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Abstract

Purpose: To prospectively evaluate the feasibility and capability of amide proton transfer-
weighted (APTw) imaging for the characterization of head and neck tumors.

Procedures: Twenty-nine consecutive patients with suspected head and neck tumors were
enrolled in this study and underwent APTw magnetic resonance imaging (MRI) on a 3.0-T MRl
scanner. The patients were divided into malignant (n= 16) and benign (n= 13) groups, based on
pathological results. A map of magnetization transfer ratio asymmetry at 3.5 ppm [MTRagym
(3.5 ppm)] was generated for each patient. Interobserver agreement was evaluated and
comparisons of MTRasym (8.5 ppm) were made between the malignant and benign groups.
Receiver operating characteristic analysis was used to determine the appropriate threshold
value of MTRasym (3.5 ppm) for the differentiation of malignant from benign tumors.

Results: The intraclass correlation coefficients of the malignant and benign groups were 0.96
and 0.90, respectively, which indicated a good interobserver agreement. MTRasym (3.5 ppm)
was significantly higher for the malignant group (3.66 + 1.15 %) than for the benign group (1.94
+0.93 %, P<0.001). APTw MRI revealed an area under the curve of 0.904 in discriminating
these two groups, with a sensitivity of 81.3 %, a specificity of 92.3 %, and an accuracy of 86.2 %,
at the threshold of 2.62 % of MTRasym (3.5 ppm).

Conclusions: APTw MRI is feasible for use in the head and neck tumors and is a valuable
imaging biomarker for distinguishing malignant from benign lesions.
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Introduction not increased much over recent years, although oncological
treatments have achieved great advances [2, 3]. Head and neck
Head and neck cancer is the seventh most frequent cancer and tumors are of variable types, and the characteristics of these
the ninth most frequent cause of death from cancer [1]. The  tymors affect the prognosis and the appropriate treatment
overall survival rate of patients with head and neck cancers has strategy. Thus, it is of the utmost importance to make an
accurate diagnosis. Many advanced MR imaging techniques,
such as diffusion-weighted imaging (DWI), dynamic contrast-
Correspondence to: Min Chen; e-mail: cjr.chenmin@vip.163.com enhanced (DCE) magnetic resonance imaging (MRI), and
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positron emission tomography (PET)/MR, have been used in the
diagnosis of head and neck tumors and can provide much
information about the underlying biology [4-6]. However, the
differentiation between benign and malignant head and neck
tumors remains problematic with these techniques. DWI often
suffers from susceptibility artifacts, and the accuracy of apparent
diffusion coefficient (ADC) values is affected by the choice of b
values. DCE-MRI provides perfusion and permeability infor-
mation through the injection of gadolinium (Gd), but this
technique is limited in those lesions with an intact blood-brain
barrier [7], which can lead to high false-negative and false-
positive results. PET/MR is usually restricted by the length of the
scan time and the cost but serves as an alternative to PET/CT in
the clinical workup [8, 9].

Since the early 2000s, amide proton transfer-weighted
(APTw) MR imaging has emerged as an important contrast
mechanism for MRI in the field of molecular imaging [10].
Based on the chemical exchange saturation transfer (CEST)
mechanism, the technique can indirectly detect mobile
proteins and peptides in tissues [10], such as those in the
cytoplasm, through the exchange between amide protons
and bulk water protons, without an exogenous contrast
agent. Numerous previous studies have shown that APTw
imaging can largely improve the diagnostic performance in
brain tumors, compared with conventional, structural MRI
sequences [11, 12]. Some preliminary studies have also
applied APTw imaging to other cancers, such as those in the
prostate [13], breast [14], liver [15], and lung [16]. However,
to our knowledge, no studies have been reported that were
designed to evaluate the clinical potential of APTw MRI in
the diagnosis of head and neck tumors.

In this study, we hypothesized that malignant tumors have a
high cell proliferation index and more mobile proteins and
peptides to undertake cellular activities. The associated APTw
signal could then be increased compared with benign tumors and
normal tissues [13, 16]. Due to this effect, the application of
APTw MRI could thus improve the diagnostic performance in
head and neck tumors. Therefore, the main goal of this study was
to investigate the feasibility of APTw MRI to characterize
various head and neck tumors on a 3.0 T and to evaluate the
clinical potential of this method to differentiate malignant tumors
from benign lesions.

