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Objective: The objective of the study is to investigate the feasibility of using the fractional
order calculus (FROC) model to reflect tumor subtypes and histological grades of cervical
carcinoma.

Methods: Sixty patients with untreated cervical carcinoma underwent multi-b-value
difusion-weighted imaging (DWI) at 3.0T magnetic resonance imaging (MRI). The mono-
exponential and the FROC models were fitted. The differences in the histological subtypes
and grades were evaluated by the Mann-Whitney U test. Receiver operating characteristic
(ROC) analyses were performed to assess the diagnostic performance and to determine
the best predictor for both univariate analysis and multivariate analysis. Differences between
ROC curves were tested using the Hanley and McNeil test, while the sensitivity, specificity,
and accuracy were compared using the McNemar test. P-value <0.05 was considered as
significant difference. The Bonferroni corrections were applied to reduce problems
associated with multiple comparisons.

Results: Only the parameter B, derived from the FROC model could differentiate cervical
carcinoma subtypes (P = 0.03) and the squamous cell carcinoma (SCC) lesions exhibited
significantly lower B than that in the adenocarcinoma (ACA) lesions. All the individual
parameters, namely, ADC, B, D, and u derived from the FROC model, could differentiate
low-grade cervical carcinomas from high-grade ones (P = 0.022, 0.009, 0.004, and
0.015, respectively). The combination of all the FROC parameters showed the best overall
performance, providing the highest sensitivity (81.2%) and AUC (0.829).

Conclusion: The parameters derived from the FROC model were able to differentiate the
subtypes and grades of cervical carcinoma.

Keywords: magnetic resonance imaging, diffusion-weighted imaging, cervical carcinoma, cervical squamous cell
carcinoma, cervical adenocarcinoma
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INTRODUCTION

Cervical cancer is the fourth most common cancer in women
worldwide (1). In developing countries, probably due to the poor
access to the screening programs, most of the new cases present
advanced stages and remain poor prognosis. Both histological
subtypes and grades are the most common prognostic factors of
cervical cancer. The two main histological subtypes, squamous
cell carcinoma (SCC) and adenocarcinoma (ACA), account for
approximately 70 and 25% of all cervical cancers, respectively
(1). According to a previous study, the different cell types
probably have different patterns of failure and survival (2). The
aggressiveness of tumors represented by histological grade can
also provide critical information for selecting treatment plans.
Therefore, the clear insights into tumor subtypes and histological
grades are essential in cervical carcinoma diagnosis and
management. Despite biopsy being currently performed for the
assessment of cervical carcinoma and is considered as a gold
standard for patients presenting with advantage stages, it is an
invasive procedure associated with certain risks of bleeding and
infection, and sampling bias may occur especially for larger
tumors (3, 4).

Magnetic resonance imaging (MRI) emerged as a powerful
noninvasive diagnostic tool in oncology. Among MRI
techniques, diffusion-weighted imaging (DWI) probes tissue
microenvironment based on its sensitivity to water molecular
diffusion that can be quantified using apparent diffusion
coefficient (ADC) derived from the Gaussian diffusion model.
Previous studies reported the potential use of ADC to evaluate
cervical carcinoma subtypes and grades (5-7). However, this
conventional mono-exponential diffusion model lacks specific
parameters to reflect tumor microstructures, which are essential
for assessing tumor subtypes and grades. According to the
previous studies, the differentiation of cervical carcinoma
histological grades based on ADC alone was reported to be
difficult as the overlapped ADC values among different
histological grades would act as a confounder (8, 9). Similarly,
some overlap in ADC values were found between SCC and
ACA (6).

Recently, the fractional order calculus (FROC) model was
suggested to evaluate the microstructural and heterogeneity
changes in tumor tissues. The FROC model provides a new set
of parameters, including an anomalous diffusion coefficient D, an
intravoxel diffusion heterogeneity parameter B, and a spatial
parameter i (10). Collectively, these parameters offer a multi-
faceted characterization of cancerous tissues and can be used as a
new class of biomarker in tumor diagnosis (11-14). Prior
research proved that the FROC model could better reflect the
complexity and heterogeneity of tissue microstructure than
conventional diffusion model in gastric adenocarcinoma (15)
and prostate lesions (16).

This study aimed to investigate whether the parameters
derived from the FROC model can be used for imaging-based
assessment of histological subtypes and grades of cervical
carcinoma. Furthermore, the diagnostic performance results of
ADC and the FROC parameters were compared to find the
best predictor.

MATERIALS AND METHODS
Study Population

This prospective study was approved by our institutional
review board and written informed consents were obtained
from all participants. The inclusion criteria were as follows:
(1) no previous treatment for cervical carcinoma prior to the
MR examination; (2) no contraindications to the MR
examination; (3) clinically and radiologically suspected
cervical carcinoma patients. Exclusion criteria were as
follows: (1) poor image quality; (2) rare histological subtypes;
(3) lack of subtype classification and/or grade information
through pathological evaluation. With these criteria, one
patient with poor image quality, two patients with
adenosquamous carcinoma, and two patients without
pathological evaluation were excluded. Finally, between
January 2021 to November 2021, sixty patients (mean age,
53.0 years + 10.1 [standard deviation]) were enrolled.

