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A B S T R A C T

Purpose: To explore the possibility of using amide proton transfer-weighted imaging (APTWI) for the identifi-
cation and diagnosis of cervical squamous carcinoma (CSC), cervical adenocarcinoma (CA) and different levels
of CSC.
Materials and methods: Seventy-six patients with newly diagnosed uterine cervical cancer (UCC) were studied
prior to treatment, including 20 with poorly differentiated (Grade 3) CSC, 23 with moderately differentiated
(Grade 2) CSC, 17 with well-differentiated (Grade 1) CSC, and 16 with CA (13 with poorly differentiated (Grade
3) CA and 3 with moderately differentiated (Grade 2) CA). Differences in the magnetization transfer ratio at
3.5 ppm (MTRasym (3.5 ppm)) were identified between CSC and CA and between high-level (Grade 3) CSC and
low-level (Grade 2 and Grade 1) CSC, as well as among all three grades of CSC differentiation. Receiver operating
characteristic (ROC) curve analysis was used to evaluate the diagnostic thresholds and performance of the
parameters. Spearman correlation analysis was used to examine the correlation between the MTRasym (3.5 ppm)
and histological grade.
Results: The MTRasym (3.5 ppm) in CA was higher than that in CSC (P = 0.001). The MTRasym (3.5 ppm) in
high-level CSC was higher than that in low-level CSC (P = 0.001). The MTRasym (3.5 ppm) was positively
correlated with the grade of CSC differentiation (r = 0.498, P = 0.001). The MTRasym (3.5 ppm) in Grade 3 CSC
was higher than that in Grade 2 and Grade 1 CSC (P = 0.02/0.01). No significant difference in the MTRasym
(3.5 ppm) was found between Grade 2 CSC and Grade 1 CSC (P = 0.173). The area under the ROC curve (AUC)
for the MTRasym (3.5 ppm) in distinguishing CSC and CA was 0.779, with a cut-off, sensitivity, and specificity of
2.97%, 60.0% and 82.5%, respectively. The AUC for distinguishing high-/low-level CSC was 0.756, with a cut-
off, sensitivity, and specificity of 3.29%, 68.8% and 83.3%, respectively.
Conclusion: APTWI may be a useful technique for the identification and diagnosis of CSC, CA and different levels
of CSC, which may have an important impact on clinical strategies for treating patients with UCC.

1. Introduction

Uterus cervical cancer (UCC) is the third most common malignant
tumor in the female reproductive system and has the highest mortality
rate [1,2]. Its incidence is increasing year by year in developing
countries, and a younger trend is evident [3]. The prognosis of UCC is
closely related to the pathology type and the grade of differentiation.
Cervical adenocarcinoma (CA) can easily invade the cervical inter-
stitium and vascular and lymph spaces and is associated with a poor
prognosis [4]. Studies have shown that the 5-year survival rate of CA is

approximately 10%–20% lower than that of cervical squamous carci-
noma (CSC) [5]. CSC accounts for approximately 75%–80% of the total
incidence of UCC. Poorly differentiated CSC has specific biological be-
havior and can easily engender local infiltration and distant metastasis,
seriously affecting the prognosis of patients [6,7]. Traditional multiple
punch biopsy under vaginoscopy is easily affected by factors such as
lesion size, sampling accuracy, and operator experience [8], leading to
certain differences between the results and final pathology. In addition,
CA is found mostly in the cervical canal, complicating sampling and
leading to low screening accuracy. Studies have shown that the
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cytological examination of approximately 24.3% of patients with in-
vasive CA shows negative results [9]. Therefore, accurately evaluating
the pathology type and the grade of differentiation of UCC is beneficial
to the prognosis of patients.

