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Background. Amide proton transfer (APT) imagingis a novel molecular MRI technique to detect endogenous mobile proteins and peptides
through chemical exchange saturation transfer. We prospectively assessed the usefulness of APT imaging in predicting the histological
grade of adult diffuse gliomas.

Methods. Thirty-six consecutive patients with histopathologically proven diffuse glioma (48.1+14.7 y old, 16 males and 20 females)
were included in the study. APT MRI was conducted on a 3T clinical scanner and was obtained with 2 s saturation at 25 saturation
frequency offsets w = —6 to +6 ppm (step 0.5 ppm). 8By maps were acquired separately for a point-by-point 8B, correction. APT
signal intensity (SI) was defined as magnetization transfer asymmetry at 3.5 ppm: magnetization transfer ratio (MTR)qsym =
(St=3.5 pprm] — S3.5 ppm1)/So- Regions of interest were carefully placed by 2 neuroradiologists in solid parts within brain tumors. The APT
SI was compared with World Health Organization grade, Ki-67 labeling index (LI), and cell density.

Results. The mean APT SIvalues were 2.1+ 0.4% in grade II gliomas (n = 8), 3.2+ 0.9% in grade Il gliomas (n = 10), and 4.1+ 1.0% in
grade IV gliomas (n = 18). Significant differences in APT intensity were observed between grades 1T and III (P < .05) and grades [Tl and IV
(P<.05), as well as between grades IT and IV (P < .001). There were positive correlations between APT STand Ki-67 LI (P=.01,R=0.43)
and between APT ST and cell density (P < .05, R = 0.38). The gliomas with microscopic necrosis showed higher APT SI than those without
necrosis (P < .001).

Conclusions. APT imaging can predict the histopathological grades of adult diffuse gliomas.
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Gliomas are the most common primary neoplasms of the brain,
varying histologically from low grade to high grade.” The grading
of gliomas is of significant clinical importance. Especially the
discrimination between low-grade (grade II) and high-grade
(grades 111, 1V) glioma is critical, since the prognosis differs sub-
stantially (eg, mean survival >5 y for grade 1I, and 2-3 y for
grade I1I), and thus the therapeutic strategies could differ substan-
tially.»* Because of their dismal prognosis, high-grade gliomas are
usually treated with surgical resection followed by adjuvant
radiation therapy and chemotherapy.? High-grade gliomas

misdiag-nosed as low-grade gliomas will be treated less aggres-
sively than necessary, and vice versa.

Diagnosis of gliomas relies on the histopathology as a gold
standard, and today therapeutic decision relies not only on the
histopathology but also more on molecular profile and genetic in-
formation.® However, in the clinical settings, MRI greatly contri-
butes to the management decisions in all phases of diagnosis,
treatment, and follow-up of patients with gliomas due to its non-
invasive nature. The standard MRI protocols, T2-weighted or fluid
level attenuated inversion recovery (FLAIR) and contrast enhanced
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T1-weighted imaging, provide important information regarding
surrounding edema, hemorrhage, necrosis, and blood-brain
barrier disruption. Although all this information is helpful for char-
acterizing gliomas,** it is inadequate for accurate grading. Thus,
the criterion standard for tumor grade is still histopathological as-
sessment based on biopsy or surgical resection, which is invasive,
and there can be inherent sampling errors associated with intratu-
moral histological heterogeneity in gliomas. Inappropriate sam-
pling from sites with lower histological grade in a tumor may
lead to underestimation of the true grades.

Many investigators have attempted to develop imaging biomar-
kers for the grading of gliomas. Diffusion-weighted imaging
(DWI),” perfusion-weighted imaging (PWI),®~*° and proton MR
spectroscopy*? provide in vivo physiologic information for
tumor characterization, and these methods have been found to
be of increasing utility in assessments of the grade of gliomas.
However, despite the numerous reports and widespread interest,
these methods have frequently resulted in conflicting results or
overlap in measured values. For example, some studies showed
that the apparent diffusion coefficient (ADC) measured by DW1 is
helpful for discriminating high-grade from low-grade gliomas,®’
but others did not.*® Therefore it is desirable to develop a novel
imaging method that complements other MR methods and thus
improves accuracy in grading gliomas.