All cases involved in this study were confirmed to have cervical
carcinoma by the biopsy, which were further analyzed and
reconfirmed by an experienced pathologist specialized in
gynecological malignancies. Histological subtypes were
separated into an SCC group and an ACA group. Besides, all
the cases were classified into a high-grade group (poorly
differentiated tumor) and a low-grade group (well- or
moderately differentiated tumor).

MR Imaging

All the MRI examinations were performed on a 3.0T MR
scanner (uMR 780, United Imaging Healthcare, Shanghai,
China) with a commercial 12-channel body phased array
coil. MR sequences included: 1) axial T1-weighted (T1W)
fast spin echo (FSE) sequence; 2) axial T2-weighted (T2W)
FSE sequence; 3) coronal fat-suppressed T2W FSE sequence;
4) sagittal T2W FSE sequence; and 5) diffusion-weighted
imaging with a series of b-value 0, 20, 40, 80, 160, 200, 500,
1,000, and 2,000 s/mm?> Table 1 presents all the
detailed protocols.

Image Analysis
The conventional mono-exponential diffusion model was
applied to estimate ADC based on the images with two b-
values, 0 and 1,000 s/mm®.

The FROC model was set up following the equation (17, 18)

§ = Sy exp[-DIEP V(1G85 (A - % o
where Sy is the signal intensity without diffusion weighting, G, is
the diffusion gradient amplitude, D is the anomalous diffusion
coefficient, B is the intravoxel diffusion heterogeneity parameter,
and W is the spatial parameter.

Two experienced radiologists with 8 and 19 years of
experience in gynecological imaging delineated the volumes of
the interest (VOISs) using a 3D slicer (19). The VOIs were placed
on the solid regions of tumors to avoid confounding effects
caused by other tissue compositions, such as necrosis, mucinous
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TABLE 1 | MRI protocols.

Parameters Sequences

Axial TIW FSE Axial T2W FSE Coronal fat-suppressed T2W FSE Sagittal T2W FSE EPI-DWI
TR (ms) 586 2,268 4,139 2,103 6,152
TE (ms) 11.38 98.28 79.52 71.88 82.7
Flip angle (°) 130 105 105 105 90
FOV (cm) 22 x 22 22 x 22 22 x 22 22 x 22 30 x 26
Matrix 432 x 432 432 x 432 456 x 456 456 x 456 256 x 222
Slice Thickness (mm) 4 4 4 5
Intersection gap (mm) 0 0 0 0
Bandwidth (Hz/pixel) 200 220 200 180 2,120
Number of slices 30 30 23 23 25
b-value (s/mm?) / / / 0, 20, 40, 80, 160, 200, 500, 1,000, 2,000

T1W, T1-weighted; T2W, T2-weighted; FSE, fast spin echo; EPI, echo-planar imaging; DWI, diffusion weighted imaging; TR, repetition time; TE, echo time; FOV, field of view.

lake, and calcification. The VOIs were first determined on the
diffusion-weighted images with b = 0, and then propagated to the
corresponding D, B, W, and ADC map. The mean values of D, B,
W, and ADC were recorded.

Statistics

Statistical analyses were performed with the SPSS software
(Version 26, SPSS Inc., Chicago, IL, USA) and MedCalc
(Version 20; MedCalc Software, Ostend, Belgium). The
Mann-Whitney U tests were utilized to determine the
statistical significance in mean parametric differences between
the cervical carcinoma subtypes and differentiation grades.
With the histopathological results as a gold standard, the
receiver operating characteristic (ROC) analyses were
performed on individual FROC parameters and ADC for the
differentiation between a) SCC and ACA, and b) high-grade
tumor and low-grade tumor. Then, the significant predictors
were selected. Logistic regression analysis was performed to
determine the optimal linear combination of these significant
predictors in a model. The Youden index was exploited to
determine the cutoff value for both univariate analysis and
multivariate analysis, along with the area under the curve
(AUCQC), sensitivity, specificity, and accuracy. Differences
between ROC curves were tested using the Hanley and
McNeil test (20), while the sensitivity, specificity, and
accuracy were compared using the McNemar test. P-value
<0.05 was considered as statistically significant. Bonferroni

TABLE 2 | Summary of the demographic and clinical features of the patients.

corrections were applied to reduce problems associated with
multiple comparisons.

RESULTS

Patient demographics and tumor characteristics are given for all
patients in Table 2. Of the 60 patients, 47 (78.3%) were SCC
patients and 13 (21.7%) were ACA patients. Besides, there were
28 (46.7%) patients with low-grade tumors, while 32 (53.3%)
patients with high-grade ones.

