performed for the
Bonferroni correction. A P value of < .05 was considered statisti-
cally significant. Note that CBF and BAT refer to the parameter
maps, while normalized CBF and nBAT refer to the single tumor-
to-contralateral normal-appearing white matter ratio values.

RESULTS

Table 1 summarizes the patient characteristics and tumor types.
No significant differences in age or sex (Kruskal-Wallis tests;
P = 737, .521, respectively) were observed among the WHO II,
111, and IV groups.

Examples of CBF-sTI, CBF-mTI, BAT maps, the correspond-
ing T2-weighted images, and postcontrast T1-weighted images
for a diffuse astrocytoma, an anaplastic astrocytoma, and a glio-
blastoma are shown in Fig 2.

Anintraclass correlation coefficient above 0.75 was considered
good interrater reliability in our study. The 2 observers demon-
strated good consistency because the intraclass correlation coeffi-
cient values for the 8 MR imaging feature scores and nCBF-mTI,
nCBF-sTI, and nBAT values were all =0.80 in our study. All in-
traclass correlation coefficients are shown in On-line Table 1.

As shown in Tables 3 and 4, the sum of scores (P = .006),
nCBF-sTI (P = .003), nCBF-mTI (P < .001), and nBAT (P =
.002) all could independently differentiate LGGs from HGGs (Fig
3A). When we compared 2 grades, a significant difference was
detected by the sum of scores (P = .015) only between WHO
grades II and IV. Significant differences in the nCBF-mTI values
were observed between the WHO II and III groups (P = .021),
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T2WI

post-contrast T1WI

CBF-sTI

CBF-mTI

FIG 2. Examples of the 3 different astrocytomas. A, A 60-year-old female patient with a diffuse astrocytoma (WHO 1) in the right frontal-
parietal region. The lesion demonstrates high signal on the T2-weighted image, arelatively low CBF value on both the CBF-sTl and CBF-mTI maps,
and moderate signal intensity on the BAT map. No obvious enhancement is visible on the postcontrast Tl-weighted image. B, Images from a
50-year-old woman with an anaplastic astrocytoma (WHO llI) in the left temporal lobe demonstrate high signal intensity in the T2-weighted
image and moderate enhancement in the postcontrast Tl-weighted image for the solid part of the tumor. Both the CBF-sTI and CBF-mTI maps
demonstrate low signal intensity, but the BAT value for the tumor areas is longer than that for the corresponding contralateral normal cerebral
region. C, A 56-year-old female patient with a glioblastoma (WHO V) in the left parietal lobe. The solid part of the tumor appears as an area of
high signal intensity in the T2-weighted image and as obvious enhancement in the postcontrast TI-weighted image. Hyperperfusion is visible in

both the CBF-sTl and CBF-mTI maps, and the BAT value is shortened.

Table 3: Comparison of the sum of scores for the MR imaging features and ASL parameters
(average values obtained by the 2 readers) among the 3 pathologic grades®

difference was not identified between

these values in patients with LGG. The

Sum of ?cores nCBFTSTI nCBF-p‘\TI nBA.T nCBF-mTI value was nonsignificantly
(Median) (Median) (Median) (hdectian] higher than the nCBF-sTI value for the

WHO Grade (Range) (Range) (Range) (Range)
Il (LGGs) 13 (8.5-19) 128 (0.36-8.7) 162(068-856)  121(06845y  Scparate WHO grade II, 1II, and IV
I 15 (12-19) 333(072-1078)  493(178-14.85) 077(053-170)  8roups. Additionally, we found that the
v 16.5(11.5-19.5)  4.07(1.07-1523)  13.40(518-2236)  0.90(0.53-1.55) nCBF-mTI and nCBF-sTI values in-

llland IV (HGGs)  165(15-19.5)  37(0.72-14.5])

6.7(178-22.36)

0.86 (0.53-170) creased as the tumor malignancy grade

2 Values are presented as median and range.

WHO IT and IV groups (P < .001), and WHO IIT and IV groups
(P =.023). The nBAT values for the WHO II and III groups were
significantly different (P = .005), but the values for the other
group pairs were not significantly different. For the nCBF-sTI
values, a significant difference was detected only between the
WHO II and IV groups (P = .006) (Fig 3B).