Materials and Methods
Subjects

The local institutional review board approved this study and all
participants gave written informed consent before enrolling.
Between September 2016 and December 2017, 35 consecutive
adult inpatients and outpatients with suspected head and neck
tumors were recruited for this study. These subjects were
referred for imaging for various indications. The inclusion
criteria were as follows: (1) no previous treatment; (2) all
pathological examinations of specimens were obtained by means
of surgical resection, biopsy, and/or follow-up examinations; (3)

APTw MR imaging was acquired before surgical resection and
biopsy, and the interval was not more than 4 weeks; and (4)
image quality was adequate for analysis. Based on the inclusion
criteria, three patients were excluded from this study because of
the absence of pathological results. In addition, the data from
three patients were further rejected because of insufficient image
quality due to obvious motion artifacts. Finally, a total of 29
patients (14 men, 15 women; age, 52.0 £+ 18.1 years old) with
suspected head and neck tumors were chosen for the data
analysis in this study. All patients were divided into the
malignant (z=16) or the benign (n=13) group according to
the pathological results, as shown in Table 1.

Image Acquisition

All MR imaging was performed on a 3.0-T MR system
(Achieva 3.0 T, Philips Medical Systems, Best, the
Netherlands), using a dual-channel body coil for signal
transmission and a 16-channel head and neck coil for signal
reception. Conventional structural MRI sequences, including
axial T2-weighted imaging (T2WI) with fat suppression,
sagittal T2WI, coronal T2WI, axial T1-weighted imaging
(T1WI), and DWI, were scanned for reference.

An APTw pulse sequence was employed, based on one
T2WI image slice that showed the maximum area of the
tumor. This was based on a single-shot, turbo-spin-echo
readout: repetition time, 3 s; turbo-spin-echo factor, 54; field
of view, 230 mm x 221 mm; matrix, 105 x 100 (recon-
structed to be 400 x 400); and slice thickness, 6 mm. We
used a pulse-train radiofrequency (RF) irradiation (saturation
duration, 200 ms x 4; inter-pulse delay, 10 ms; power level,
2 uT), as developed previously [17]. The APTw imaging
was performed with a multi-offset, multi-acquisition proto-
col. The 31 offsets were 0, £0.25, £0.5,£0.75, £1, £ 1.5, +
2,£2.5,£3.0(2),£3.25(4),+£3.5(8),£3.75(4), 4 (2), £
4.5,+5.0, and £ 6.0 ppm, and the values in parentheses were
the number of acquisitions, which was 1 if not specified

Table 1. Demographic information, clinical symptoms, and pathological
results

Characteristics Value

Age (mean + SD)
Gender (ratio)

52.0+18.1 years

Female 15/29
Male 14/29
Clinical symptoms (ratio)
Head and neck mass 12/29
Epistaxis 6/29
Hearing loss 2/29
Others 9/29
Pathological results (ratio)
Nasopharyngeal carcinoma 7/29
Metastatic carcinoma 5129
Lymphoma 2/29
Schwannoma 3/29
Lipoma 1/29
Others 11/29
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[18]. This combined APTw/Z-spectrum acquisition method
avoided the prescan between the APTw image scan and the
Z-spectrum scan, which can affect the shim and frequency
offset settings. In addition, an unsaturated image and a
saturated image at 15.6 ppm (2 kHz) were acquired for
signal normalization and for the calculation of the MTR
value associated with conventional magnetization transfer
(MT) imaging [19]. So we further defined MTR (15.6 ppm)
to characterize MT effects. The patients were instructed to
limit swallowing and their heads were immobilized with
sponge. The total acquisition time for the APTw imaging
procedure was 4 min and 21 s. The duration of a complete
MR examination was about 18 min.

APTw Image Processing

The image analysis was performed using the Interactive
Data Language (IDL, ITT Visual Information Solutions,
Boulder, CO, USA). The normalized saturated signal
intensity curve (usually called the Z-spectrum) was
calculated with 31 different frequency offsets (—6 to
6 ppm). Then, the measured Z-spectrum was fitted on a
pixel-by-pixel basis, and the BO inhomogeneity map was
created. After this, the original Z-spectrum was corrected
for the BO inhomogeneity effects through the interpolation
and centering of the Z-spectrum, as previously reported
[20, 21]. As usual, the magnetization transfer ratio
asymmetry (MTR,sm) was defined as follows: MTR gy
(offset) = Sqoc (— offset) / So— Seae (+0ffset) / Sy, in which
Ssat and Sy are the signal intensities with and without
selective RF irradiation, respectively. Specifically, the
APTw signal was calculated based on the MTR,q., at
3.5 ppm: MTRasym (3.5 ppm)=Ssat (=35 ppm) /S0~ Ssat
(+3.5 ppm) / So. MTR,sym was defined to characterize
CEST effects. In this study, the APTw images were

displayed by rainbow colors and a display window (—
5 %, 5 %) was used. In addition, we measured the total
MTR45ym signal by integrating the MTR qyy, spectrum over
the frequency offset range from 1 to 4 ppm.