Currently, magnetic resonance imaging (MRI) is the dominant
imaging modality for diagnosing, staging and evaluating the treatment
response in UCC. However, conventional imaging methods can only
reflect the morphological features of a lesion and cannot evaluate the
pathology type and grade of differentiation. Recent studies have shown
differences in protein and peptide contents in tumor tissues with dif-
ferent pathology types and grades of differentiation [10–12]. Tradi-
tional protein detection methods, such as protein electrophoresis ana-
lysis of ex vivo tissue and enzyme activity detection, have poor real-
time performance, and the sampling procedure may cause damage to
the human body. Magnetic resonance spectroscopy (MRS) can be used
for non-invasive measurement of the content of macromolecular sub-
stances in tissues, but its application is restricted by its disadvantages
such as a long scan time and poor quantitative accuracy. Amide proton
transfer-weighted imaging (APTWI) is a chemical exchange saturation
transfer (CEST) imaging technology [13] and an MRI technology used
to detect mobile protein and peptide contents in living tissue without
using an exogenous magnetic resonance contrast agent [14]. The ima-
ging principle involves the use of a radiofrequency saturation pulse at a
specific frequency offset of 3.5 ppm downfield from the water re-
sonance signal to saturate the amide protons on mobile proteins/pep-
tides in cells. Due to the chemical exchange between the amide protons
and the hydrogen protons of water, the hydrogen protons of some of the
water will be saturated, and after repeated chemical exchanges, the
water signal is reduced. Therefore, the concentration or exchange rate
of the amide protons can be indirectly determined from the degree of
water signal reduction [13,15,16].

APTWI has been proven to be useful for the diagnosis and classifi-
cation of brain tumors [17–20] and neck tumors [21], identification
and evaluation of benign and malignant lesions of the prostate [22],
and evaluation of the grade of malignancy of rectal tumors [23]. This
research aims to explore the possibility of using APTWI for the identi-
fication and diagnosis of CSC, CA and different levels of CSC and is
expected to provide a reference for relevant clinical diagnosis and
treatment methods.

2. Materials and methods

2.1. Patients

This research was approved by the Ethics Committee of our hospital,
and all patients signed an informed consent form before being scanned.
Between June 2017 and August 2018, 110 consecutive female patients
with cervical lesions underwent MRI (Fig. 1). Of these patients, 34
subjects were excluded for the following reasons: (1) the presence of
noncervical cancer (n = 8); (2) unavailable histopathological grades
because operations were not performed (n = 7); (3) previous chemor-
adiotherapy before the examination (n = 7); and (4) an incomplete
scanning sequence or the presence of obvious motion/metal/air ima-
ging artifacts (n = 12). The final study population consisted of 76 pa-
tients (mean age, 62 years; age range, 46–77 years) with newly diag-
nosed UCC.

These patients were assessed based on histological features as fol-
lows: well-differentiated, moderately differentiated and poorly differ-
entiated disease, which were marked as Grade 1 (G1), Grade 2 (G2) and
Grade 3 (G3), respectively. The G1 group and G2 group were classified
as the low-level group, and the G3 group was classified as the high-level
group.

2.2. MRI technique

A pelvic MRI scan was performed using a 3.0-T MR scanner
(Discovery MR750, GE Healthcare, Milwaukee, Wisconsin), and a 32-
channel phased-array torso coil was used for imaging the pelvis.
Scanning ranged from up to the anterior superior iliac spine down to
the symphysis pubis. Before the examination, patients were required to
have a bladder full of urine, and a gel sponge was applied for vaginal
packing to ensure that the uterus was in a moderately forward state for
observation and scanning of the lesion. Sagittal T2-weighted imaging
(T2WI) without fat suppression was performed using the following
parameters: field of view (FOV), 36 × 28 cm2; slice thickness, 6.0 mm;
spacing, 2.0 mm; number of slices, 20; repetition time (TR), 6000 ms;
echo time (TE), 81 ms; and matrix, 320 × 224. Axial fat-suppressed
T2WI and T1-weighted imaging (T1WI) were performed using the fol-
lowing parameters: FOV, 36 × 36 cm2; slice thickness, 5.0 mm; spacing,

Fig. 1. Flow diagram of the patient selection process.
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1.0 mm; number of slices, 20; TR, 5455/605 ms, TE, 109/8 ms, and
matrix, 320 × 224. Axial diffusion-weighted imaging (DWI) was per-
formed using the following parameters: FOV, 36 × 36 cm2; slice
thickness, 5.0 mm; spacing, 1 mm; b-value [24], 1000 s/mm2; number
of excitations (NEX), 6; TR, 6000 ms; TE, 59 ms; and matrix, 128 × 128.