Chemical exchange saturation transfer (CEST) has drawn con-
siderable attention in the field of molecular imaging as a novel
contrast mechanism in MRL.'* CEST contrast is achieved by apply-
ing a saturation pulse at the resonance frequency of a slow-
intermediate exchanging proton site (-NH, -OH, or metal-bound
water molecule) of endogenous or exogenous agents, and the
resulting saturated or partially saturated spin is transferred to bulk
water via chemical exchange.'* ¢ The net effect of CEST is to
reduce the bulk water signal intensity (SI) detected in an imaging
experiment, thereby providing negative contrast in an image.

Amide proton transfer (APT) imaging was developed as one of
the endogenous CEST imaging techniques by Zhou et al.!” With
this method, the exchange between protons of bulk water and
the amide protons (- NH) of endogenous mobile proteins and pep-
tides can be noninvasively imaged.*® Previous studies demon-
strated that the APT SI was found to increase by 3%-4% in
tumor compared with peritumoral brain tissue in an experimental
rat gliosarcoma model at 4.7 T* and human brain tumor at 3 T.2°
In the latter study in patients, the APT SIs in 6 high-grade gliomas
were higher than those in 3 low-grade gliomas.?® This preliminary
result suggested the potential of APT imaging for grading gliomas
based on this novel contrast mechanism in a clinical setting.

Since APT is a newly developed technique in neuroradiology, a
further verification with a larger sample size to validate the prelim-
inary results is required to determine whether APT imaging accur-
ately reflects the pathological condition of diffuse glioma.
Therefore, the purpose of the present study was to prospectively
assess the ability of APT imaging for predicting the grade of adult
diffuse gliomas with histopathological evaluations.

Materials and Methods

Patients

Thirty-six consecutive adult patients with diffuse glioma (48.14+14.7 y old,
16 males and 20 females) who underwent subsequent surgical resection
(n=32) or biopsy (n = 4) were included in this prospective study. Recurrent

gliomas after previous treatments (n = 8) were included; however, a separ-
ate analysis without those patients was also carried out. Thirty-four
patients had supratentorial lesions, and the other 2 patients had infraten-
torial lesions. The interval between MRI and surgery was shorter than
2 weeks in all patients. This study was approved by the institutional
review board, and informed consent was obtained.

MRI

MRI was performed on a 3T clinical scanner (Achieva TX, Philips Healthcare)
equipped with a second-order shim, using an 8-channel head coil for signal
reception and 2-channel parallel transmission via the body coil for radiofre-
quency (RF) transmission. The acquisition software was modified to alter-
nate the operation of the 2 transmission channels during the RF
saturation pulse, which enables long quasi-continuous RF saturation
beyond the 50% duty cycle of a single RF amplifier, and to allow a special
RF shimming for the saturation homogeneity of the alternated pulse.’!

On a single slice corresponding to a maximum cross-section area of a
tumor, 2-dimensional (2D) APT imaging was performed using a saturation
pulse with a duration of 2 s (40 x 50 ms, sinc-gauss-shaped elements) and
a saturation power level corresponding to By ;ms = 2 wT. For acquiring an
APT Z-spectrum, the imaging was repeated at 25 saturation frequency
offsets from o = —6 to +6 ppm with a step of 0.5 ppm as well as 1 far off-
resonant frequency (o = —160 ppm) for signal normalization.

The other imaging parameters were as follows: fast spin-echo readout
with driven equilibrium refocusing; echo train length (ETL) 128 (single-shot
fast spin-echo); sensitivity encoding (SENSE) factor 2; repetition time (TR) =
5000 ms; echo time (TE) =6 ms; Matrix=128 x 128 (reconstructed to
256 x 256); slice thickness =5 mm, field of view =230x 230 mm; scan
time = 2 min 20 s for one Z-spectrum. A ABO map for off-resonance correc-
tion was acquired separately using a 2D gradient echo with identical spatial
resolution, and it was used for a point-by-point ABO correction.

For reference, several standard MRIs, including T1-weighted,
T2-weighted, FLAIR, and contrast enhanced T1-weighted images, were
acquired. The following parameters were used—T2-weighted: ETL =38,
TR/TE=3000/80 ms, 18 slices, thickness=5 mm, SENSE factor=1.6;
T1-weighted: 3D magnetization-prepared rapid-segmented gradient-echo
sequence, TR/TE=2000/20 ms, inversion time=3800ms, 18 slices,
thickness =1 mm, SENSE factor=1.6; FLAIR: ETL =27, TR/TE/2800 ms,
18 slices, SENSE factor = 1.6. The APT images were acquired before the ad-
ministration of the gadolinium contrast agent in all patients.