Figure 3 also shows that the nCBF-mT1 value is higher than the
nCBF-sTI value. A Wilcoxon signed rank test was performed to
examine this difference, with all patients being treated as 1 group,
and a statistically significant difference was observed (P = .012).
In patients with HGG, a significant difference was also detected
between the nCBF-mTI and nCBF-sTI values (P = .023), but a
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increased, while the nBAT values dem-

onstrated the opposite trend. The nBAT
value was negatively correlated with the nCBF-mTI (r = —0.467,
P = .002) and nCBF-sTI (r = —0.302, P = .049) values.

Figure 4 shows the receiver operating characteristic curves for
the sum of scores, nCBF-mTI, nCBF-sTI, and nBAT concerning
their ability to differentiate the grade groups. The sum of scores
was able to separate different grades with AUCs 0of 0.716 (WHO II
versus I1I), 0.805 (WHO Il versus 1V), 0.603 (WHO III versus IV),
and 0.757 (LGGs versus HGGs). The nCBF-mTI value showed
excellent performance with AUCs of 0.813 (WHO II versus III),
0.964 (WHO II versus IV), 0.872 (WHO III versus IV), and 0.883
(LGGs versus HGGs). The nBAT could discriminate the WHO II
and IIT grades with an AUC of 0.836. The nCBF-sTI could only



statistically differentiate the WHO II and IV groups (AUC =
0.826). We used the method of Delong et al** for the calculation of
the difference between 2 AUCs. The AUC of nCBF-mTI was non-
significantly higher than that of the sum of scores in all intergroup
comparisons (all P > .05). There was no significant difference
between any other 2 AUCs of the parameters.

As mentioned above, the nCBF-mTI and nCBF-sTI values
were positively correlated with the tumor grade, while the nBAT
value was negatively correlated with the tumor grade. Therefore, a
tumor value that was equal to or higher than the best cutoff value
suggested a higher grade when using the nCBF-mTI and nCBE-
sTI values. In contrast, an nBAT value that was higher than the
best cutoff value indicated a lower grade. The best cutoff values for
discriminating among the WHO I, III, and IV grades were 13.00
and 16.00 for the summed scores of the conventional MR imaging
features, 1.88 and 6.64 for nCBF-sTI, 2.43 and 8.55 for nCBE-
mTIL and 0.97 and 0.77 for the nBAT.

The diagnostic accuracies of parameters for simultaneously
discriminating among the WHO II, III, and IV grades are shown
in Fig 5. The histogram shows that the nCBF-mTI value had the

Table 4: P values of comparisons for the sum of scores for the
MR imaging features and ASL parameters among the 3 pathologic
grades

WHO Grade  Sum of Scores nCBF-sTI nCBF-mTl nBAT
11vs 1 139 .098 0212 .005°
Ilvs IV .0152 0067 <.001? .078
s IV 1 .905 .023° 1
LGGs vs HGGs .006° .003? <.001? .002°

@ Significant at 95% (for intergroup comparisons among the WHO I, Ill, and IV grades.
P values have been multiplied by 3 for Bonferroni correction).

E=A nCBF-sTI
E=E nCBF-mTI
E3 nBAT
@ sum of scores
254
*%
204 *% | |
*% ' .
| |
15-

*P<0.05
**P<0.01

best performance, with an accuracy of 65.10%, compared with the
sum of scores of conventional MR imaging features (55.80%),
nCBF-sTIvalue (51.20%), and nBAT value (37.20%). Combining
the nCBF-mTT and nBAT values effectively improved the diag-
nostic accuracy to 72.10%, which represented the overall effi-
ciency of mTI-ASL, compared with the accuracy obtained by us-
ing only the nCBF-mTI value (65.10%). The diagnostic accuracy
of combining nCBF-sTI and the sum of scores was 55.50%. Al-
though it was slightly higher than that obtained with only the
nCBF-sTI, there was no great improvement compared with ap-
plying the sum of scores independently. When we combined
nCBF-mTI, nBAT, and the sum of scores, the diagnostic accuracy
increased to 81.40%.

On-line Fig 1 shows the hyperplane obtained by the Fisher
linear classification algorithm with the maximum class separation
distance criterion for discriminating LGGs and HGGs (On-line
Fig 1A) and the 3 tumor grades (On-line Fig 1B) by using 2 pa-
rameter dimensions, nBAT and nCBF-mTI, respectively.