The patients did not undergo any form of enhanced examination for
24 h prior to APTWI to avoid interference with the APTWI signal [25].
After the DWI scan was completed, under the guidance of an experi-
enced radiologist, all layers containing the tumor subject were scanned
using the APTWI sequence layer by layer. The sequence used here is
Chemical exchange saturation transfer (CEST) with EPI acquisition, and
the scanning parameters are as follows: TR, 3000 ms; echo time (TE),
12.0 ms; FOV, 36 × 36 cm2; matrix, 128 × 128; layer thickness, 5 mm;
saturation pulse (RF), 2.0 μT; saturation time, 500 ms (4 pulses were
applied for saturation). We used 52 frequencies for these sequences,
with 1 NEX resulting in 52 images. Frequency list: 5000, 5000,
5000, ± 600, ± 575, ± 550, ± 525, ± 500, ± 475, ± 450, ± 425, ±
400, ± 375, ± 350, ± 325, ± 300, ± 275, ± 250, ± 225, ± 200, ±
175, ± 150, ± 125, ± 100, ± 75, ± 50, ± 25 Hz, the scaning time,
2 min 36 s. The MTRasym (3.5 ppm) was calculated at 3.5 ppm, and B0

correction was performed by shifting the minimum signal of the z
spectrum to 0 Hz.

2.3. Image analysis

All data were analyzed and processed on a workstation (Advantage
workstation 4.6, GE Healthcare, Milwaukee, Wisconsin) and post-
processed using the APTWI processing toolbox available within
Functool software. The data were measured independently by two ex-
perienced radiologists. First, the radiologists measured the tumor vo-
lume: tumor volume = tumor area at each level × (layer thick-
ness + layer spacing). Then, they measured the tumor MTRasym
(3.5 ppm) by carefully reviewing the conventional plain and DWI
images to determine the solid part of each tumor and then matching the
APTWI pseudo colored map with the DWI image of the corresponding
layer and drawing a region of interest (ROI) based on the lesion contour
displayed by the DWI image. The ROI was placed to cover as much of
the solid part of the tumor as possible and to avoid large vessels and
hemorrhagic, calcified, cystic and necrotic areas. The average
MTRasym (3.5 ppm) of each tumor is the average of the measured va-
lues of each layer.

The APTWI signal can be calculated by the following equation [26]:

= +MTRasym (3.5 ppm) [S ( 3.5 ) S ( 3.5 )]/S ,sat ppm sat ppm 0

where MTRasym is the asymmetric magnetization transfer ratio, Ssat is
the signal strength after the saturation pulse is applied, and S0 is the
signal strength without the saturation pulse applied [13,16].

2.4. Statistical analysis

All statistical analyses were performed using SPSS 23.0 (SPSS,
Chicago, IL, USA) and MedCalc version 11.1.1.0 for Windows (MedCalc
software, Mariakerke, Belgium). A Bland-Altman plot was used to
evaluate the consistency of the results measured by the 2 physicians.
The Kolmogorov-Smirnov test was used to evaluate the normality of the
distribution of the measurement data, and normally distributed data are
expressed as . The independent-sample t-test was used to de-
termine differences in the MTRasym (3.5 ppm) between CSC and CA.
ANOVA was used to compare the MTRasym (3.5 ppm) among G1, G2,
and G3 CSC, followed by Dunnett's t-test for between-group compar-
isons. ROC curve analysis was used to evaluate the diagnostic perfor-
mance of the MTRasym (3.5 ppm). Spearman correlation analysis was
used to analyze the correlation between the MTRasym (3.5 ppm) and
the grade of CSC differentiation. P < 0.05 was considered statistically
significant.

3. Results

3.1. Patient and lesion characteristics

The histological diagnoses of the tumors excised from the 76 pa-
tients included in this study demonstrated that 60 patients had CSC (20
had G3 CSC, 23 had G2 CSC, and 17 had G1 CSC), and 16 patients had
CA (13 had G3 CA, and 3 had G2 CA). Among the tumors, in 12 cases of
G3 CSC, 3 cases of G2 CSC and 2 cases of G1 CA, obvious areas of cystic
necrosis were observed; in 9 cases of G3 CSC, 2 cases G2 CSC and 3
cases G3 CA, a small area of bleeding was observed.