Image analysis was performed by two neuroradiologists
(reader 1, CL, and reader 2, LY, who have 10 and 5 years
of experience in imaging diagnosis, respectively, and who
were blind to the final pathological results and the other’s
findings). Regions of interest (ROIs) were manually
outlined on the whole tumor by the two neuroradiologists.
The T2WI image was used as the anatomical reference to
draw the ROI. Large cystic cavities, large areas of
liquefactive necrosis, calcification, or hemorrhage, or large
vessels evident on standard structural MRI sequences, were
always excluded from the ROI selection [22, 23].

Statistical Analysis

All data were analyzed using the statistical package SPSS
20.0. The results were expressed as mean + standard
deviation (SD). Interobserver agreement between reader 1
and reader 2 was examined by using the intraclass
correlation coefficients (ICC). An ICC value greater than
0.75 was considered a good agreement. Levene’s test was
used for the homogeneity of variance test. Then, the
independent sample Student’s ¢ test was performed to
evaluate the differences in MTRygym (3.5 ppm) and other
MRI parameters between the malignant and benign groups.
Finally, receiver operating characteristic (ROC) analysis was
performed to determine the appropriate feasible threshold
value for the differentiation of the malignant from the benign
group. The sensitivity, specificity, and accuracy were
calculated, and the best threshold value was determined by
maximizing the sum of sensitivity and specificity. In

Fig. 1. A representative ROI defined for quantitative analysis. An ROl was manually outlined on the tumor with the anatomical
reference from the T2WI image. a T2WI image and b MTR image.
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addition, P values lower than 0.05 were considered
statistically significant.

Results

The demographic information, clinical symptoms, and
pathological results for all patients are summarized in
Table 1. The representative ROI chosen for quantitative
analysis is shown in Fig. 1.

Feasibility of APTw Imaging in Head and Neck
Tumors

The ICCs of MTR 45y (3.5 ppm) between two readers were
0.96 and 0.90 for the malignant and benign groups,
respectively, which indicated a good interobserver agree-
ment. Figure 2 shows the MTR 4y, (3.5 ppm) signals of the
malignant and benign groups for reader 1 and reader 2. A
significant difference was found between the malignant
group and the benign group for both reader 1 and reader 2
(P<0.01). There was an exception in the case of the lipoma
(Fig. 2), in which MTR ;s (3.5 ppm) was 0.24 % for reader
1 and —0.74 % for reader 2, and the mean MTR s,
(3.5 ppm) was —0.25 %.
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Fig. 2. The MTRasym (3.5 ppm) of the benign and malignant
groups for the two readers. A significant difference was
observed between the malignant group and the benign group
for both reader 1 and reader 2. The MTRasym (3.5 ppm) of the
lipoma was 0.24 % for reader 1 and — 0.74 % for reader 2.
*P <0.01

Comparisons Between the Benign and Malignant
Groups

Figure 3 shows the ROIl-averaged Z-spectra and the
corresponding MTR,qr, spectra for the benign and malig-
nant groups. The Z-spectra shape for both groups was very
smooth in the offset range from —6 to 6 ppm. The Z-
spectrum (— 6 to 6 ppm) of the malignant group was higher
than that of the benign group (Fig. 3a), but there was no
significant difference. The effects of conventional MT and
direct water saturation dominate the Z-spectra. The upward
shift in the Z-spectra for malignant tumors may be
attributable to many factors, such as increased water content
and increased macromolecular mobility in the regions [20].
Because the sample size of the benign group was relatively
small and the benign group had more variable pathological
results, such as lipoma, which had the lowest MTR,¢m
(3.5 ppm), the Z-spectrum of the malignant group showed a
smaller standard deviation compared with the benign group
(Fig. 3a). The MTR,4ym (3.5 ppm) was significantly higher
for the malignant group (3.66 + 1.15 %) than for the benign
group (1.94+0.93 %, P<0.001) (Fig. 3b). There was a
notable CEST effect from 1 to 4 ppm in both the malignant
and benign groups. The total MTR,g., signal of the
malignant group was significantly higher than that of the
benign group (7.40+£2.20 vs. 3.92+2.70 %, P=0.001)
(Fig. 4). However, there was no significant difference in the
MTR (15.6 ppm) between the malignant and benign groups
(18.40+3.55 vs. 18.11+9.41 %, P=0.91).