DISCUSSION

Clinically, conventional MR imaging sequences are commonly
used to define the malignancy degree of astrocytomas, but these
definitions are usually subjective and depend on the observer’s
experience. For independent application of the parameters, the
summed scores of conventional MR imaging features performed
better than the nCBF-sTI and nBAT values, with a diagnostic
accuracy of 55.80%. Nevertheless, the nCBF-mTI value demon-
strated better diagnostic accuracy (65.10%) in the simultaneous
discrimination of WHO grades II, III, and IV. When the nBAT

E= nCBF-sTI
nCBF-mTI
nBAT

sum of scores

FIG 3. The values of the different parameters are plotted as bar graphs by median and range. Significant differences between groups are
indicated by asterisks. Error bars indicate the range. A, The bar graph shows the 4 indices of N\CBF-mTI, nBAT, and nCBF-sTl and the sum of scores
for the LGG and HGG groups. All indices indicate a significant difference between the LGG and HGG groups. B, The values in the bar graph show the
parameters of each tumor grade. The nCBF-mTI shows significant differences between each pair of grades. The nBAT shows a significant difference
between the WHO Il and Ill groups. The nCBF-sTl and sum of scores show significant differences between only the WHO Il and IV groups.
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FIG 4. Results of the receiver operating characteristic curve analyses. A, The receiver operating characteristic (ROC) curve for the nCBF-mT],
nCBF-sTI,nBAT, and sum of scores for MR imaging features in differentiating the WHO Il and Il groups. The nBAT has the best performance with
an AUC of 0.836, followed by the nCBF-mTI with an AUC of 0.813, the nCBF-sTI with an AUC of 0.742, and the sum of scores with an AUC of 0.716.
B, The ROC curves for the nCBF-mTI, nCBF-sTl, nBAT, and the sum of scores in differentiating the WHO Il and IV groups. The nCBF-mTI has the
best performance with an AUC of 0.964, followed by the nCBF-sTI, sum of scores, and nBAT, with AUCs of 0.826, 0.805, and 0.744, respectively.
C, The ROC curves for the nCBF-mTI, nCBF-sTl, nBAT, and the sum of scores in differentiating the WHO Il and IV groups. The nCBF-mT] has the
best performance with an AUC of 0.872, followed by the nCBF-sTI, sum of scores, and nBAT, with AUCs of 0.631, 0.603, and 0.585, respectively.
D, The ROC curves for the nCBF-mTI, nCBF-sTl, nBAT, and the sum of scores in differentiating the LGG and HGG groups. The nCBF-mT] has the
best performance with an AUC of 0.883, followed by the nBAT, nCBF-sTl, and the sum of scores with AUCs of 0.793, 0.781, and 0.757, respectively.

and nCBF-mTI values were combined, the diagnostic accuracy
increased to 72.10%. The combination of mTI-ASL and conven-
tional MR imaging had the best performance, with a diagnostic
accuracy of 81.40%. These findings indicate that mTI-ASL is
more efficient than sTT-ASL and conventional MR imaging when
applied independently, and the findings also demonstrate the use-
fulness of the nBAT value for grading astrocytomas. Furthermore,
combining the mTI-ASL with conventional MR imaging can effi-
ciently improve diagnostic accuracy.
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In previous reports, the CBF obtained by sTI-ASL could only
differentiate LGGs and HGGs.?* Here, we obtained similar results by
using the nCBF-sTI value. Regarding mTI-ASL, recently, Cebeci
etal'® demonstrated the value of CBF derived from ASL with 8 TIs
in discriminating LGGs and HGGs and made a comparison with
DSC-MR imaging. In our study, the mTI-ASL with 16 TIs pro-
vided a more accurate CBF value, and the nCBF-mTI was con-
firmed to be efficient in further comparative analyses among the
WHO II, 11, and IV grades.
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FIG 5. The independent and combined diagnostic accuracies (as percentages) of nCBF-mTI,
nBAT, nCBF-sTl, and the sum of scores for discriminating among the WHO I, lll, and IV
astrocytoma grades, as calculated. All of the diagnostic accuracy values are indicated at the

top of the columns.