APT Imaging Data Analysis

All image data were analyzed with the software program ImageJ v1.43u
(National Institutes of Health [NIH]). A plug-in was created to assess the
Z-spectra and magnetization transfer ratio asymmetry (MTRqsym) equipped
with a correction function for BOinhomogeneity, using interpolation among
the Z-spectral image data. First, rigid body motion correction was per-
formed using the Turboreg algorithm.?? The local BO field shift, in hertz,
was obtained from the BO map, which was created from dual-echo
gradient-echo images (TE =1 and 2 ms) according to the following equa-
tion: deltaBO(x) = (Phase[TE2](x)-Phase[TE1](x))/(TE2-TE1)*2*Pi, where
phase [TEi](x) indicates phases of the images with echo times TE1 or TE2
at position x in radians, and TE1 and TE2 are given in seconds. The
deltaBO(x) is the resulting BO map measured in hertz. Each voxel was cor-
rected inimage intensity for the nominal saturation frequency offset by La-
grange interpolation among the neighboring Z-spectral images. This
procedure corresponds to a frequency shift along the saturation frequency
offset axis according to the measured BO shift.

The MTR was defined as 1 — S¢qi/Sg, Where Seor and Sg are the SIs
obtained with and without selective saturation, respectively.’” To reduce
these undesired contributions from conventional magnetization transfer
(MT) effect and direct saturation of bulk water, an asymmetry analysis of
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MTR with respect to the water frequency was performed. For APT imaging,
the asymmetry analysis at 3.5 ppm downfield from the water signal was
calculated as MTRgsym (3.5 ppm):

Ssat(—3.5 ppm) — Ssat(+3.5 ppm)
So
= MTRG,m (3.5 ppm) + APTR

MTRasym(3.5 ppm) =

where MTRsym is the inherent asymmetry of the conventional MT effect,
and APTR is the amide proton transfer ratio.'” Thus, it should be noted
that the measured MTRqsym (3.5 ppm) is an apparent APT signal and thus
it is appropriate to define the calculated MTRgsym (3.5 ppm) images as
APT weighted. In the present study, APT SI was defined as MTRusym
(3.5 ppm) x 100 (%). The normalized APT SI was also calculated as the dif-
ference in APT SI between tumor and normal-appearing white matter
(NAWM).

In the quantitative analysis, APT SIs were independently evaluated by 2
experienced neuroradiologists (14 and 12 y, respectively, of experience in
neuroradiology) who were blinded to the clinical and histopathological
data. Four circular regions of interest (ROIs) (~0.3 cm?, 36 pixels) were care-
fully placed by each observer in the solid component of a tumor to include
the area with the highest APT signal determined with visual inspection
(Fig. 1), and the best effort was given to avoid cystic, large necrotic, or hem-
orrhagic components of the tumor with reference to conventional MRI. The
strategy for the ROI analysis was based on the concept that regions of a
tumor demonstrating the greatest grade determine the histological
grade of the tumor. The measured APT signals in 4 ROIs were averaged to
represent the tumor. The APT signal was also measured in a larger circular
ROI (~1.8 cm?, 200 pixels) placed in NAWM.

Surgery and Pathological Evaluation

The pathological diagnosis was determined with specimens removed at
surgical resection according to the World Health Organization (WHO) cri-
teria by established neuropathologists. In addition to the conventional
histopathological evaluation, the Ki-67 labeling index (LI) was determined
using the standard procedure in 34 of the 36 patients.?® In the other 2
patients, Ki-67 LI could not be obtained due to the small biopsy sample.
Briefly, fields with the highest number of Ki-67-labeled cells were initially
selected through a generalized survey, and then the percentage of positive-
ly labeled cells was determined by counting more than 1000 tumor nuclei at
%200 magnification. Cell density was measured in 35 of the 36 patients. In
the other patient, it could not be measured because of the small biopsy

Fig. 1. Placement of ROIs. Four circular ROIs were carefully placed in the
solid component of a tumor to include the area with the highest APT
signal determined by visual inspection. Cystic, necrotic, or hemorrhagic
components were avoided with reference to conventional MRL. An ROI
was also placed in contralateral NAWM.

sample. In the measurement of cell density, fields with highest cell
density were selected through a generalized survey, and then the number
of cell nuclei was automatically measured at x200 magnification on hema-
toxylin and eosin staining by using the “analyze particle” function inimage-
processing software (ImageJ v1.40g, NIH). A value averaged from more
than 2 measurements was considered to be the representative cell
density of the tumor. The presence of microscopic necrosis in tumors was
evaluated by the established neuropathologists.

Statistical Analysis

All values are expressed as mean+ SD. Interobserver agreement for the
tumor APT SIs from the 2 readers was analyzed by calculation of the intra-
class correlation coefficient (ICC) and a simple linear regression analysis.
ICCs are considered to be excellent if greater than 0.74.% A Bland-
Altman plot analysis was also carried out. Since the measured APT SIs by
the 2 observers agreed well, these were averaged in each patient for
further analyses. APT SIs or normalized APT SIs were compared among dif-
ferent WHO grades (II to 1V) by one-way analysis of variance followed by
Tukey’s multiple comparison test or Student’s t-test. The relationship
between APT SI (or normalized APT SI) and Ki-67 LI or cell density was eval-
uated with a simple linear regression analysis. APT SIs were compared
between the gliomas with and without intratumoral necrosis by Student’s
t-test. Statistical analyses were performed with a commercially available
software package (SPSS, IBM 19, or Prism 5.0 GraphPad). P < .05 was con-
sidered significant.

Results

The numbers of patients with grades II, I1I, and IV gliomas were 8,
10, and 18, respectively (Table 1). Grade II gliomas included astro-
cytoma, oligodendroglioma, and oligoastrocytoma, and the grade
I1I gliomas included anaplastic astrocytoma, anaplastic oligo-
dendroglioma, and anaplastic oligoastrocytoma.

Interobserver agreement between the 2 observers for the APT
SIs of tumors in 36 patients was excellent, with an ICC of 0.81
and R? of 0.67 (Fig. 2A). The Bland-Altman analysis of the differ-
encein APT SIs measured by the 2 observers also showed excellent
concordance, with only 2 values beyond the 95% limits of agree-
ment (Fig. 2B).

Table 1 shows the mean APT SI, normalized SI, and Ki-67 LI ineach
grade and histology. The mean APT ST was 2.1+ 0.4% (1.4%-2.5%)
in the grade IT gliomas (n = 8), 3.2 4+0.9% (2.3%-5.1%) in the grade
I1I gliomas (n=10), and 4.1+ 1.0% (2.8%-5.8%) in the grade IV
gliomas (n=18). The APT SIs of the grades III (P < .05) and IV (P <
.001) gliomas were higher than those of the grade II gliomas. The
APT ST of the grade 1V gliomas was higher than that of the grade
[1Igliomas (P < .05). When we grouped the grades 11 and IV as high-
grade glioma and compared them with low-grade glioma (grade II),
there was significance in APT SIs between the groups (P <.0001;
Fig. 3). In the discrimination between low- (II) and high-grade
gliomas (III, 1V), the sensitivity and specificity were 93% and
100%, respectively, when a cutoff value of 2.54% was applied for
APT SI (Fig. 3). Nosignificant difference was found between astrocytic
tumors (grades ITand I1I, n = 7) and oligodendroglial tumors (grades
ITand I1L, n = 8) (P =.78). No difference was found between astrocy-
toma (grade II, n = 4) and oligodendroglioma (grade I, n=3) (P=
.21),and between anaplastic astrocytoma (grade I1I, n = 3) and ana-
plasticoligodendroglioma (gradeIll,n = 3) (P = .52). Thenormalized
APT SI was higher in grade IV (P < .01) compared with grade I1.
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Table 1. APT SI, normalized APT SI, and Ki-67 LI in each WHO grade and histology

Histology Number APT SI (%) Normalized APT SI (%) Ki-67 LI
GradeII (n=28)

Astrocytoma 4 22403 21404 2.140.2 1.84+0.7 6.0+4.7 7.2+5.6

Oligodendroglioma 1.840.4 1.3+0.9 52434

Oligoastrocytoma 1 2.5 2.3 17.8
Grade III (n=10)

Anaplastic astrocytoma 3 36413 3.24+0.9° 2.7+2.1 29416 16.5+9.9 14.6+7.5
Anaplastic oligodendroglioma 5 3.2+0.6 3.2+0.9 15.0+6.2
Anaplastic oligoastrocytoma 2 25403 2.340.7 14.0+2.8
Grade IV (n=18)

Glioblastoma multiforme 18 4141.00%" 3.8+1.2% 35.3+£19.2%*
*P<.05, P <.01, ***P<.001, compared with grade II.

*tP<.05, **P < .01, compared with grade III.
A 79 y=097x+0.12 B
P <.0001
&l o 0 i
R%=0.67 4
—_— | = D 1 =
3 5 CC 8 - 3
— 5 2+
™~ 4 R o P
& o Tenge®
>
L3 c 0
s o 17 2@ 30 5@ 6
2,4 @ o -1 o o ®
o I e
0l A Average (%)
-3
c T T T T T T 1 -
0 1 2 3 4 5 6 7 4
-5+

Observer 1 (%)

Fig. 2. Analyses of interobserver agreement. (A) The linear regression analysis shows high correlation in the APT SIs measured by the 2 observers. (B) The
Bland-Altman analysis of the APT SIs measured by the 2 observers shows high concordance. Dashed lines show 95% limits of agreement.

The meanvalue of Ki-67 LI was higherin grade IV thanin grades
IT (P<.001) and III (P < .01). Figure 4 demonstrates the relation-
ship between APT SI.and Ki-67 LI or cell density. There was a mod-
erate correlation between APT SI and Ki-67 LI (P=.01, R=0.43).
Normalized APT SI also correlated with Ki-67 LI (P<.05, R=
0.42). There was a positive correlation between APT SI and cell
density (P < .05, R = 0.38). The gliomas with intratumoral necrosis
(4.241.0%, P<.0001) showed higher APT SIs than those without
necrosis (2.7 4+ 0.89%).

When the patients with recurrent gliomas after previous treat-
ment were excluded, the APT SIs of the grades III (2.9 4+ 1.6%,
P<.05) and IV (3.8 +1.1%, P<.001) gliomas were higher than
those of the grade II gliomas (1.8 +0.7%), while the comparison
between the grades I1I and IV did not reach statistical significance
due to the small number of nontreated grade I1I patients (n = 6).
There was significance in APT SIs between the low-grade (2.1 +
0.4%) and high-grade groups (3.9 +1.1%, P <.0001). In the dis-
crimination between low- and high-grade gliomas, the sensitivity
and specificity were 95% and 100%, respectively, when a cutoff
value of 2.54% was applied for APT SI. The normalized APT SIs

were higher in grade IV (3.84+1.1%, P<.001) compared with
grade II (1.8 4-0.7%).

Figures 5-7 show representative cases of grade II (astrocy-
toma), grade III (anaplastic oligodendroglioma), and grade 1V
(glioblastoma multiforme), respectively. Higher APT SI was
observed in the higher-grade gliomas. The increase in APT SI was
accompanied by an elevation of Ki-67 LI, which suggested more
active proliferation of tumor cells in the higher-grade gliomas.

Discussion

In the present study, we tested the ability of APT imaging for
grading diffuse gliomas compared with histopathological grade
as a gold standard. We found a significant increase in APT SILin
the higher-grade gliomas: the APT SIs in high-grade gliomas
(grades I1I and 1V, 3.8 +1.0%) were higher than in the low-grade
gliomas (grade II, 2.140.4%). Our results in the larger cohort
agree with the prediction by Zhou et al,*” demonstrating that the
APT SIs in high-grade gliomas (2.94-0.6%, n=6) were higher
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than in low-grade gliomas (1.2 +0.2%, n = 3) in the limited popu-
lation size. The absolute values between the studies are somehow
different, but APT SIdepends uponimaging and analytical method,
as we will discuss. Zhou et al used shorter RF saturation (saturation
duration =500 ms) than ours (saturation duration =2 s), which
might have resulted in overall lower APT SIvalues. It was previously
shown in an MR spectroscopy study?® that the concentration of
mobile macromolecules including protein and peptides increases
with the glioma grade.