Comparative Analysis of ADC and the
FROC Parameters in Cervical

Carcinoma Subtypes

Figure 1 shows a set of representative anatomic images and
corresponding 3, D and W maps for a 70-year-old patient with
SCC and a 56-year-old patient with ACA. The descriptive
statistics of ADC and the FROC model parameters from each
patient group are summarized in Table 3. As shown in Figure 2,
no significant result was found for ADC, D and u in
differentiation SCC lesions from ACA lesions. However, 3
derived from the FROC model could differentiate cervical
carcinoma subtypes (P = 0.031 <0.05) and the SCC lesions
exhibited significantly lower B than that in the ACA lesions.
For the ROC analysis, B proved to be the significant predictor
with the best cut-off value 0.697 (AUC = 0.697, 95% confidence

Variables Patients
Number (n) 60
Age, y (mean = SD) 53.0 + 10.1
Histological Subtypes, n (%)
SCC 47 (78.3%)
ACA 13 (21.7%)
Tumor grade, n (%)
Well-differentiated 15 (25.0%)
Moderately-differentiated 13 (21.7%)
Poorly differentiated 32 (53.3%)

SD, standard deviation; SCC, cervical squamous cell carcinoma; ACA, cervical adenocarcinoma.
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interval 0.565 to 0.809; sensitivity = 63.8%, specificity = 84.6%,
accuracy = 68.3%).

Comparative Analysis of ADC and the
FROC Parameters in Cervical

Carcinoma Grade

Figure 3 shows a set of 3, D, u and ADC maps for a 53-year-old
patient with low-grade cervical carcinoma and a 64-year-old
patient with high-grade one. As shown in Figures 4A-D, all the
individual parameters, namely, ADC, B, D and u, could
differentiate low-grade cervical carcinoma from high-grade
ones (P = 0.022, 0.009, 0.004, and 0.015, respectively). The
high-grade lesions exhibited significantly lower ADC, 3, D and
U than those in the low-grade lesions. Figure 5A and associated
Table 4 show the results from the ROC analysis. Among all the
parameters, exhibited the best overall performance and
outperformed ADC in AUC D (0.714 vs. 0.673), sensitivity
(68.7% vs. 59.4%), and accuracy (73.3% vs. 70.0%). However,
the differences between sensitivities, specificities, accuracies,
and AUC values were not significant among all these
individual parameters.

FIGURE 1 | An example of SCC from a 70-year-old patient and ACA from a 56-year-old patient. (A) Transverse T2 image for patient with SCC; (B) DWI image

(b = 800 s/mm?) for patient with SCC; (C) p map for patient with SCC; (D) D map for patient with SCC; (E) u map for patient with SCC; (F) Transverse T2 image for
patient with ACA; (G) DWI image (b = 800 s/mm?) for patient with ACA; (H) B map for patient with ACA; (I) D map for patient with SCC; (J) u map for patient with
SCC. SCC, cervical squamous cell carcinoma; ACA, cervical adenocarcinoma; DWI, diffusion-weighted imaging.

The combinations of the FROC parameters further improved
the differentiation of low-grade tumors from high-grade ones.
All the combinations, namely, D + 8, D+ u, B + &, and D+ B + 1,
yielded significant differences (P <0.05). As shown in Figure 5B
and associated Table 5, the combination of all the FROC
parameters D + B + 1 showed the best overall performance,
producing the highest sensitivity (81.2%) and AUC (0.829).
Significantly higher sensitivity (P = 0.016) and AUC (P =
0.043) were observed in the combination D + B + u than in
ADC. The combination of D and 3 showed the highest specificity
(89.3%) and accuracy (80.0%). Though D + 3 had no significant
differences from ADC in specificity (P = 0.500), its accuracy was
significantly higher than ADC (P = 0.031).

DISCUSSION

In this study, the feasibility of using the FROC model to classify
cervical carcinoma subtypes and histological grades was
investigated. The results demonstrated that only [ derived
from the FROC model could differentiate SCC from ACA. The

TABLE 3 | The descriptive statistics of ADC and FROC model parameters from different groups.

ADC B
scc 0.92 + 0.17 (0.90, 0.36) 0.67 + 0.05 (0.68, 0.18)
ACA 1.00 = 0.27 (1.04, 0.85) 0.71 + 0.08 (0.72, 0.26)
P 0.286 0.031
Low-grade 0.98 = 0.19 (0.96, 0.49) 0.73 = 0.06 (0.72, 0.18)
High-grade 0.90 + 0.20 (0.86, 0.65) 0.68 + 0.08 (0.68, 0.23)
P 0.022 0.009

D

0.77 + 0.12 (0.74, 0.32)
0.80 = 0.20 (0.83, 0.63)
0.673
0.82 + 0.13 (0.80, 0.28)
0.74 = 0.14 (0.72, 0.47)
0.004

n

8.19 + 0.80 (8.28, 0.91)
8.40 = 0.31 (8.50, 0.82)
0.110
8.27 = 0.93 (8.48, 1.19)
8.26 = 0.36 (8.27, 0.53)
0.015

Values are given as mean + SD (mediian, range). B is unitless; ADC and D with unit (x10~% mm?/s); u with unit (um).
P-values are statistical comparisons between different tumor subtypes and histological grades.

ADC, apparent diffusion coefficient; FROC, fractional order calculus; SCC, cervical squamous cell carcinoma,; ACA, cervical adenocarcinoma.
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FIGURE 2 | Comparison of the mean ADC (A), D (B), u (C), and B (D) between different tumor subtypes using the Mann-Whitney U test. (E) The ROC curve of
using B for classification of SCC and ACA. ADC, apparent diffusion coefficient; ROC, receiver operating characteristic; SCC, cervical squamous cell carcinoma; ACA,
cervical adenocarcinoma.

Low-grade

FIGURE 3 | An example of low-grade tumor from a 53-year-old patient and high-grade from a 64-year-old patient. (A) B map for patient with low-grade tumor;
(B) D map for patient with low-grade tumor; (C) p map for patient with low-grade tumor; (D) ADC map for patient with low-grade tumor; (E) p map for patient with
high-grade tumor; (F) D map for patient with high-grade tumor; (G) n map for patient with high-grade tumor; (H) ADC map for patient with high-grade tumor.
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FIGURE 4 | (A) Comparison of the ADC between different tumor grades using the Mann-Whitney U test; (B) Comparison of the D between different tumor grades
using the Mann-Whitney U test; (C) Comparison of the B between different tumor grades using the Mann-Whitney U test; (D) Comparison of the p between different

combination of all the FROC parameters provided the highest
overall performance in identifying high-grade tumors from low-
grade ones, demonstrating 0.829 AUC, 81.2% sensitivity, 75.0%
specificity, and 78.3% accuracy. Significantly higher sensitivity
(P = 0.016) and AUC (P = 0.043) were observed in the
combination D+ 3 + u than in ADC.

Prior studies suggested that different cervical carcinoma
subtypes had different treatment outcome and prognosis.
Hopkins et al. demonstrated that ACA had a worse 5-year
overall survival rate of 15-30% compared to SCC in all stages
(21). Katanyoo et al. reported that ACA had more radio
resistance than SCC. ACA in locally advanced cervical cancer
had poorer response rate from radiation therapy and concurrent
chemoradiation and also took a longer time to achieve complete
response than SCC (22). Consequently, differentiation between
SCC and ACA in an early time is critical for treatment decision

and patient management. With its sensitivity to tissue structural
and functional alterations, DWI has been routinely used in
conjunction with T2-weighted imaging for tumor detection. In
cervical cancer, the lower ADC in tumors compared with non-
tumor epithelium provides excellent tumor-to-normal-tissue
contrast (23, 24). However, the potential of ADC values to
differentiate the cervical carcinoma subtypes remains
controversial. Some studies reported that the ADC values of
SCC were significantly lower than those of ACA (6, 25), whereas
Winfield et al. showed that ADC values could not differentiate
SCC from ACA (26). In the present study, no significant
difference was found for ADC between the tumor subtypes,
while B was significantly lower for the SCC lesions than ACA
ones. The diffusion heterogeneity parameter in the FROC model
has been increasingly focused in recent literatures. Unlike all
previous studies on cervical carcinoma using conventional DWI
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FIGURE 5 | The ROC curves of using (A) individual and (B) different combinations of FROC parameters for differentiation of low-grade tumor and high-grade tumor.

model, the FROC model is able to probe the tissue
microstructural information with high b-values and increase
the diagnostic performance to some extent. Prior research
suggested that D reflected intrinsic diffusivity, i was related to
mean free length of diffusion, and  had a significant negative
correlation with increased intravoxel tissue heterogeneity (11, 17,
27, 28). This study suggested a significant increase of tissue
heterogeneity of SCC compared to ACA, which agreed with the
findings in previous conventional DWT and diffusion kurtosis
imaging (DKI) studies in cervical carcinoma. For instance, Wang
et al. reported that mean diffusivity (MD) in SCC was
significantly lower than that in ACA, and the lower MD in
cervical carcinoma was likely related to the restriction of free
water diffusion in more cellular packed tumor environment (29).

Aside from differentiation of the subtypes, cervical cancer
grading also relies on invasive biopsy, which introduces the
location bias. Therefore, developing non-invasive imaging
biomarkers to assist tumor grading on the basis of MR images
holds clinical significance. Previous studies reported that the
FROC parameters could effectively distinguish tumor grades in
glioma (30), pediatric brain tumor (28), and prostate cancer (16).
In this study, the high-grade lesions exhibited significantly lower
ADC, B, D, and u than those in the low-grade ones and D derived
from the FROC model provided the best individual parameter
performance in grading the tumors compared with the other
parameters. Similarly, prior studies found that ADC was
negatively correlated with tumor grades of cervical carcinoma,
indicating the aggressiveness of cervical carcinoma (31, 32).

Related literatures suggested that the high-grade tumor
resulted in increased cellular density, enlarged nuclei, and
higher nuclear-to-cytoplasmic ratio with a more heterogeneous
microenvironment (32, 33). However, the considerable overlap
of ADC values among different tumor grades may limit the value
of conventional DWTI in diagnosis (8, 9). Furthermore, the high-
grade tumors can have a higher degree of tissue heterogeneity, a
characteristic that may not be adequately captured in a simple
ADC value obtained from a mono-exponential diffusion model
(34, 35).

It should be noted that B was found to be the only parameter
which showed significance among the different cervical cancer
subtypes; however, it is the one with the lowest diagnostic
accuracy in differentiation among the low- and high-grade
cervical carcinoma. These results may be attributed to the
complex network of tumor microenvironment. The mechanism
of differentiation of tumor subtype probably different from the
differentiation of tumor grade. Results were also mixed in
previous DWI-related studies. For instance, according to Wang
et al., MD derived from DKI model and conventional ADC were
significantly lower in squamous cell carcinoma than in
adenocarcinoma, while no difference was observed in different
tumor grade (29). Besides, Winfield showed that o from the
stretched exponential model, K from the kurtosis model, and f
and D* from the bi-exponential model were significantly
different between types of tumor, while ADC from the mono-
exponential model, DDC from the stretched exponential model,
DK from the kurtosis model, Ds’ from the statistical model and D

TABLE 4 | The ROC analysis results of using ADC and individual FROC model parameters to differentiate low-grade tumor from high-grade tumor.

ADC B D n
Sensitivity 59.4% 56.2% 68.7% 62.5%
Specificity 82.1% 82.1% 78.6% 82.1%
Accuracy 70.0% 68.3% 73.3% 71.7%
AUC* 0.673 (0.540-0.789) 0.696 (0.564-0.809) 0.714 (0.583-0.824) 0.683 (0.550-0.797)

ROC, receiver operating characteristic; ADC, apparent diffusion coefficient; FROC, fractional order calculus;, AUC, are under the curve.

*Data in parenthesis are 95% confidence intervals.
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TABLE 5 | The ROC analysis results of using ADC and the combinations of the FROC model parameters to differentiate low-grade tumor from high-grade tumor.

ADC D+
Sensitivity 59.4% 71.9%
Specificity 82.1% 89.3%
Accuracy 70.0% 80.0%
AUC* 0.673 (0.540-0.789) 0.807 (0.685-0.897)

0.711 (0.579-0.821)

D+p B+p D+B+p
68.7% 59.4% 81.2%
78.6% 75.0% 75.0%
73.3% 66.7% 78.3%

0.672 (0.539-0.788) 0.829 (0.710-0.914)

ROC, receiver operating characteristic; ADC, apparent diffusion coefficient; FROC, fractional order calculus; AUC, are under the curve.

*Data in parenthesis are 95% confidence intervals.

from the bi-exponential model were significantly different
between tumor grades (26).

Compared to the conventional mono-exponential diffusion
model that is limited to the single parameter ADC, the FROC
model has the preponderance of the ability of combining
multiple parameters, which greatly improved the diagnostic
performance. This combination approach suggests that
multiple tissue properties, namely, cellularity, microstructures,
and heterogeneity, can complement each other and contribute to
the diagnosis and prognosis of tumors simultaneously. In the
present study, the combination of all the FROC parameters
showed the best overall performance in grading the cervical
carcinoma, producing the highest sensitivity (81.2%) and AUC
(0.829). The D + P showed the highest specificity (89.3%) and
accuracy (80.0%). These multivariate analysis results further
suggested that a noninvasive DWI-based classifier which
reflected tumor grade of cervical carcinoma could be developed.

This study has several limitations. First, this is a single-site
study with relatively small sample size and only 13 cases of ACA
were included, which could reduce the accuracy of results. Further
study with more patients would be needed. Second, due to the
limited cases of ACA, we did not evaluate the tumor grade
separately based on different tumor subtypes, which may lead to
the potential bias and decrease the specificity of results. Third, rare
histological subtypes, especially adenosquamous carcinoma, were
excluded from this study. However, these rare tumor subtypes
tend to have a poorer prognosis and remain difficulty in imaging
diagnosis (36). Further investigation with more such cases should
be conducted to validate this preliminary result and provide more
robust support for clinical decision making. Finally, in order to
take full advantage of the FROC model, b-values must be
sufficiently high to accentuate non-Gaussian diffusion behaviors.
Nevertheless, in this study, the maximal b-value was limited to
2,000 s/mm?, and the higher b-values were more sparsely sampled
than the lower b-values due to the efficiency considerations. The
effect of the selection of b-value on the FROC model needs to be
investigated in future study.

REFERENCES

1. de Juan A, Redondo A, Rubio M, Garcia Y, Cueva J, Gaba L, et al. SEOM
Clinical Guidelines for Cervical Cancer (2019). Clin Trans Oncol (2020) 22
(2):270-8. doi: 10.1007/s12094-019-02271-z

2. Hong J, Tsai C, Wang C, Lai C, Chen W, Lee S, et al. Comparison of
Clinical Behaviors and Responses to Radiation Between Squamous Cell
Carcinomas and Adenocarcinomas/Adenosquamous Carcinomas of the
Cervix. Chang Gung Med ] (2000) 23(7):396-404.

In conclusion, this study demonstrated the feasibility of
using non-Gaussian diffusion FROC model to differentiate
the tumor subtypes and histological grades of cervical
carcinoma. In particular, the FROC model provided a set of
novel diffusion parameters and the combination of these
parameters contributed to the best diagnostic performance in
differentiation between low-grade and high-grade cervical
carcinoma. This advanced diffusion approach could be a
noninvasive and in vivo diagnostic technique in cervical
carcinoma, which is conducive to treatment decision and
patient management.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding authors.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by The Fourth Hospital of Hebei Medical University.
The patients/participants provided their written informed
consent to participate in this study.

AUTHOR CONTRIBUTIONS

XS: Writing—original draft, Investigation. LA: Writing—original
draft, Formal analysis. HL: Visualization, Data curation. HF:
Resources, Data curation. LZ: Software, Validation. YD:
Methodology. JZ: Writing—review & editing, Project
administration. BY: Writing—review & editing, Supervision. All
authors listed have made a substantial, direct, and intellectual
contribution to the work and approved it for publication.

3. Moukarzel LA, Angarita AM, VandenBussche C, Rositch A, Thompson CB,
Fader AN, et al. Preinvasive and Invasive Cervical Adenocarcinoma: Preceding
Low-Risk or Negative Pap Result Increases Time to Diagnosis. ] Low Genit
Tract Dis (2017) 21(2):91. doi: 10.1097/LGT.0000000000000286

4. Fan A, Zhang L, Wang C, Wang Y, Han A, Xue F. Analysis of Clinical Factors
Correlated With the Accuracy of Colposcopically Directed Biopsy. Arch
Gynecol Obstet (2017) 296(5):965-72. doi: 10.1007/s00404-017-4500-z

5. Exner M, Kuehn A, Stumpp P, Hoeckel M, Horn L-C, Kahn T, et al. Value of
Diffusion-Weighted MRI in Diagnosis of Uterine Cervical Cancer: A

Frontiers in Oncology | www.frontiersin.org

April 2022 | Volume 12 | Article 851677


https://doi.org/10.1007/s12094-019-02271-z
https://doi.org/10.1097/LGT.0000000000000286
https://doi.org/10.1007/s00404-017-4500-z
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Shao et al.

Assess Cervical Carcinoma With FROC

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Prospective Study Evaluating the Benefits of DWI Compared to Conventional
MR Sequences in a 3T Environment. Acta Radiol (2016) 57(7):869-77. doi:
10.1177/0284185115602146

. Kuang F, Ren J, Zhong Q, Liyuan F, Huan Y, Chen Z. The Value of Apparent

Diffusion Coefficient in the Assessment of Cervical Cancer. Eur Radiol (2013)
23(4):1050-8. doi: 10.1007/s00330-012-2681-1

. Karunya RJ, Tharani P, John S, Kumar RM, Das S. Role of Functional Magnetic

Resonance Imaging Derived Parameters as Imaging Biomarkers and Correlation
With Clinicopathological Features in Carcinoma of Uterine Cervix. ] Clin Diagn
Res: JCDR (2017) 11(8):XC06. doi: 10.7860/JCDR/2017/29165.10426

. Kundu S, Chopra S, Verma S, Mahantshetty U, Engineer R, Shrivastava SK.

Functional Magnetic Resonance Imaging in Cervical Cancer: Current
Evidence and Future Directions. J Cancer Res Ther (2012) 8(1):11. doi:
10.4103/0973-1482.95167

. LiuY, Ye Z, Sun H, Bai R. Grading of Uterine Cervical Cancer by Using the

ADC Difference Value and its Correlation With Microvascular Density and
Vascular Endothelial Growth Factor. Eur Radiol (2013) 23(3):757-65. doi:
10.1007/s00330-012-2657-1

Tang L, Zhou X]. Diffusion MRI of Cancer: From Low to High B-Values.
] Magn Reson Imaging (2019) 49(1):23-40. doi: 10.1002/jmri.26293
Bickelhaupt S, Steudle F, Paech D, Mlynarska A, Kuder TA, Lederer W, et al.
On a Fractional Order Calculus Model in Diffusion Weighted Breast Imaging
to Differentiate Between Malignant and Benign Breast Lesions Detected on X-
Ray Screening Mammography. PloS One (2017) 12(4):e0176077. doi: 10.1371/
journal.pone.0176077

Chen J, Guo Y, Guo Y, Jiang M, Zhang Y, Dai Y, et al. Preoperative Assessment of
Microvascular Invasion of Hepatocellular Carcinoma Using non-Gaussian
Diffusion-Weighted Imaging With a Fractional Order Calculus Model: A Pilot
Study. Magn Reson Imaging (2021). doi: 10.1016/j.mri.2021.09.003

Feng C, Wang Y, Dan G, Zhong Z, Karaman MM, Li Z, et al. Evaluation of a
Fractional-Order Calculus Diffusion Model and Bi-Parametric VI-RADS for
Staging and Grading Bladder Urothelial Carcinoma. Eur Radiol (2021) p:1-11.
doi: 10.1007/s00330-021-08203-2

TangL, Sui Y, Zhong Z, Damen FC, Li ], Shen L, et al. Non-Gaussian Diffusion
Imaging With a Fractional Order Calculus Model to Predict Response of
Gastrointestinal Stromal Tumor to Second-Line Sunitinib Therapy. Magn
Reson Med (2018) 79(3):1399-406. doi: 10.1002/mrm.26798

Karaman MM, Tang L, Li Z, Sun Y, Li J-Z, Zhou XJ. In Vivo Assessment of
Lauren Classification for Gastric Adenocarcinoma Using Diffusion MRI With
a Fractional Order Calculus Model. Eur Radiol (2021) p:1-10. doi: 10.1007/
s00330-021-07694-3

LiuG,LuY, Dai Y, Xue K, Yi Y, Xu J, et al. Comparison of Mono-Exponential,
Bi-Exponential, Kurtosis, and Fractional-Order Calculus Models of Diffusion-
Weighted Imaging in Characterizing Prostate Lesions in Transition Zone.
Abdom Radiol (2021) 1-11. doi: 10.1007/s00261-020-02903-x

Zhou XJ, Gao Q, Abdullah O, Magin RL. Studies of Anomalous Diffusion in
the Human Brain Using Fractional Order Calculus. Magn Reson Med (2010)
63(3):562-9. doi: 10.1002/mrm.22285

Magin RL, Abdullah O, Baleanu D, Zhou X]J. Anomalous Diftusion Expressed
Through Fractional Order Differential Operators in the Bloch-Torrey
Equation. ] Magn Reson (2008) 190(2):255-70. doi: 10.1016/j.jmr.2007.11.007
Fedorov A, Beichel R, Kalpathy-Cramer J, Finet J, Fillion-Robin J-C, Pujol S, et al.
3D Slicer as an Image Computing Platform for the Quantitative Imaging Network.
Magn Reson Imaging (2012) 30(9):1323-41. doi: 10.1016/j.mri.2012.05.001
McNeil BJ, Hanley JA. Statistical Approaches to the Analysis of Receiver
Operating Characteristic (ROC) Curves. Med Decis Making (1984) 4(2):137—
50. doi: 10.1177/0272989X8400400203

Hopkins MP, Morley GW. A Comparison of Adenocarcinoma and Squamous
Cell Carcinoma of the Cervix. Obstet Gynecol (1991) 77(6):912-7.
doi: 10.1016/0020-7292(92)90065-Q

Katanyoo K, Sanguanrungsirikul S, Manusirivithaya S. Comparison of
Treatment Outcomes Between Squamous Cell Carcinoma and
Adenocarcinoma in Locally Advanced Cervical Cancer. Gynecol Oncol
(2012) 125(2):292-6. doi: 10.1016/j.ygyno.2012.01.034

Charles-Edwards EM, Messiou C, Morgan VA, De Silva SS, McWhinney NA,
Katesmark M, et al. Diffusion-Weighted Imaging in Cervical Cancer With an
Endovaginal Technique: Potential Value for Improving Tumor Detection in Stage Ia
and Ibl Disease. Radiology (2008) 249(2):541-50. doi: 10.1148/radiol.2491072165

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

Downey K, Attygalle AD, Morgan VA, Giles SL, MacDonald A, Davis M, et al.
Comparison of Optimised Endovaginal vs External Array Coil T2-Weighted
and Diffusion-Weighted Imaging Techniques for Detecting Suspected Early
Stage (IA/IB1) Uterine Cervical Cancer. Eur Radiol (2016) 26(4):941-50. doi:
10.1007/500330-015-3899-5

Wang M, Perucho JA, Tse KY, Chu MM, Ip P, Lee EY. MRI Texture Features
Differentiate Clinicopathological Characteristics of Cervical Carcinoma. Eur
Radiol (2020) 30(10):5384-91. doi: 10.1007/s00330-020-06913-7

Winfield JM, Orton MR, Collins DJ, Ind TE, Attygalle A, Hazell S, et al.
Separation of Type and Grade in Cervical Tumours Using Non-Mono-
Exponential Models of Diffusion-Weighted MRI. Eur Radiol (2017) 27
(2):627-36. doi: 10.1007/s00330-016-4417-0

Karaman MM, Wang H, Sui Y, Engelhard HH, Li Y, Zhou X]J. A Fractional
Motion Diftusion Model for Grading Pediatric Brain Tumors. Neurolmage:
Clin (2016) 12:707-14. doi: 10.1016/j.nic.2016.10.003

Sui Y, Wang H, Liu G, Damen FW, Wanamaker C, Li Y, et al. Differentiation
of Low-and High-Grade Pediatric Brain Tumors With High B-Value
Diffusion-Weighted MR Imaging and a Fractional Order Calculus Model.
Radiology (2015) 277(2):489-96. doi: 10.1148/radiol.2015142156

Wang M, Perucho JA, Chan Q, Sun J, Ip P, Tse KY, et al. Diffusion Kurtosis
Imaging in the Assessment of Cervical Carcinoma. Acad Radiol (2020) 27(5):
€94-e101. doi: 10.1016/j.acra.2019.06.022

Sui Y, Xiong Y, Jiang J, Karaman MM, Xie KL, Zhu W, et al. Differentiation of
Low-and High-Grade Gliomas Using High B-Value Diffusion Imaging With a
non-Gaussian Diffusion Model. Am ] Neuroradiol (2016) 37(9):1643-9. doi:
10.3174/ajnr.A4836

LiuY, Bai R, Sun H, Liu H, Wang D. Diffusion-Weighted Magnetic Resonance
Imaging of Uterine Cervical Cancer. | Comput Assisted Tomogr (2009) 33
(6):858-62. doi: 10.1097/RCT.0b013e31819e93af

Liu Y, Ye Z, Sun H, Bai R. Clinical Application of Diffusion-Weighted
Magnetic Resonance Imaging in Uterine Cervical Cancer. Int ] Gynecologic
Cancer (2015) 25(6):1073-8. doi: 10.1097/IGC.0000000000000472

Lin M, Yu X, Chen Y, Ouyang H, Wu B, Zheng D, et al. Contribution of
Mono-Exponential, Bi-Exponential and Stretched Exponential Model-Based
Diffusion-Weighted MR Imaging in the Diagnosis and Differentiation of
Uterine Cervical Carcinoma. Eur Radiol (2017) 27(6):2400-10. doi: 10.1007/
s00330-016-4596-8

. Zhang Q, Yu X, Ouyang H, Zhang ], Chen S, Xie L, et al. Whole-Tumor Texture

Model Based on Diffusion Kurtosis Imaging for Assessing Cervical Cancer: A
Preliminary Study. Eur Radiol (2021) 1-10. doi: 10.1007/s00330-020-07612-z
Halle MK, Ojesina AI, Engerud H, Woie K, Tangen IL, Holst F, et al.
Clinicopathologic and Molecular Markers in Cervical Carcinoma: A Prospective
Cohort Study. Am J Obstet Gynecol (2017) 217(4):432.e1-432.e17. doi: 10.1016/
j.2j0g.2017.05.068

Farley JH, Hickey KW, Carlson JW, Rose GS, Kost ER, Harrison TA.
Adenosquamous Histology Predicts a Poor Outcome for Patients With
Advanced-Stage, But Not Early-Stage, Cervical Carcinoma. Cancer: Interdiscip
Int ] Am Cancer Soc (2003) 97(9):2196-202. doi: 10.1002/cncr.11371

Conflict of Interest: Authors LZ and YD were employed by United Imaging
Healthcare.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Shao, An, Liu, Feng, Zheng, Dai, Yu and Zhang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

April 2022 | Volume 12 | Article 851677


https://doi.org/10.1177/0284185115602146
https://doi.org/10.1007/s00330-012-2681-1
https://doi.org/10.7860/JCDR/2017/29165.10426
https://doi.org/10.4103/0973-1482.95167
https://doi.org/10.1007/s00330-012-2657-1
https://doi.org/10.1002/jmri.26293
https://doi.org/10.1371/journal.pone.0176077
https://doi.org/10.1371/journal.pone.0176077
https://doi.org/10.1016/j.mri.2021.09.003
https://doi.org/10.1007/s00330-021-08203-2
https://doi.org/10.1002/mrm.26798
https://doi.org/10.1007/s00330-021-07694-3
https://doi.org/10.1007/s00330-021-07694-3
https://doi.org/10.1007/s00261-020-02903-x
https://doi.org/10.1002/mrm.22285
https://doi.org/10.1016/j.jmr.2007.11.007
https://doi.org/10.1016/j.mri.2012.05.001
https://doi.org/10.1177/0272989X8400400203
https://doi.org/10.1016/0020-7292(92)90065-Q
https://doi.org/10.1016/j.ygyno.2012.01.034
https://doi.org/10.1148/radiol.2491072165
https://doi.org/10.1007/s00330-015-3899-5
https://doi.org/10.1007/s00330-020-06913-7
https://doi.org/10.1007/s00330-016-4417-0
https://doi.org/10.1016/j.nicl.2016.10.003
https://doi.org/10.1148/radiol.2015142156
https://doi.org/10.1016/j.acra.2019.06.022
https://doi.org/10.3174/ajnr.A4836
https://doi.org/10.1097/RCT.0b013e31819e93af
https://doi.org/10.1097/IGC.0000000000000472
https://doi.org/10.1007/s00330-016-4596-8
https://doi.org/10.1007/s00330-016-4596-8
https://doi.org/10.1007/s00330-020-07612-z
https://doi.org/10.1016/j.ajog.2017.05.068
https://doi.org/10.1016/j.ajog.2017.05.068
https://doi.org/10.1002/cncr.11371
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Cervical Carcinoma: Evaluation Using Diffusion MRI With a Fractional Order Calculus Model and its Correlation With Histopathologic Findings
	Introduction
	Materials and Methods
	Study Population
	MR Imaging
	Image Analysis
	Statistics

	Results
	Comparative Analysis of ADC and the FROC Parameters in Cervical Carcinoma Subtypes
	Comparative Analysis of ADC and the FROC Parameters in Cervical Carcinoma Grade

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