In this study, the nCBF-mTI values were significantly higher
than the nCBF-sT1 values. If we assume that the absolute BAT and
CBF underestimation was much less for normal white matter than
it was for tumor tissue owing to the TI and that it is optimized for
white matter, then in these lesion areas, the sTI-ASL CBF value
might have been underestimated. This possibility may suggest
that mTI-ASL has a better contrast-to-noise ratio for detecting
lesions than conventional sTI-ASL. Because the estimation of
CBF is highly dependent on the BAT, any acquisition with a TI/
postlabeling delay that is shorter than the BAT (ie, before the
labeled bolus has reached the capillary bed) will lead to an under-
estimation of CBF. On the other hand, acquisitions with a very
long TI/postlabeling delay will also result in signal loss because of
the magnetization attenuation of the labeled blood owing to T1
relaxation.”” Therefore, although sTI-ASL imaging provides
rapid and robust measures of CBF, abnormally long/short BATs
in the lesion areas theoretically have higher risks of underestima-
tion than in mTI-ASL. In this study, we used only one of the TTs
from the mTI-ASL data for the sTI-ASL analysis; thus, the sTI-
ASL analysis used only a fraction (1/16) of the data compared with
the mTI-ASL analysis. This data acquisition imbalance may also
explain the lower SNR and contrast-to-noise ratio for sTI-ASL in
terms of lesion detection.

In this study, the ASL data were acquired with multiple TTs,
and the temporal behavior of the inflowing bolus can be moni-
tored (On-line Appendix). Buxton et al'" first introduced the ki-
netic model for estimating the BAT of single voxels. Despite abun-
dant literature on ASL, limited reports exist on the utility of the
BAT for evaluating the temporal dynamics in astrocytomas. Re-

nCBF-mTI+nBAT
nCBF-mTI+nBAT+sum of scores
nCBF-sTl+sum of scores

cently, Hales et al*® applied a kind of
mTI-ASL technique by using a modified
“two-stage” version of the Buxton gen-
eral kinetic model in 8 pediatric patients
with brain tumors. However, they did
not perform statistical comparisons be-
tween different tumor subtypes/grades
for the CBF or BAT. Here, the nBAT ef-
fectively evaluated the temporal dynam-
ics of astrocytomas and improved the di-
agnostic accuracy of mTI-ASL when
combined with the normalized CBF
value. The nBAT was significantly dif-
ferent between the WHO II and III
grades. Histologically differentiating
WHO III and IV astrocytomas is still a
challenge, owing to their similar and
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was not significantly different between
the WHO grade III and IV groups. The
nBAT value for the WHO grade IV
group (median, 0.90) was nonsignifi-
cantly (P > .05) higher than that for
WHO grade III group (median, 0.77).
This slightly higher nBAT for the WHO
grade IV may have been caused by vari-

ations and random errors and accounts
for the inefficient discrimination of
nBAT between WHO grades IT and IV.

For the normalized CBF, we found that as the value increased,
the histologic grade increased; this finding was consistent with
thatin previous studies.”** However, the nBAT demonstrated the
opposite tendency. The normalized CBF characteristics of tumors
may be partly explained by the microcirculation and angiogenesis
of neoplasms. Researchers believe that a well-recognized promi-
nence of vasculature exists in HGGs.”?” Such characteristics may
lead to high CBF in high-grade astrocytomas. The BAT represents
the time it takes for the blood water to move from the tagging
plane to the imaging voxel. The relationship between the BAT
and tumor pathophysiology remains unclear because few re-
ports refer to it. An ASL study of pediatric brain tumors ob-
served high-grade tumors with hyperperfusion and a shortened
BAT and low-grade tumors with hypoperfusion and a relatively
prolonged BAT?®; these findings were similar to our results for the
nBAT. The shortening of the BAT may be due to vessel shunts,
which generally appear in malignancy.

Of course, there are some drawbacks to mTI-ASL: It is more
complex, requires more measurements and processing, and has a
longer acquisition time. Therefore, as recently proposed by Alsop
et al,%? it is not recommended as the default ASL method at the
present time; however, for those interested in the estimation of
BAT or the most precise quantitation of CBF, Alsop et al encour-
aged the use of multi-TT methods.