Figure 5 shows two examples of T2WI, TIWI, APTw
image, and a hematoxylin and eosin (H&E)-stained patho-
logical section of nasopharyngeal carcinoma and
schwannoma, corresponding to the malignant and benign
groups, respectively. The APTw intensity of the nasopha-
ryngeal carcinoma (3.12 %) was higher than that of the
schwannoma (2.54 %). In addition, the core and peripheral
portions of the tumor on APTw images were not
homogeneous.

ROC Analysis

Figure 6 illustrates the ROC curves that used the APTw
imaging to differentiate the malignant from the benign
group. APTw demonstrated an area under the curve (AUC)
of 0.904 in discriminating these two groups, with a
sensitivity of 81.3 %, a specificity of 92.3 %, and an
accuracy of 86.2 %, at the threshold MTR ¢y, (3.5 ppm) of
2.62 %.

Discussion

We evaluated the characteristics of head and neck tumors
using APTw MR imaging in 29 patients. We obtained good
interobserver agreement and found significant correlation. In
addition, due to the significant differences revealed between
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Fig. 3. The Z-spectra (-6 to 6 ppm) and MTRsym spectra of the malignant and benign groups. a The Z-spectrum was higher
in the malignant group than in the benign group. b The MTR,s,m (3.5 ppm) of the malignant group was higher than that of the

benign group (P <0.001).

malignant and benign tumors, APTw imaging could be used
to differentiate malignant from benign head and neck
tumors. Therefore, our current study demonstrated the value
of APTw imaging in the diagnosis of head and neck tumors.

Prior to our study, Yuan et al. for the first time, applied
APTw MR imaging in normal tissue of the head and neck in
healthy volunteers and measured the Z-spectra and APTw
signals quantified by the MTR ;¢ (3.5 ppm) of the masseter
muscle, parotid glands, submandibular glands, and thyroid
glands [24]. This study demonstrated the feasibility and
repeatability of APTw MRI on clinical MRI scanners for
normal head and neck tissue. And the composition differ-
ences could lead to different APTw signals. By et al. and
Dula et al. implemented APTw CEST in the cervical spinal
cord of healthy controls and multiple sclerosis cohorts on
3.0 T and 7.0 T [25, 26]. The results of those studies
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provided biochemical information about disease processes
within the cervical spinal cord. In addition, Wang et al. used
CEST imaging to investigate glucose uptake and the
metabolism of head and neck cancer on a clinical 3.0-T
MRI scanner [27]. Based on these previous studies, our
work applied APTw MRI to further detect head and neck
tumors and proved the clinical potential.

APTw MRI has been widely used in brain tumors. In
addition, APTw signals have shown significant differences
between malignant and benign lesions in patients with
prostatic [13], thoracic [16], and breast tumors [28]. This
technique could provide indirect acquisition of signal
intensity through the chemical exchange between amide
protons in mobile proteins and peptides and bulk water
protons [10]. The effect of APT is influenced by protein
content and intracellular pH changes [29, 30]. In tumors, the

® Malignant ®m Benign

Number

2 L Patient

Fig. 4. The total MTR,s,m signal from 1 to 4 ppm of all patients for both groups. There was a significant difference in the total
MTRasym signal between the malignant and benign groups.
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Fig. 5. Conventional and APTw images of representative malignant and benign tumors. a T2WI, b T1WI, ¢ APTw, and d H&E-
stained pathological section (original magnification x40 and x400, black arrow: tumor cells) for a 21-year-old male patient with
nasopharyngeal carcinoma. The average MTR,sym (3.5 ppm) signal of the tumor was 3.12 %. e T2WI, f T1WI, g APTw, and h
H&E-stained pathological section (original magnification x100, black arrow: Schwann cells) for an 81-year-old-male patient with
schwannoma. The average MTR,sym (3.5 ppm) of the tumor was 2.54 %.

intracellular pH level normally remains almost unchanged,
and the observed APTw signal is mainly dominated by the
endogenous protein and peptide content. In malignant
tumors, the mobile proteins and peptides are more abundant
than in benign tumors and normal tissue.
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Fig. 6. The ROC analysis. MTRsym (3.5 ppm) can be used
as an imaging biomarker to distinguish malignant tumors
from benign lesions at the threshold of 2.62 %.