The tumor volume in the 60 CSC patients was 41.6 ± 29.6 cm3; the
high-level and low-level tumor volumes were 39.8 ± 29.1 cm3 and
43.2 ± 26.8 cm3, respectively. The tumor volume in the 16 patients
with CA was 37.3 ± 31.4 cm3. No significant differences in tumor
volume were observed among the groups.

3.2. Interobserver agreement

The MTRasym (3.5 ppm) and tumor volume measured by the two
readers showed good consistency, with 14/16 (87.5%, CA), 17/20
(85.0%, high-level CSC), 35/40 (87.5%, low-level CSC), 15/16 (93.8%,
CA), 18/20 (90.0%, high-level CSC), and 35/40 (87.5%, low-level CSC)
cases within the limit of 95% consistency (Fig. 2); therefore, the
averages of the MTRasym (3.5 ppm) and tumor volume measured by
the two readers were taken as the final data.

3.3. Parameter comparison

No significant differences in age were found among the groups
(Tables 1, 2 and 3). The MTRasym (3.5 ppm) was higher in CA than that
in CSC (P = 0.001). The MTRasym (3.5 ppm) was higher in high-level
CSC than that in low-level CSC (P = 0.001). The MTRasym (3.5 ppm)
was positively correlated with the grade of CSC differentiation
(r = 0.498, P = 0.001, Fig. 3). The MTRasym (3.5 ppm) was higher in
G3 CSC than that in G1 and G2 CSC (P = 0.02/0.01). No significant
difference in the MTRasym (3.5 ppm) was found between G2 CSC and
G1 CSC (P = 0.173) (Tables 1, 2 and 3, Fig. 4).

3.4. ROC analysis

The AUC for the MTRasym (3.5 ppm) for distinguishing CSC and CA
was 0.779, with a cut-off, sensitivity, and specificity of 2.97%, 60.0%
and 82.5%, respectively, and a 95% confidence interval of 0.609–0.904.
The AUC for the MTRasym (3.5 ppm) for distinguishing high-/low-level
CSC was 0.756, with a cut-off, sensitivity, and specificity of 3.29%,
68.8% and 83.3%, respectively, and a 95% confidence interval of
0.648–0.909 (Fig. 5, Table 4).

4. Discussion

4.1. Comparison of CA and CSC

In this research, we found that the MTRasym (3.5 ppm) in CA was
generally higher than that in CSC, which is consistent with a previous
study using CEST to identify squamous carcinoma and adenocarcinoma
in the lungs reported by Ohno et al. [27]. In principle, only mobile
proteins and peptides (such as those in the cytoplasm) can result in
characteristic amide proton resonance [12]. These findings indicate
that compared with CSC tissue, CA tissue has a higher mobile protein/
peptide content or a faster exchange rate between its amide protons and
free water protons.

APT-weighted hyperintensity in gliomas [17–20] and other cancers
[21–23] was previously assumed to be associated with high tumor
cellularity.

Additionally, Togao et al. [28,34] found that tissue necrosis will
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lead to the release of more mobile proteins and peptides into the sur-
rounding environment. However, the above information cannot fully
explain the results of this experiment because compared with CSC, CA is
less dense and less prone to necrosis. Therefore, we can speculate that
the reason for the increase in the MTRasym (3.5 ppm) for CA is that
such tumors have strong protein secretion ability, which is consistent
with the physiological characteristics of cervical gland cells, which
have a rich glandular structure and secrete a large amount of mucin
[29].

At present, no studies have discussed whether differences in the
protein/peptide secretion ability of tumor cells cause changes in the
MTRasym (3.5 ppm). We speculate that this gap may exist because re-
levant studies have mostly targeted tumors of the same type with dif-
ferent grades, and the protein/peptide secretion ability of tumor cells
does not substantially vary. Compared to such studies, in the present
research, APT was applied to study different types of UCC, and the
results show that the difference in the ability of cells to secrete pro-
teins/peptides may have considerable significance in the identification
of different types of tumors. The pH is another important factor af-
fecting the MTRasym (3.5 ppm). If the pH varies within a certain range,
higher levels are more favorable for proton exchange than lower levels
[17–19]. However, no authoritative study has proven that a difference
in pH exists between CA and CSC tissues. Nevertheless, some studies
have shown that CA has a loose cell structure and a high microvascular
density (MVD) and is less prone to ischemic necrosis, while CSC has a
high cell density, faster proliferation rate, and a lower MVD and is
prone to ischemic necrosis [29]. In this study, the proportion of CSC
lesions with liquefactive necrosis (15/60) was greater than that of CA
lesions (3/16), which supports this view. Therefore, we can speculate
that CSC easily leads to oxygen-deficient conditions in tissue, which
may induce a local acidic environment, thus affecting the exchange rate
of amino protons.

Fig. 2. Bland-Altman diagram of MTRasym (3.5 ppm) and tumor volumes measured by 2 Observers: A/B/C represent the consistency analysis of the MTRasym
(3.5 ppm) measured by two observers. A represents the CA group, B represents the high-level CSC group, and C represents the low-level CSC group. D/E/F represent
the consistency analysis of the tumor volumes measured by two observers. A represents the CA group, B represents the high-level CSC group, and C represents the
low-level CSC group.

Table 1
Comparison of MTRasym values of CSC and CA.

Group Case Age MTRasym (%)

CA group 16 58.62 ± 7.73 3.32 ± 0.59
CSC group 60 60.53 ± 8.99 2.80 ± 0.49
t value 0.775 −3.599
P value 0.441 0.001

CSC: cervical squamous carcinoma, CA: cervical adenocarcinoma.

Table 2
Comparison of MTRasym values in high/low CSC groups.

Group Case Age MTRasym (%)

High CSC group 20 61.45 ± 8.93 3.14 ± 0.53
Low CSC group 40 60.08 ± 9.10 2.63 ± 0.37
t value −0.555 −4.300
P value 0.581 0.001

CSC: cervical squamous carcinoma, CA: cervical adenocarcinoma.

Table 3
Comparison of MTRasym values in well-/moderately/poorly differentiated CSC
groups.

Group Case Age MTRasym (%)

Well-differentiated CSC group 17 62.88 ± 10.23 2.51 ± 0.30
Moderately differentiated CSC group 23 58.00 ± 7.76 2.72 ± 0.39
Poorly differentiated CSC group 20 61.45 ± 8.93 3.14 ± 0.53
F value 1.630 10.696
P value 0.205 0.001

CSC: cervical squamous carcinoma, CA: cervical adenocarcinoma. Note:
P = 0.173 between the well- and moderately differentiated CSC groups,
P = 0.02 between the moderately and poorly differentiated CSC groups, and
P = 0.01 between the well- and poorly differentiated CSC groups.
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4.2. Comparison of different grades of CSC differentiation

The results of this research also show that the MTRasym (3.5 ppm)
has a relatively weak positive relation with the tumor differentiation

grade (r = 0.498, P = 0.001); the MTRasym (3.5 ppm) in low-level CSC
was lower than that in high-level CSC (P = 0.001). However, no sig-
nificant difference in the MTRasym (3.5 ppm) was identified between
G2 CSC and G1 CSC (P = 0.173). This finding is similar to that of

Fig. 3. Correlation between MTRasym (3.5 ppm) and grade of CSC differentiation (r = 0.498, P = 0.001).