Our study has several limitations. First, it may have been better
for us to perform an independent sTI-ASL scan with 16 repeti-
tions to obtain a more balanced dataset, similar to that obtained
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for mTI-ASL. Second, the VOIs were mostly selected in solid parts
of the tumors that were visible on T2-weighted images and did not
include the entire tumor; this process may have introduced a se-
lection bias owing to tumor heterogeneity. It would be more ac-
curate to examine the tumor tissue histologically exactly in accor-
dance with the VOIs drawn with stereotactic technology. Third,
the patient population was relatively small. Finally, future studies
should use more repetitions for the different TIs to allow better
data fitting.

CONCLUSIONS

The nCBF-mTI was superior to conventional MR imaging fea-
tures, nCBF-sTI, and nBAT for grading WHO II, III, and IV as-
trocytomas independently. The nBAT reflects the temporal dy-
namic behavior of astrocytomas and can improve the diagnostic
accuracy when combined with the nCBF-mTI. Combining the
mTI-ASL with conventional MR imaging can efficiently improve
the diagnostic accuracy for grading astrocytomas.

REFERENCES

1. Surawicz TS, McCarthy BJ, Kupelian V, et al. Descriptive epidemiol-
ogy of primary brain and CNS tumors: results from the Central
Brain Tumor Registry of the United States, 1990-1994. Neuro Oncol
1999;1:14-25 CrossRef Medline

2. Suchorska B, Tonn JC, Jansen NL. PET imaging for brain tumor
diagnostics. Curr Opin Neurol 2014;27:683—88 CrossRef Medline

3. Fudaba H, Shimomura T, Abe T, et al. Comparison of multiple pa-
rameters obtained on 3T pulsed arterial spin-labeling, diffusion
tensor imaging, and MRS and the Ki-67 labeling index in evaluating
glioma grading. AJNR Am ] Neuroradiol 2014;35:2091-98 CrossRef
Medline

4. Puttick S, Bell C, Dowson N, et al. PET, MRI, and simultaneous
PET/MRI in the development of diagnostic and therapeutic
strategies for glioma. Drug Discov Today 2015;20:306—17
CrossRef Medline

5. ShinJH, Lee HK, Kwun BD, et al. Using relative cerebral blood flow
and volume to evaluate the histopathologic grade of cerebral
gliomas: preliminary results. AJR Am ] Roentgenol 2002;179:783—89
CrossRef Medline

6. Jarnum H, Steffensen EG, Knutsson L, et al. Perfusion MRI of brain
tumours: a comparative study of pseudo-continuous arterial spin
labeling and dynamic susceptibility contrast imaging. Neuroradiol-
ogy 2010;52:307-17 CrossRef Medline

7. Warmuth C, Gunther M, Zimmer C. Quantification of blood flow in
brain tumors: comparison of arterial spin labeling and dynamic
susceptibility weighted contrast-enhanced MR imaging. Radiology
2003;228:523—32 CrossRef Medline

8. Chen Y, Wang DJ, Detre JA. Test-retest reliability of arterial spin
labeling with common labeling strategies. ] Magn Reson Imaging
2011;33:940—49 CrossRef Medline

9. Wang DJ, Alger JR, Qiao JX, et al. Multi-delay multi-parametric
arterial spin-labeled perfusion MRI in acute ischemic stroke: com-
parison with dynamic susceptibility contrast enhanced perfusion
imaging. Neuroimage Clin 2013;3:1-7 CrossRef Medline

10. Cebeci H, Aydin O, Ozturk-Isik E, et al. Assessment of perfusion
in glial tumors with arterial spin labeling: comparison with dy-
namic susceptibility contrast method. Eur ]| Radiol 2014;83:
1914-19 CrossRef Medline

11. Buxton RB, Frank LR, Wong EC, et al. A general kinetic model for
quantitative perfusion imaging with arterial spin labeling. Magn
Reson Med 1998;40:383-96 CrossRef Medline

12. Martin SZ, Madai VI, von Samson-Himmelstjerna FC, et al. 3D
GRASE pulsed arterial spin labeling at multiple inflow times in pa-
tients with long arterial transit times: comparison with dynamic

2216 Yang Dec 2016 www.ajnr.org

13.