We found a correlation between APT SI and Ki-67 LI or cell
density. This result indicates that active proliferation of tumor
cells is associated with a high concentration of mobile protein
and peptides. Since it is assumed that amide protons in the

6 . P<.0001
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Fig. 3. APT SI in low-grade (grade II) and high-grade (grades III and IV)
glioma. The APT SIs in the high-grade gliomas were higher than in the
low-grade glioma.
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cytoplasm are the major source of APT signals, it is reasonable
that the APT signal is correlated with the cell proliferation marker
Ki-67 and cell density. We believe that the relatively lower correla-
tions (R=0.43 for Ki-67 and R=0.38 for cell density) between
these parameters observed in the study was caused by the differ-
enceinsamplesize or location between histology and APTimaging.
Other factors than intracellular component could affect ATP SI, as
we will discuss.

Grades of glioma are histologically determined based on the
presence of cellular and nuclear anaplasia, cellularity, mitoses,
microvascular proliferation, and micro and macro necrosis. The
source of high APT SI in high-grade gliomas is still unknown;
however, we can assume that several histological factors contrib-
ute to the increased signal. High cellular content of proteins and
peptides in high-grade glioma can cause increased signal. Our
study is consistent with previous studies that also showed that
tumors with high cellularity could show high APT SI, although
they did not perform quantitative analyses.*®*® Concentration of
mobile proteins and peptides per cell may increase with the
grade of glioma. In the present study, tumors with necrosis
showed higher APT SI than those without necrosis. Although it
was difficult to confirm whether this was a direct relationship,
highly concentrated mobile proteins and peptides in the extracellu-
lar space, such as microscopic necrosis or fluid collection in the
microcystic space, might also increase APT SIin tumors. The alter-
nation in tissue pH might affect APT SI.*®*” APT ST can be enhanced
in tissues with increased pH because the amide proton exchange
rate is base-catalyzed in the physiological pH range. Higher pH
increases the proton exchange rate, which in turn increases the
APT SI. Several studies’’*® of gliomas have indicated that a
tissue pH was higher than that of normal brain tissue even
though this difference was small (up to 0.2 pH unit). Further inves-
tigations are necessary to determine the source of APT.

Regarding differentiation between high- and low-grade
gliomas, our study showed that APT SI provided excellent sensitiv-
ity (93%) and specificity (100%) with a cutoff value of 2.54%. The
discrimination between high-grade (grades I1I, IV) and low-grade
(grade II) glioma has been of great importance among investiga-
tors for a long time. The reported accuracy in radiologic grading
of tumors by most common MRI methods (eg, T2-weighted
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Fig. 4. Correlation between APT SI and Ki-67 LI (A) or cell density (B). Moderate positive correlations are noted between the parameters.
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Fig.5. Astrocytoma (gradeII)ina42-year-old woman. (A) A transverse T2-weighted MRI shows a homogeneous hyperintensity area in the right temporal
lobe. (B) A contrast enhanced transverse T1-weighted image shows no enhancementin the tumor. (C) The APT-weighted image shows a mild increasein SI
(APT SI, 1.4%) in the tumor compared with normal brain tissue. (D) Ki-67 immunohistochemical staining shows few positive cells, indicating low
proliferative activity of the tumor (Ki-67 LI, 1.3%).

Fig. 6. Anaplastic oligodendroglioma (grade III) in a 25-year-old woman. (A) A transverse T2-weighted image shows a rather heterogeneously
hyperintense area in the right frontal lobe. (B) A contrast enhanced transverse T1-weighted image shows faint enhancement in the tumor. (C) The
APT-weighted image shows a mild to moderate increase in SI (APT SI, 2.8%) in the tumor compared with normal brain tissue. (D) Ki-67
immunohistochemical staining shows scattered positive cells (Ki-67 LI, 6.2%).

Fig. 7. Glioblastoma multiforme (grade IV) in a 70-year-old woman. (A) A transverse T2-weighted image shows a heterogeneously hyperintense area in
the left temporal lobe. (B) A contrast enhanced transverse T1-weighted image shows heterogeneous ringlike enhancement in the tumor. (C) The
APT-weighted image shows high SI in the tumor compared with normal brain tissue (APT SI, 4.0%). (D) Ki-67 immunohistochemical staining shows a
large number of positive cells, indicating high proliferative activity of the tumor (Ki-67 LI, 27.9%). High cell density is also noted.