Fig. 4. A/D/G are DWI images (b = 1000 s/mm2), B/E/H are original APT images, C/F/I are APT pseudo colored maps; (A–C) Female, 52 years old, well-differ-
entiated CSC (arrow head), MTRasym = 2.77%; (D–F) female, 58 years old, moderately differentiated CSC (arrow head), MTRasym = 3.55%; (G–I) female, 64 years
old, poorly differentiated CA (arrow head), MTRasym = 3.88%.
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Takayama et al. [30] in predicting the grade of endometrial cancer with
APTWI and that of Zou et al. [31] in predicting the grade of glioma with
APTWI, indicating that APTWI can be used to preliminarily evaluate the
pathological differentiation of CSC. The grade of CSC differentiation is
correlated with cell density and nuclear atypia. Cell density has been
proven to be one of the important factors affecting the MTRasym
(3.5 ppm) of tumor tissues by a large number of studies [17–20];
greater tumor tissue malignancy corresponds to greater cell density,
greater protein/polypeptide secretion, and a higher MTRasym
(3.5 ppm). Meanwhile, nuclear atypia has been reported to cause in-
teractions between hydrophobic cell membranes and macromolecular
substances [32,33], promoting the release of proteins and polypeptides.
In addition, a lower tumor differentiation grade corresponds to a
greater probability of tissue necrosis. In this study, the incidence of li-
quefactive necrosis was greater in high-level CSC (12/20) than that in
low-level CSC (3/40), which supports this view. Togao et al. [28,34]
applied APTWI to examine glioma and showed that the MTRasym
(3.5 ppm) of tumor tissues with necrosis identified by microscopy was
higher than that of tissues without or with less necrosis, which may be
correlated with the proteins and polypeptides released during tissue
necrosis. However, factors that are not conducive to an increase in the
MTRasym (3.5 ppm) remain in poorly differentiated tumors. Suzuki
et al. [35] considered that an acidic pH can increase the invasiveness of
tumor cells and that poorly differentiated tumors and highly malignant
tumors may have lower pH levels. At the same time, with a decreased
degree of differentiation, tumor tissue is more prone to oxygen defi-
ciency, which may lead to the formation of a local acidic environment,
further reducing the pH. Lower pH levels are not conducive to proton
exchange. In summary, the difference in the MTRasym (3.5 ppm)
among UCC tumors with different degrees of differentiation is caused
by a variety of factors. Among the various factors that can lead to an
increase in the MTRasym (3.5 ppm), cell density predominates, while
factors leading to a decrease in the MTRasym (3.5 ppm), such as low pH

levels, have less influence. Thus, the MTRasym (3.5 ppm) increases
gradually as the CSC differentiation grade decreases.

4.3. Limitations

This research has the following limitations: (1) Single APTWI scans
can only provide single-layer images; to fully visualize a tumor, mul-
tiple scans must be performed, which increases the scanning time. (2)
The APTWI sequence used in this research is derived from the EPI se-
quence, which has poor resolution and a low signal-to-noise ratio and is
vulnerable to motion/air/metal image artifacts, leading to poor detec-
tion of very small lesions. To some extent, these factors affect the ac-
curacy of the experiment. In the future, we will consider rapid imaging
methods to shorten the scanning time and reduce motion artifacts, as
well as saturation band techniques to reduce air artifacts. (3) Due to the
small number of cases, only a comparative analysis of CSC and CA was
conducted in this research, and no other rare cervical tumors, such as
adenosquamous carcinoma, were included. At the same time, no de-
tailed classification was applied for the different types of CSC and CA.
In the future, more pathological examinations will be included for more
detailed research.

5. Conclusion

In conclusion, with the development of MRI, a series of advanced
technologies, such as MRI texture feature analysis [36] and intravoxel
incoherent motion (IVIM) [24], among others, have been used to assess
the stage, grade, and pathological type of UCC in recent years. Com-
pared with the above modalities, APTWI has unique advantages for
displaying the metabolism of diseased proteins and has the potential to
be used as a supplementary method for evaluating and guiding clinical
treatment for UCC lesions.

Fig. 5. (a) ROC curve of the MTRasym (3.5 ppm) in identifying CSC and CA; (b) ROC curve of the MTRasym (3.5 ppm) in identifying high and low CSC.

Table 4
Diagnostic performance of MTRasym value.

Parameters AUC Threshold (P value) Sensitivity (%) Specificity (%) 95% confidence interval

Identifying CSC/CA 0.756 3.29 (0.002) 68.8 83.3 0.609–0.904
Identifying high/low CSC 0.779 2.97 (0.000) 60.0 82.5 0.648–0.909

CSC: cervical squamous carcinoma, CA: cervical adenocarcinoma.
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Abbreviations

UCC uterus cervical cancer
CSC cervical squamous carcinoma
CA cervical adenocarcinoma
APTWI amide proton transfer-weighted imaging
MRI magnetic resonance imaging
MRS magnetic resonance spectroscopy
CEST chemical exchange saturation transfer
AUC area under the curve
ROC receiver operating characteristic
ROI region of interest
MTRasymmagnetization transfer ratio
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