14.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

susceptibility-weighted contrast-enhanced MRI at 3 Tesla. ] Cereb
Blood Flow Metab 2015;35:392—401 CrossRef Medline

Lev MH, Ozsunar Y, Henson JW, et al. Glial tumor grading and
outcome prediction using dynamic spin-echo MR susceptibility
mapping compared with conventional contrast-enhanced MR:
confounding effect of elevated rCBV of oligodendrogliomas [cor-
rected]. AJNR Am ] Neuroradiol 2004;25:214-21 Medline

Louis DN, Ohgaki H, Wiestler OD, et al. The 2007 WHO classifica-
tion of tumours of the central nervous system. Acta Neuropathol
2007;114:97-109 CrossRef Medline

. Deibler AR, Pollock JM, Kraft RA, et al. Arterial spin-labeling in

routine clinical practice, part 1: technique and artifacts. AJNR Am |
Neuroradiol 2008;29:1228 —34 CrossRef Medline

Giinther M, Oshio K, Feinberg DA. Single-shot 3D imaging tech-
niques improve arterial spin labeling perfusion measurements.
Magn Reson Med 2005;54:491-98 CrossRef Medline

. Kim SG. Quantification of relative cerebral blood flow change by

flow-sensitive alternating inversion recovery (FAIR) technique: ap-
plication to functional mapping. Magn Reson Med 1995;34:293-301
CrossRef Medline

Pierallini, M. Bonamini, A. Bozzao, et al. Supratentorial diffuse as-
trocytic tumors: proposal of an MRI classification. Eur Radiol 1997;
7:395-99 CrossRef Medline

Riemann B, Papke K, Hoess N, et al. Noninvasive grading of un-
treated gliomas: a comparative study of MR imaging and 3-(iodine
123)-L-alpha-methyltyrosine SPECT. Radiology 2002;225:567—74
CrossRef Medline

Sahin N, Melhem ER, Wang S, et al. Advanced MR imaging tech-
niques in the evaluation of nonenhancing gliomas: perfusion-
weighted imaging compared with proton magnetic resonance spec-
troscopy and tumor grade. Neuroradiol ] 2013;26:531—41 CrossRef
Medline

Hirai T, Kitajima M, Nakamura H, et al. Quantitative blood flow
measurements in gliomas using arterial spin-labeling at 3T: inter-
modality agreement and inter- and intraobserver reproducibility
study. AJNR Am J Neuroradiol 2011;32:2073-79 CrossRef Medline
Furtner J, Schopf V, Schewzow K, et al. Arterial spin-labeling assess-
ment of normalized vascular intratumoral signal intensity as a pre-
dictor of histologic grade of astrocytic neoplasms. AJNR Am ] Neu-
roradiol 2014;35:482—89 CrossRef Medline

DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas
under two or more correlated receiver operating characteristic
curves: a nonparametric approach. Biometrics 1988;44:837—-45
CrossRef Medline

Wolf RL, Wang J, Wang S, et al. Grading of CNS neoplasms using
continuous arterial spin labeled perfusion MR imaging at 3 Tesla. |
Magn Reson Imaging 2005;22:475—-82 CrossRef Medline

Noguchi T, Yoshiura T, Hiwatashi A, et al. Arterial spin-labeling
magnetic resonance imaging: the timing of regional maximal per-
fusion-related signal intensity revealed by a multiphase technique.
Jpn ] Radiol 2012;30:137—45 CrossRef Medline

Hales PW, Phipps KP, Kaur R, et al. A two-stage model for in vivo
assessment of brain tumor perfusion and abnormal vascular struc-
ture using arterial spin labeling. PLoS One 2013;8:¢75717 CrossRef
Medline

Folkerth RD. Descriptive analysis and quantification of angiogene-
sis in human brain tumors. ] Neurooncol 2000;50:165-72 CrossRef
Medline

Vidyasagar R, Abernethy L, Pizer B, et al. Quantitative measurement
of blood flow in paediatric brain tumours: a comparative study of
dynamic susceptibility contrast and multi time-point arterial spin
labelled MRI. Br ] Radiol 2016;89:20150624 CrossRef Medline