Previous studies have demonstrated that APTw imaging
could not only differentiate high-grade glioma from low-
grade glioma without intense contrast enhancement but also
direct stereotactic biopsy [23]. APTw imaging has also been
applied to distinguish true progression from treatment
response in brain tumors [31-33]. In our study, MTR,sm
(3.5 ppm) was significantly higher for malignant tumors than
for benign lesions. The mean MTR gy, (3.5 ppm) of four
head and neck tumors ranged from 1.2 to 3.2 %, enough to
be distinguishable from surrounding normal tissues in a
previous study [24]. We recruited more patients with
malignant and benign head and neck tumors. Further, we
found that there were significant differences in MTRgym
(3.5 ppm) between the two groups, indicating the mobile
proteins and peptide differences in these two kinds of
lesions. However, the difference in the MTR (15.6 ppm)
between the two groups in this study was not statistically
significant, and the lower RF saturation power (2 pT) used
in our protocol may have caused this inconsistency [19]. We
found a significant difference of total MTR sy, from 1 to
4 ppm between the two groups. We chose this range to
calculate the total CEST signal because we wanted to
include APT at 3.5 ppm, possible amine CEST at 3 ppm,
creatine CEST at 2 ppm, and possible glucose CEST at
1 ppm. In addition, the MTR g, spectrum over this range
was relatively stable and free of artifacts. The difference is
due to the increased cellularity and material metabolism in
malignant tumors compared with benign lesions [27].

We recommend MTR gy (3.5 ppm) and total MTR gy
to differentiate the two groups. MTR 5y, (3.5 ppm) reflects
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the difference of endogenous, low concentration mobile
proteins, and peptides in tissues between malignant and
benign groups. Total MTR sy, Was used to evaluate the total
CEST signal intensity of the two groups under the MTR
curve. In addition, a significant difference was observed in
MTR,ym (3.5 ppm) and total MTR,s ., between the
malignant and the benign group in our study. There was
no significant difference in MTR (15.6 ppm) between the
two groups.

We also observed a distinctive MTR,qym (3.5 ppm) for
lipoma, which contained a fraction of negative MTR,¢m
values. It was different from other benign lesions. Lipoma is
caused by hyperplasia of normal fat because of gene mutation
and contains a large amount of mature adipocytes, which are
somewhat larger than those found in ordinary fat at micro-
scopic pathology. The hypointensity of lipoma on APTw
imaging results from relatively rare proteins and peptides.

The threshold MTR gy (3.5 ppm) was 2.62 % for the
differentiation of benign from malignant head and neck
tumors. The optimal cutoff value for differentiating the
tumor progression from treatment-related effects in glioblas-
toma was demonstrated in a previous study [32]. Yoshiharu
et al. [34] also found a feasible threshold value for the
differential diagnosis between malignant and benign pulmo-
nary nodules. Our finding of feasible threshold values
demonstrated the capabilities of APTw MR imaging in the
head and neck, which indicated the potential of APTw MRI
for clinical application.

Due to air flow in the pharyngeal cavity and the
complicated anatomical structures in the head and neck,
APTw images of this region could be much more heteroge-
neous than in the brain. We took measures to improve the
quality of APTw images, such as fixing the patients’ heads
and limiting swallowing. In a previous study of brain
tumors, an ROI was manually drawn to include a whole
tumor area and avoid areas with large cystic cavities, large
liquefactive necrosis, calcification, large vessels, and hem-
orrhages [22, 23]. In our study, we used the same method to
avoid possible artifacts when choosing the ROL. MTR 4y, is
higher in acute hemorrhage than in the solid components of
tumors and the MTR sy, of acute hemorrhage differs from
that of subacute hemorrhage, so we excluded hemorrhage to
avoid its effect on the tumor [35].

There are several limitations to our study. First, the
patient population was a collection of diverse lesions in
different regions of the head and neck. There were only one
or two cases of certain tumors that may have affected the
MTR 4y In addition, there was no detailed analysis of the
pathologic features, such as the proliferation index and
microvascular density. A large prospective cohort study that
includes detailed pathologic information about each lesion is
needed. Second, the applied APTw imaging allowed only
one single-slice acquisition. We chose the maximum slice on
T2WI images of the tumor to obtain the APTw images. A
3D imaging acquisition sequence has been reported in the
brain [17, 36] and thus could also be used in the head and

neck. Finally, the APTw signal using an asymmetry analysis
can be affected by some other factors, such as the
background semi-solid magnetization transfer asymmetry
effect and the NOE of aliphatic protons [37]. To more
accurately quantify the APT effect, a more fully developed
APTw imaging acquisition or analysis approach is needed in
the future [38].

Conclusions

APTw MR imaging could be used to detect and characterize
tumors of the head and neck on a 3.0-T MR system. In
addition, this technique has also shown clinical potential to
noninvasively distinguish malignant tumors from benign
tumors in the head and neck.
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