imaging/FLAIR and contrast enhanced T1-weighted imaging) is
not sufficient, with sensitivity in identifying high-grade gliomas
ranging from 55.1%° to 72.5%.3° Recently, newer MR techniques
such as DWI, PWI, and MR spectroscopy could provide additional
measures. Relative cerebral blood volume measured by PWI was
found to increase with grade of gliomas, with sensitivity and speci-
ficity of 95.0% and 57.5%.%° MR spectroscopy showed that the

choline level showed high sensitivity, 75.8%, but low specificity,
47.5%.%° Several DWI studies have found lower ADC values in high-
grade gliomas thanin low-grade gliomas. Lee et al®! provided sen-
sitivity (87.5%) and specificity (79.0%) for differentiating tumor
grades using DWI. Compared with these previous reports, our
present results (sensitivity: 93%, specificity: 100%, with a cutoff
value of 2.54%) are predominant. In addition, the method could
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differentiate grade II and grade III gliomas, which is the border
between low and high grade. For these reasons, APT imaging
appeared to provide superior diagnostic performance in grading
gliomas.

Since APTimagingis a rapidly developing field, the imaging pro-
tocols have not yet been fully optimized, especially in human
studies. For sensitive saturation transfer-based detection, long
presaturation by continuous or quasi-continuous RF irradiation is
needed (>1 s) to build up and maintain saturation of the amide
protons and accumulate saturated protons in bulk water, which
depend upon a relative exchange rate at a given magnetic field
strength. However, duration of saturation pulse was limited to
<1 s in previous studies, due to limits of the specific absorption
rate and hardware limitations of clinical systems such as the RF
amplifier duty cycle. This problem of saturation time limits was
solved in the present study by using the 2 amplifiers of a parallel
transmission MR system in alternation during the saturation
pulses,”! enabling use of 2 s saturation. A recent study showed
that APT contrast obtained with the 2 s saturation was higher
than with 0.5 s or 1 s saturation in various types of human brain
tumors, including gliomas.* Thus, the long saturation might be
helpful in the sensitive differentiation of glioma grades. It should
be noted that the APT SI can be affected by many other factors, in-
cluding tissue water content, pH, temperature, the T1 of water, and
the background MT effect.’” To eliminate the effect of native
MTRgasym Presumably caused by the solid-phase MT effect and pos-
sible intramolecular and intermolecular nuclear Overhauser
effects of aliphatic protons, the magnitude of APT Sl is often deter-
mined from the difference of MTRys,m at the lesion and the contra-
lateral regions in the previous brain studies.’®*® Hence, we
calculated the normalized APT SI by NAWM, although there was
no obvious difference in the results with and without the normal-
ization because the APT SI in NAWM was stable in all patients.
Data analyses that take other factors into consideration may be
necessary to extract the true APT effect in future studies. In add-
ition, it is necessary to confirm the reproducibility of APT imaging
of brain tumor by a test-retest reliability study because APT
imaging is a new method with limited in vivo applications.

The strengths of the present study include its prospective
design, the short interval between imaging and surgery (<2 wk),
and the complete histopathology-based diagnosis in all 36
patients. However, there were several limitations. First, there was
a difficulty in accordance of the location for the ROIs for APT mea-
surements with areas for the Ki-67 LI and cell density, as discussed
previously. The direct matching between MRI and histology is chal-
lenging, especially in brain tumors, because the tumors are surgi-
cally removed piece by piece in most cases and the resected
specimens possess little locational information. A second limita-
tion was the single-slice acquisition used in the APT sequence
duetolimitation of total acquisition timein patient scans. Protocols
with a fast 3D coverage like keyhole CEST** are desirable for future
studies in order to better characterize the typical tumor tissue het-
erogeneity in all dimensions. Thirdly, the ROIs were placed in solid
parts of tumors manually by visual inspection. Cystic components
as visible in the standard MRIs, which could show high APT SI, were
avoided, but some contributions from microcysts that were invis-
ible on images and extracellular fluid might have affected the
results. Finally, the number of low-grade gliomas (grade II) was
small compared with that of high-grade gliomas.

In conclusion, the APT STwas increased with the grade of glioma
and correlated with the Ki-67 LI and cell density. APT imaging,
which produces a novel endogenous contrast based on saturation
transfer, can noninvasively predict the histopathological grades of
adult diffuse gliomas. In the clinical setting, APT imaging can be
usefulindecisions regarding resection/biopsy sites and therapeutic
strategy. In addition, the APT signal may be a reliable biomarker for
therapeutic response and the prediction of outcome for patients
with diffuse gliomas.
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