Alsop DC, Detre JA, Golay X, et al. Recommended implementation
of arterial spin-labeled perfusion MRI for clinical applications: a
consensus of the ISMRM perfusion study group and the European
consortium for ASL in dementia. Magn Reson Med 2015;73:102—-16
CrossRef Medline


http://dx.doi.org/10.1093/neuonc/1.1.14
http://www.ncbi.nlm.nih.gov/pubmed/11554386
http://dx.doi.org/10.1097/WCO.0000000000000143
http://www.ncbi.nlm.nih.gov/pubmed/25333605
http://dx.doi.org/10.3174/ajnr.A4018
http://www.ncbi.nlm.nih.gov/pubmed/24994829
http://dx.doi.org/10.1016/j.drudis.2014.10.016
http://www.ncbi.nlm.nih.gov/pubmed/25448762
http://dx.doi.org/10.2214/ajr.179.3.1790783
http://www.ncbi.nlm.nih.gov/pubmed/12185064
http://dx.doi.org/10.1007/s00234-009-0616-6
http://www.ncbi.nlm.nih.gov/pubmed/19841916
http://dx.doi.org/10.1148/radiol.2282020409
http://www.ncbi.nlm.nih.gov/pubmed/12819338
http://dx.doi.org/10.1002/jmri.22345
http://www.ncbi.nlm.nih.gov/pubmed/21448961
http://dx.doi.org/10.1016/j.nicl.2013.06.017
http://www.ncbi.nlm.nih.gov/pubmed/24159561
http://dx.doi.org/10.1016/j.ejrad.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/25087109
http://dx.doi.org/10.1002/mrm.1910400308
http://www.ncbi.nlm.nih.gov/pubmed/9727941
http://dx.doi.org/10.1038/jcbfm.2014.200
http://www.ncbi.nlm.nih.gov/pubmed/25407272
http://www.ncbi.nlm.nih.gov/pubmed/14970020
http://dx.doi.org/10.1007/s00401-007-0243-4
http://www.ncbi.nlm.nih.gov/pubmed/17618441
http://dx.doi.org/10.3174/ajnr.A1030
http://www.ncbi.nlm.nih.gov/pubmed/18372417
http://dx.doi.org/10.1002/mrm.20580
http://www.ncbi.nlm.nih.gov/pubmed/16032686
http://dx.doi.org/10.1002/mrm.1910340303
http://www.ncbi.nlm.nih.gov/pubmed/7500865
http://dx.doi.org/10.1007/s003300050173
http://www.ncbi.nlm.nih.gov/pubmed/9087364
http://dx.doi.org/10.1148/radiol.2252011431
http://www.ncbi.nlm.nih.gov/pubmed/12409596
http://dx.doi.org/10.1177/197140091302600506
http://www.ncbi.nlm.nih.gov/pubmed/24199813
http://dx.doi.org/10.3174/ajnr.A2725
http://www.ncbi.nlm.nih.gov/pubmed/21960503
http://dx.doi.org/10.3174/ajnr.A3705
http://www.ncbi.nlm.nih.gov/pubmed/23945226
http://dx.doi.org/10.2307/2531595
http://www.ncbi.nlm.nih.gov/pubmed/3203132
http://dx.doi.org/10.1002/jmri.20415
http://www.ncbi.nlm.nih.gov/pubmed/16161080
http://dx.doi.org/10.1007/s11604-011-0025-8
http://www.ncbi.nlm.nih.gov/pubmed/22173560
http://dx.doi.org/10.1371/journal.pone.0075717
http://www.ncbi.nlm.nih.gov/pubmed/24098395
http://dx.doi.org/10.1023/A:1006499824379
http://www.ncbi.nlm.nih.gov/pubmed/11245275
http://dx.doi.org/10.1259/bjr.20150624
http://www.ncbi.nlm.nih.gov/pubmed/26975495
http://dx.doi.org/10.1002/mrm.25197
http://www.ncbi.nlm.nih.gov/pubmed/24715426

	Improving the Grading Accuracy of Astrocytic Neoplasms Noninvasively by Combining Timing Information with Cerebral Blood Flow: A Multi-TI Arterial Spin-Labeling MR Imaging Study
	MATERIALS AND METHODS
	Subjects
	MR Imaging
	Data Analysis
	Statistical Analysis

	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCES


