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Abstract

Objective To determine the usefulness of the R2* value in
assessing the histopathological grade of glioma at magnetic
resonance imaging and differentiating various brain tumours.
Methods Sixty-four patients with brain tumours underwent
R2* mapping and diffusion-weighted imaging examinations.
ANOVA was performed to analyse R2* values among four
groups of glioma and among high-grade gliomas (grades III
and IV), low-grade gliomas (grades I and II), meningiomas,
and brain metastasis. Spearman’s correlation coefficients were
used to determine the relationships between the R2* values or
apparent diffusion coefficient (ADC) and the histopathologi-
cal grade of gliomas. R2* values of low- and high-grade
gliomas were analysed with the receiver-operator characteris-
tic curve.

Results R2* values were significantly different among high-
grade gliomas, low-grade gliomas, meningiomas, and brain
metastasis, but not between grade I and grade II or between
grade III and grade IV. The R2* value (18.73) of high-grade
gliomas provided a very high sensitivity and specificity for
differentiating low-grade gliomas. A strong correlation
existed between the R2* value and the pathological grade of
gliomas.

Conclusions R2* mapping is a useful sequence for determin-
ing grade of gliomas and in distinguishing benign from ma-
lignant tumours. R2* values are better than ADC for
characterising gliomas.
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Key Points

* Magnetic resonance imaging parameters are increasingly
used to assess cerebral lesions.

* R2* values are better than diffusion weighting for
characterising gliomas.

* R2* values can help distinguish among different grades of
glioma.

* Significant difference existed in R2* values between high-
and low-grade gliomas.
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Introduction

Meningioma, brain metastasis, and glioma are the three most
common types of brain tumours [1, 2]. According to the 2007
World Health Organisation (WHO) grading system, tumours
of glial origin are typically classified into four grades (I, I1, III,
and I'V) [3]. Accurate preoperative diagnosis is very important
in patients with brain tumours because treatment approaches
depend on the histopathological type and grade of the tumours
[4-6].

Advanced MRI techniques such as arterial spin labelling
(ASL) perfusion imaging and diffusion-weighted imaging
(DWI) can greatly improve the diagnostic accuracy in cancer
[7-10]. ASL can measure regional cerebral blood flow
(rCBF), which is closely correlated with tumour grade [11].

The T2* mapping sequence is an advanced MRI technique
that reflects changes in the deoxygenated haemoglobin con-
centration of human tissue [12]. Because oxygenated
haemoglobin is diamagnetic and deoxygenated haemoglobin
is paramagnetic, an increase in deoxygenated haemoglobin
concentration can lead to an increase in magnetic field hetero-
geneity, which can result in a decrease in signal intensity on
T2*-weighted images, with resultant shortening of T2*
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relaxation times [13, 14]. As a result, without administration
of contrast agent, R2* (R2*=1/T2*) values can reflect the
oxygenation state of tumours [15, 16]. Furthermore, the R2*
value is a comparatively objective method because it is quan-
titative. The R2* value has been used to investigate the
response of tumours when subjects breathe various gases
and to predict treatment outcomes of tumours [17-21]. Some
authors have found that high-grade (III-1V) gliomas have
significantly lower T2' values than low-grade (II) gliomas
[22]. However, T2' values require acquisition of T2* and T2
values. Therefore, the T2" mapping sequence is more time-
consuming than the T2* mapping sequence. In addition, the
T2' mapping sequence is difficult to obtain. To our knowl-
edge, there have been no reports on the use of R2* values to
evaluate brain tumours in humans. Therefore, the purpose of
the study was to determine the usefulness of R2* values in
assessing the histopathological grade of gliomas and differen-
tiating between benign and malignant tumours.

Materials and methods
Study group

After obtaining local ethics committee approval, 71 patients
with brain tumours were enrolled in this prospective study. All
patients or their guardians signed informed consent. Seven
patients were excluded because of susceptibility artefacts.
Therefore, 64 patients (24 female and 40 male patients; age
range, 8—75 years) took part in the study.

Inclusion criteria were as follows: (1) All MRI ex-
aminations were performed before surgical resection,
chemotherapy, or radiotherapy. (2) There were no sus-
ceptibility artefacts on tumour T2* maps. (3) Brain
surgery was performed in patients with glioma or me-
ningioma confirmed by pathology. (4) The primary le-
sion was lung cancer in all patients with metastatic
lesions in the brain and was verified by pathology after
pulmonary surgery or biopsy. Six patients with solitary
brain metastasis underwent brain surgery, whereas seven
patients with brain metastasis who did not undergo
brain surgery were followed up for 1 year. Diagnosis
of brain metastasis in these seven patients was based on
a history of lung cancer, brain MRI examination, and
clinical follow-up.

The histopathological diagnosis in the 38 patients
with gliomas yielded 5 cases of grade I, 17 cases of
grade II, 7 cases of grade III, and 9 cases of grade IV.
Meningioma was diagnosed in 13 patients and brain
metastasis in 13 patients. The demographical data and
histopathological diagnosis are listed in Table 1.
Figures 1, 2 and 3 show exemplary images of gliomas
with grades from II to IV, respectively. Figures 4 and 5
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Table 1 Patients age and sex, pathologic diagnosis, tumour grade, and
R2* and relative cerebral blood flow (rCBF) measurements

Patient Pathological Tumour R2* CBF ADC
No./age /sex diagnosis grade (x107)
1/18/M Astrocytoma I (low) 11.03 1.88
2/40/F Astrocytoma I (low) 11.8  0.89 1.05
3/49/M Astrocytoma I (low) 13.88 1.26
4/17M SGCA I (low) 1834 138  0.87
5/9/M SGCA 1 (low) 15.05 0.73 1.08
6/47/F Astrocytoma II (low) 570 0.44 1.56
7/8/F Astrocytoma 11 (low) 18.67 0.62  0.89
8/42/F Astrocytoma 11 (low) 9.27 0.987
9/41/M Astrocytoma I (low) 14.25 0.85 0.773
10/35/F Astrocytoma 1T (low) 1433 0.56 1.22
11/38/M Astrocytoma 1I (low) 15.65 1.03
12/30M Astrocytoma II (low) 1221 1.03
13/29/F PXA I (low)  21.63 1.09
14/24/M Astrocytoma II (low) 10.80 1.06
15/48/M Astrocytoma Il (low) 10.77 0.98 1.28
16/62/M Astrocytoma II (low) 14.10 0.61 1.04
17/25/F Astrocytoma II (low) 520 0.69 1.40
18/45/F Astrocytoma 11 (low) 13.65 1.04 0.694
19/28'M Astrocytoma 1T (low) 13.58 1.67 0.895
20/13/M Ependymoma II'(low) 1592 0.72 1.86
21726 M Ependymoma II(ow) 1873 149 0711
22/38/F Astrocytoma 1T (low) 9.67 0.69 1.37
23/51/F AA I (high) 20.44 1.03 1.15
24/9'M AE III (high) 29.63 147  0.709
25/28M AO III (high) 31 1.64 0921
26/35/F AA III (high) 36.95 1.65 1.16
27/37M AA III (high) 2548 24 1.16
28/33/F AA III (high) 22.28 0.939
29/30M AA III (high) 18.91 0.898
30/59/F GBM IV (high) 29.10 194  0.793
31/66M GBM IV (high) 28.86 0.95  0.903
32/51M GBM IV (high) 34.36 1.06
33/62/M GBM IV (high) 36.08 192 0932
34/15/F IV (high) 36.65 0.899
Ependymobla-
stoma
35/70M GBM IV (high) 28.26 1.16
36/46/M GBM IV (high) 32.08 1.64  0.993
37/55M GBM IV (high) 23.76 138  0.819
38/62/M GBM IV (high) 29.71 342 0914
39/54/F Meningioma 23.57
40/61/F Meningioma 19.03
41/57/F Meningioma 14.49
42/55/F Meningioma 14.67 0.69
43/47/F Meningioma 16.27 093
44/55M Meningioma 15.27
45/27/F Meningioma 13.64 2.83
46/48/F Meningioma 16.00 1.08
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Table 1 (continued)

Patient Pathological Tumour R2* 1CBF ADC
No./age /sex diagnosis grade (x107)
47/49'M Meningioma 2275 54
48/52/F Meningioma 16.41 2.66
49/61/M Meningioma 15.58 3.00
50/61/M Meningioma 14.58 541
51/40/M Meningioma 20.67
52/57/M Metastasis, lung 17.81 1.01
(no surgery)
53/62/M Metastasis, lung 23.59
54/ 66/M Metastasis, lung 19.61
55/ 74/M Metastasis, lung 25.89
(No surgery)
56/58/F Metastasis, lung 19.50
(no surgery)
5775 M Metastasis, lung 23.56
(no surgery)
58/ 61/M Metastasis, lung 24.50
59/47/M Metastasis, lung 14.89
60/56/M Metastasis, lung 34.17
61/66/M Metastasis, lung 27.65 1.09
(no surgery)
62/70/M Metastasis, lung 1891 1.57
(no surgery)
63/64/M Metastasis, lung 1842 2.69
64/57/F Metastasis, lung 2394 1.19

(no surgery)

M, male; F, female; SGCA subependymal giant-cell astrocytoma; PXA
pleomorphic xanthoastrocytoma; AE anaplastic ependymoma; AO ana-
plastic oligodendroglioma; AA anaplastic astrocytoma; GBM, glioblas-
toma multiforme; rrCBF, ratio of rCBF of tumours to the contralateral
normal regions

show examples of brain metastasis and meningioma,
respectively. Because ASL software was not available
at the beginning of the study, ASL was acquired in 40

cases: 27 cases of gliomas, 18 cases of meningiomas,
and 5 cases of brain metastasis.

Imaging protocol

All MR examinations were performed at 3.0 T (Signa Excite
HDxt, GE Healthcare, USA) with an eight-channel phased-
array head coil. Vacuum cushions were packed into the coil to
hold the patient’s head still.

The MR imaging protocol included axial T2 FLAIR, T1
FLAIR, DWI, T2* mapping, 3DASL, and contrast-enhanced
(CE) TIWL The dose of Magnevist (Gd-DTPA; Guangzhou,
China) was 0.1 mmol/kg. With T2 FLAIR sequences, parameters
were as follows: repetition time (TR) 3,400 ms; echo time (TE)
109 ms; time to inversion (TT) 41.7 ms, slice thickness 5 mm and
a 1.5-mm gap between slices; field of view (FOV) 24x24 cm?;
matrix size 320x256; number of excitations ( NEX ) 2. T1
FLAIR parameters were TR/TE 2,376/24 ms; TI 860 ms; slice
thickness 5.0 mm; section gap 1.5 mm; FOV 24 x24 cm?; matrix
size 384x256; NEX 1. An axial single-shot spin-echo echo
planar sequence was used to acquire DW imaging with the
following parameters: TR/TE 5,600/70; b factors, 0 and 1,
000 s/mm’; matrix size, 160x 160; FOV, 24x24 cm’; NEX, 4;
slice thickness, 5 mm; section gap, 1.5 mm. Automatic high
order BO shimming was performed before the T2* sequence.
T2* mapping parameters were TR/TE 150/2.1, 5.5, 8.9, 12.3,
15.7,19.1,22.4,25.8,29.2, 32.6, 36, and 39.4 ms; slice thickness
5.0 mm; section gap 1.5 mm; FOV 24x24 cm?; matrix size
192x160; NEX 1. 3DASL parameters were TR/TE 4,521/
9.8 ms; TI 1525 ms; slice thickness 4.0 mm; section gap
0.0 mm; FOV 24x24 cm2; points 512; arms 8; NEX 3. CE-
T1FLAIR parameters were TR/TE 2,071/26 ms; TI 860 ms; slice
thickness 5.0 mm; section gap 1.5 mm; FOV 24 x24 cm?; matrix
size 320%x256; NEX 2.

Fig. 1 Right frontal lobe astrocytoma, grade II, in a 48-year-old man. (a)
Transverse contrast-enhanced T1-weighted image shows no enhance-
ment in the tumour. (b) The R2* map shows that the R2* values in the
tumour (R2* value=10.27) are lower than those in the contralateral brain

(R2* value=19.65). (c) Arterial spin labelling (ASL) regional cerebral
blood flow (rCBF) map demonstrates that the tumour has low perfusion
levels
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Fig. 2 Images obtained in a 35-year-old woman with anaplastic astrocy-
toma (grade III). (a) Transverse contrast-enhanced T1-weighted image
shows heterogeneous enhancement in the tumour. (b) The R2* map

Data processing

R2* maps were independently evaluated by two neuroradiol-
ogists (13 years of experience and 8 years of experience), who
were blinded to histopathological results. The interval be-
tween the two measurements was about 2 months. ASL and
DWI images were assessed by one neuroradiologist (13 years
of experience). R2* maps, DWI, and ASL images were auto-
matically reconstructed from the raw data by using the com-
mercially available software (GE Healthcare) on an AW4.4
workstation (GE Healthcare, USA). R2*, apparent diffusion
coefficient (ADC), and rCBF maps were displayed with a
colour scale. T2" values were calculated based on the follow-
ing formula: SI=Slpe™ ¥ ", where t is the echo time, Sl is
the image intensity when t=0, and Sl is the image intensity

reveals that the R2* value in the tumour (R2* value=37.90) is higher
than that in the contralateral brain (R2* value=23.87). (¢) The ASL CBF
map shows high tumour blood flow

when t=echo time. The exponential equation was fitted with
nonlinear least-squares (Levenberg-Marquardt) curve fitting.

The signal-to-noise ratio (SNR) was measured for each
T2* mapping image using the following formula: mean signal
intensity of brain tissue/standard deviation of background
noise measured outside the brain. A region of interest (ROI)
with an area of 300 mm? was placed on a constant point in the
unaffected frontal white matter, and another ROI of the same
size was placed in the background. We set 100 as the image
SNR threshold. Because SNR decreases with longer echo
times, we focused on the images of the last four echoes. If
the image SNR was less than 100, we rejected the images and
used the former eight echoes to calculate the exponential
equation. If not, we used all 12 echoes in the calculation. In
the measurement, the SNR of all the images of the last four

Fig. 3 A 46-year-old man with a histologically proven glioblastoma
multiforme (grade IV) located in the right frontal lobe. (a) Axial T1-
weighted postcontrast image demonstrates nodular enhancement in the
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tumour. (b) The R2* map shows an area of high R2* values (31.22) in the
tumour. There is haemorrhage at the bottom of the tumour. (¢) The ASL
CBF map demonstrates nodular hyperperfusion
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Fig. 4 A 70-year-old patient with a metastatic brain tumour underwent
surgical resection, and the pathologic result was adenocarcinoma from
lung cancer. (a) Contrast-enhanced T1-weighted image demonstrates a
heterogeneous hyperintense mass in the left occipital lobe. (b) The

echoes was above 100. We considered that use of a 3.0-T MRI
system resulted in higher SNRs of images. Therefore, our
results were calculated using the 12 echoes.

Coregistration between R2* images and CE-T1WI images
or DWI images was performed using geometric information
stored in the respective data sets. On the R2* map, an ROI
drawn in the tumour: (1) corresponded to the region with the
maximum R2* value within the tumour; (2) corresponded to
the enhanced region of the tumour on CE-T1WI images; (3)
avoided the apparent haemorrhagic areas, which cause the
high signal intensities on T1-weighted images or low signal
intensities on T2-weighted images; (4) had a size of 30—
150 mm”.

R2* values of all tumours were measured three times by
each neuroradiologist to obtain accurate results. Finally, we
averaged R2* values of each ROI measured by the two
neuroradiologists. In addition, ROIs were designated on rCBF

transverse R2* map shows the increased R2* values (23.43) in the
tumour. (¢) The ASL CBF map demonstrates marked perfusion in the
central part of the mass

maps in the same regions within tumours as those on the R2*
map, and rCBF values of tumours and the contralateral normal
regions were recorded. Because the minimum ADCs corre-
spond to the area of highest cellularity within tumours, we
decided to measure minimum ADCs in the study.

We adopted rCBF (the ratio of the rCBF value of the
tumour to that of the contralateral normal region) in the study.
R2*, rrCBF, and ADC values of all patients with tumours are
listed in Table 1.

Statistical analysis

All data were statistically analysed using the Medcalc 12.0
and SPSS15.0 software packages. First, the interobserver
agreement of R2* value measurements was tested by the
Bland-Altman method [23]. Second, analysis of variance
(ANOVA) was used to analyse R2* values and ADC values

Fig. 5 A typical meningioma in a 48-year-old woman. (a) Transverse
contrast-enhanced T 1-weighted image shows intense enhancement of the
tumour. (b) The R2* map shows there is a slightly lower R2* value in the

tumour (R2* value=15.54) than in the contralateral brain (R2* value=
17.92). (¢) The ASL CBF map shows the hypoperfusion in the tumour
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among four grades of glioma. Then, the post-hoc all pairwise
multiple comparisons (the Student-Newman-Keuls method)
test was performed to test differences in R2* values among
different grades of glioma. The Games-Howell post-hoc com-
parison test was used to analyse ADC values among four
grades of glioma because variances were unequal.

Third, gliomas were divided into low grade (grades I and
IT) and high grade (grades III and IV). We used ANOVA to
analyse R2* values among high-grade gliomas, low-grade
gliomas, meningiomas, and brain metastasis. Then, the post-
hoc all pairwise multiple comparisons (the Student-Newman-
Keuls method) test was performed to test differences in R2*
values among them. The independent ¢ test was used to
analyse R2*, rrfCBF, and ADC values of high- and low-
grade gliomas.

Fourth, Spearman’s correlation (a non-parametric test) co-
efficients were used to analyse the relationships among R2*,
rCBF, and ADC values and the histopathological glioma
grade. Pearson’s correlation (a parametric test) was used to
analyse the relationship between R2* and rrCBF values in
gliomas.

Fifth, R2*, rrCBF, and ADC values of low- and high-grade
gliomas were analysed with receiver-operator characteristic
(ROCs) curves. Comparison of the area under the curve
(AUC) was performed among three independent ROC curves.
The ROC curve could be used to determine the optimal
thresholds and diagnostic accuracy of R2* values for ascer-
taining high-grade gliomas. The ROC curve could also be
used to calculate the sensitivity, specificity, PPV, and NPV
associated with R2* values as a function of the threshold value
used to identify high-grade gliomas. In fact, the four types of
tumours can be classified into two grades, malignant (includ-
ing high-grade gliomas and brain metastases) and benign
(including low-grade gliomas and meningiomas), on the basis
of their biological behaviours such as the recurrence and
metastatic rates and the survival rate of patients. These two
groups of R2* values underwent statistical analysis using
ROC curves. The ROC curve was also used to analyse R2*
values of brain metastasis and high-grade gliomas. P values of
0.05 were considered the criterion for statistical significance.

Results

There was good agreement in interobserver R2* value mea-
surements because 96.88 % (62/64) of the points were inside
the 95 % limits of agreement (—4.2 to 5.3) (Fig. 6).

The ANOVA test showed that R2* values were significant-
ly different among the four grades of glioma (F=36.071, P<
0.001). Then, the post hoc all pairwise multiple comparisons
indicated that there were significant differences (P <0.05) in
R2* values between grade I or grade II and grade III or grade
IV gliomas. However, there were insignificant differences
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Fig. 6 Analysis of interobserver agreement of the R2* value measure-
ments by the Bland-Altman method. There are 96.88 % (62/64) points
inside the 95 % limits of agreement

between grade I and grade II (P=0.724) and between grade
IIT and grade IV gliomas (P =0.059) (Table 2).

The ANOVA test indicated that R2* values were signifi-
cantly different among high-grade gliomas, low-grade glio-
mas, meningiomas and brain metastasis (F=38.733, P<
0.001). Post hoc comparisons indicated that there were signif-
icant differences in R2* values among high-grade gliomas,
low-grade gliomas, meningiomas and brain metastasis. The
mean R2* and rrCBF values of four types of tumours are
shown in Fig. 7.

R2* values showed a significant correlation with the his-
topathological grade of gliomas (»=0.782, P< 0.001), which
is shown in Fig. 8a. Additionally, there was no correlation
between R2* values and rrCBF values of gliomas (Pearson
correlation coefficient=0.273, P= 0.08).

rrCBF values showed a significant correlation with the
histopathological grade of gliomas (»=0.643, P< 0.05). There
was a significant difference in rrfCBF values between high-
and low-grade gliomas (r=4.61, P<0.001).

The ANOVA test indicated that ADC values were insig-
nificantly different among four grades of gliomas (F=2.701,
P=0.061). Games-Howell post hoc comparisons indicated
that there were insignificant differences among them (Table 2).
A significant correlation existed between ADC values and the
histopathological grade of gliomas (r=-0.427, P=0.007)

Table 2 The post hoc all

pairwise multiple com- Gliomas R2* values ~ ADCs
parisons of R2* values

and ADCs among four I I 0.724 0.928

grades of glioma I <0.05 0.395

IV <0.05 0.378

I I <0.05 0.147

IV~ <0.05 0.074

I v 0.059 1.000
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Fig. 7 R2* and rrCBF values of four types of brain tumours. (a) The
decreasing order of R2* values is high-grade gliomas, brain metastasis,
meningiomas and low-grade gliomas. (b) The sequence rrCBF values are
meningiomas, high-grade gliomas, brain metastasis, and low-grade
gliomas

(Fig. 8b). There was a significant difference in ADCs between
high- and low-grade gliomas (Table 3).

In ROC curve analysis with histopathological correlation
(Fig. 9), optimal sensitivity, specificity, PPV, and NPV in
determining a high-grade glioma for differentiating low-
grade gliomas by using an R2* value of 18.73 were 100 %,
95.5 %, 94.1 %, and 100 %, respectively. The areas under the
ROC curve (AUC) for the R2* values was 0.994 (0.979-
1.009). Comparison of the AUC showed there were signifi-
cant differences in AUCs between R2* and ADC values (z=
3.714, P=0.0002) and between rrfCBF and ADC values (z=
2.892, P=0.0038), and an insignificant difference between
R2* and rrCBF values (z=1.637, P=0.1016) (Fig. 7).

In ROC curve analysis (Fig. 10), the R2* value (18.73) of
malignant tumours provided a sensitivity of 85.7 %, specificity
of 89.7 %, PPV of 83.87 %, and NPV of 90.9 % for differen-
tiating benign tumours. The AUC for R2* values was 0.945
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Fig. 8 Correlation analysis of R2* values or ADCs and the pathological
grade of gliomas. (a) R2* values and the pathological grade of gliomas
were strongly correlated, with Spearman’s coefficient »=0.782 (P <0.05).
There is a large overlap in R2* values between grade I and grade I as well
as between grade III and grade IV. (b) A significant correlation (=
—0.427; P=0.007) exists between ADC values and the histopathological
grade of gliomas. There are substantial overlaps in ADCs among four
grades of glioma

(0.895-0.995). In ROC curve analysis (Fig. 11), optimal sensi-
tivity, specificity, PPV, and NPV in differentiating high-grade
gliomas from brain metastasis by using an R2* value of 27.65
were 68.7 %, 92.3 %, 91.7 %, and 70.6 %, respectively. The
AUC for the R2* value was 0.815 (0.628-0.934).

Table 3 The indepen-

dent 7 test of R2*, rrCBF, t p

and ADC values be-

tween high- and low- R2* values 9.940 <0.001

grade gliomas rCBF 4.333 <0.001
ADCs 3.149 0.004
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AUC:s than those of rrCBF and ADCs

Discussion

Significant differences existed in R2* values among four
grades of glioma but not between grade I and grade II or
between grade III and grade IV, which is consistent with the
previous report on T2’ values in tumours [22]. Further, R2*
values correlated strongly with the grade of gliomas. Some
studies have indicated there is a good correlation between

@ Springer

s
100 E
80 | sensitivity: 85.7
- Specificity: 89.7
[ Criterion : =18.725
= ]
& COF
Bt
L15]
¢ 40r
20 b
0 T R o T O St O S [T | I |

0 20 40 60 80 10C
100-Specificity
Fig. 10 ROC curve analysis for discriminating between malignant and

benign tumours. The AUC for the R2* values is 0.945 (95 % CI, 0.895—
0.995)

changes in R2* values and tumour pO, [24, 25]. Consequent-
ly, changes in the R2* value may reflect alterations in the
deoxygenated haemoglobin concentration in tumour micro-
vasculature [15, 16]. Our results may reflect that high-grade
gliomas have higher deoxygenated haemoglobin concentra-
tions than low-grade gliomas.

According to the ROC curve analysis, low-grade gliomas
provided a sensitivity of 100 % and a specificity of 95.5 % for
differentiating high-grade gliomas. This indicates that an R2*
value of 18.73 can be recommended for discriminating high-
from low-grade gliomas. Study results show that the R2*
value is a useful adjunctive tool for assessing the grade of
gliomas. There were significant differences in R2* values
among high-grade gliomas, low-grade gliomas, meningiomas,
and brain metastasis. However, there was marked overlap in
R2* values between brain metastasis and high-grade gliomas.
Furthermore, there were low sensitivity and NPV in the ROC
curve analysis of brain metastasis and high-grade gliomas
(Table 4). Therefore, it is difficult to differentiate high-grade
glioma from brain metastasis with R2* values.
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Fig. 11 ROC curve analysis of R2* values for distinguishing high-grade

gliomas from metastasis. AUC for the R2* values is 0.815 (95 % CI,
0.628-0.934)
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Table 4 Sensitivity, specificity, PPV, and NPV of R2* values for differ-
entiating different types of brain tumours

Differential diagnosis ~ Sensitivity ~ Specificity =~ PPV NPV

HGG vs. LGG 100 % 95 % 94.1 % 100 %
Malignant vs. benign ~ 85.7 % 89.7 % 839 % 909 %
HGG vs. metastases 68.7 % 923 % 91.7%  70.6 %

HGG indicates high-grade gliomas; LGG low-grade gliomas; PPV pos-
itive predictive value; NPV negative predictive value

There was a significant difference in R2* values between
malignant and benign tumours and there were relatively high
sensitivity, specificity, and PPV in the ROC curve (Table 4).
This suggests that an R2* value of 18.73 can be recommended
for distinguishing malignant from benign tumours. All of
these results show that the R2* values differ among different
tumours.

High-grade gliomas had significantly higher tCBF than
low-grade gliomas (Table 3). This is in agreement with previ-
ous reports [26, 27]. However, the correlation coefficient
between R2* values and grades of gliomas (r=0.782) was
higher than that between rrfCBF values and grades of gliomas
(r=0.643; P<0.05). This suggests that R2* values are better
than rCBF for discriminating gliomas.

DWI, similar to rCBF, is believed to be a useful MRI
technique for distinguishing low- from high-grade gliomas [9,
10]. Results show that there were insignificant differences
among four grades of glioma and that there was a significant
difference between high- and low-grade gliomas (Table 3). This
is consistent with earlier reports [9, 10]. We consider that R2*
values are far superior to minimum ADCs in distinguishing
among different grades of glioma for the following reasons.
First, there was substantial overlap in ADCs between different
grades of glioma. Second, statistical analysis of AUCs showed
that AUCs of R2* values were significantly higher than those
of ADCs. Third, the correlation coefficient between R2* values
and grades of gliomas (»=0.782) was higher than that between
ADCs and grades of gliomas (r=—0.427).

We measured maximum R2* values in the study. Maxi-
mum R2* values have more instability and sensitivity than
mean R2* values over a larger ROI. However, in the study, we
set the ROI to more than 30 mm? to increase stability. Good
agreement in interobserver R2* value measurements indicates
there is better stability in the maximum R2* values.

On the R2* mapping sequence, MRI signal decay due to
intravoxel dephasing depends on macroscopic BO field varia-
tions, echo time, and pixel size [28, 29]. Macroscopic B0 field
variations can induce additional intravoxel dephasing in the
signal, which can overestimate R2* measurements [30]. Sig-
nal decay occurs more rapidly when there are longer echo
times or greater pixel size in R2* mapping [31]. Automatic
high-order BO shimming is used to achieve high static

magnetic field homogeneity before R2* sequences. We used
a 12-echo R2* sequence to obtain accurate R2* values in the
study. However, longer echo times can cause faster signal
decay, which can result in overestimation of R2* values.
Therefore, we measured the image SNR before processing
the R2* sequence. In the study methods, we planned to only
use the images of the last four echoes if the SNR was above
100. In our study, the SNR of all images was above 100. Pixel
size depends on FOV and matrix size. When the FOV is
identical, greater pixel size needs a longer acquisition time.
However, movement artefacts will increase when the acquisi-
tion time is longer. Movement artefacts can result in destruc-
tive interference of the extracted signals on R2* mapping.
Therefore, in this study, we employed slightly smaller matrix
size (192x160), which is greater than that in DWI (160 x 160).

There are some limitations in this study. First, as a prelim-
inary study, the patient number was small. Second, the use of
the T2* mapping sequence is limited in the tumour near ait/
tissue boundaries because of marked susceptibility artefacts.
However, the advent of new techniques may solve this prob-
lem in the future [28].

In conclusion, as a preliminary observation, the study
indicates that MR-based R2* values are a better tool than
apparent diffusion coefficients or regional cerebral blood flow
for determining the grade of gliomas and distinguishing be-
nign from malignant tumours. With relatively short acquisi-
tion times and without the administration of contrast agent, the
T2*-weighted sequence is a helpful adjunctive technique that
can easily be incorporated as part of the routine MRI exami-
nation of intracranial tumours.
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