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Editorial on the Research Topic
Recent advances in cervical cancer radiotherapy

It is a great pleasure to serve as Editors for the Frontiers e-blook, Recent Advances in
Cervical Cancer.

Despite the availability of good screening and HPV vaccine strategies, cervical cancer
remains the fourth most common cancer in women and still causes 570,000 new cases and
311,000 deaths globally as reported in 2018 (1). Nearly 90% of cervical cancer deaths occur in
developing countries, with India and China accounting for 35% of the total cervical cancer
burden (2). Meanwhile in the United States, the CDC has recommended to stop screening for
most women age 65 years or older. However, The United States may be underscreening
elderly women as shown by a recent retrospective review from the California Cancer Registry
which demonstrated that 17.4% of cervical cancers were in women > 65 yrs or older (3).

In 1999, 3 simultaneous prospective, randomized trials demonstrated the efficacy of
concomitant cisplatin-based chemo/radiation (4-6) for locally advanced cervical cancer.
Since this time, there has only been a refinement of our approach to the radiotherapeutic
treatment for cervical cancer via the use of IMRT(proven in the adjuvant setting (7, 8), and
the MRI-planning for cervical HDR brachytherapy as per EMBRACE (9), but there has been
no recent trial that has shown a further improvement in survival in locally advanced
cervical cancer.

Recently, the NRG Oncology Group reported the results of the phase I/Ib NRG-GY017
(10) and showed that the addition of atezolizumab to concurrent chemo/radiation in node-
positive cervical cancer was feasible. Additionally, there was increase in peripheral blood T-
cell receptor (TCR) clonal expansion and expansion of tumor-associated T-cell clones
between the start of treatment and day 21 of concurrent chemo/radiation. Patients with
higher pre-treatment TCR diversity had increased likelihood of biopsy-proven complete
pathologic response. However, the role of immunotherapy remains to be determined.

This special issue of Frontiers will allow the reader to review cutting-edge research in
radiation planning/treatment delivery and to assess valuable clinical studies on the use of re-
irradiation of locally recurrent cervical cancer with interstitial HDR brachytherapy, the
development of prognostic tools from conventional PETCT Scans, the optimal timing of
radiotherapy as per the circadian cycle, the use of an anti-angiogenic agent concurrently with
chemo/radiotherapy, and the changes of the vaginal microbiome during radiotherapy.
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Five studies in this special issue have shown potential improvements
in the efficacy and speed of treatment planning. The dosimetric study by
Trivellato et al. compared plans for locally advanced cervical cancer using
lexicographic optimization vs standard IMRT optimization. The
lexicographic optimization mimics the conversations concerning
treatment planning between the Radiation Oncologists and the
treatment planning team by using inviolable dose constraints and a
hierarchical list of objectives. By utilizing this technology, the median
treatment planning/optimization period was reduced from 4 hours to just
over 1 hour while increasing planning tumor volume coverage and plan
complexity and offering similar organ-at-risk dose constraints.
Researchers from Shanghai Sixth People’s Hospital have proposed and
verified a method of machine learning for optimization of cervical HDR-
brachytherapy which allows for reduction of normal tissue doses and
more efficient planning time (Li et al.). Investigators from The First
Affiliated Hospital of Xi’an noted that an atlas-based auto-segmentation
of volumes undergoing radiotherapy can be performed quickly and
accurately for tumor and normal tissue volumes with the exception of
rectum (Li et al.). Wu et al. from University of Science and Technology of
China Anhui Provincial Hospital used a scatter-beam correction method
in order to facilitate improved image quality of cone-beam ct scans to
improve dosimetric accuracy of cervical brachytherapy. Zhou et al. from
Affiliated Hospital of Southwest Medical University used a support vector
machine model to predict the D2cm3 for the bladder, rectum, sigmoid
colon, and small intestine in patients undergoing cervical
cancer brachytherapy.

Two studies investigated potential prognostic factors that could, if
proven in follow-up studies, help identify high-risk populations for
treatment failure. Wang et al. from Peking Union Medical College
Hospital (CAMS) assessed tumor/nodal metabolic parameters on PET/
CT and their association with outcomes in 125 consecutive patients with
locally advanced cervical cancer. This study noted that total lesion
glycolysis and SUV max in the primary tumor volume and cervical
lymph nodes, respectively are associated with overall survival, disease-free
survival and distant metastasis-free survival. If confirmed, the results can
hopefully identify patients who can benefit from treatment
intensification. There have been intriguing studies of the microbiome
and their effects of therapeutic outcomes of patients undergoing cancer
therapy (11, 12). Jiang et al. demonstrated that the vaginal microbiome
was different in 20 cervical cancer patients as compared to six healthy
controls. Furthermore, the relative abundance of certain vaginal microbes
increased over time. It will be interesting to see if follow-up studies can
assess whether certain microbes are associated with treatment efficacy
and if the microbial environment can be altered to improve outcomes in
patients with cervical cancer undergoing radiotherapy.

Three clinical studies have demonstrated interesting strategies to
improve outcomes for patients with cervical cancer undergoing
radiotherapy. Based upon the concept that tumor and normal tissue
both follow a circadian rhythm (13-15), Wang et al. report a very
interesting prospective, randomized, multi-institutional clinical trial
that randomized patients with locally advanced cervical cancer to
morning (9:00-11:00 AM) or evening radiotherapy (7:00-9:00 PM)
radiotherapy. Although the efficacy of therapy was similar in both
groups, the evening group experienced less radiation enteritis and
radiation diarrhea at the expense of a higher incidence of bone
marrow suppression and hematologic toxicity. Ren et al. evaluated
HDR interstitial brachytherapy for consecutive patients with locally
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recurrent cervical cancer in a previously irradiated area. Although the
complete response rate was 56.5%, the 4-year post-relapse survival
(PRS) rate was only 27.1% and 9 of the 23 patients(39.1%)
experienced grade 3-4 late toxicity. Their approach to re-irradiation
was quite daring because the average clinical tumor volume was quite
large 82.9 cm3 (range: 26.9-208.3 cm3). Nevertheless, despite the high
risk of serious toxicity, the authors noted that local tumor control was
associated with overall survival. Authors from The First Affiliated
Hospital of Anhui Medical University report an exciting prospective,
randomized single-institution trial using the anti-angiogenic agent,
Endostar, with concurrent chemo/radiation as compared to the same
concurrent chemoradiotherapy regimen without Endostar. Endostar
is a recombinant human vascular endostatin pharmaceutical agent
that was made by adding 9 amino acids to the original endostatin
molecule (16). Although the concurrent chemotherapy used was
relatively non-standard(cisplatin, paclitaxel), the experimental arm
yielded significantly higher complete response rates and a lower
incidence of nausea at the expense of higher incidences of
neutropenia, hypertension, and infection (Shu et al.). Although
short and long-term survival are not available, the follow-up of this
exciting trial is eagerly anticipated.

We hope that this issue and the involved studies promote further
advances and refinement to the radiotherapeutic approach to cervical
cancer. Furthermore, it is hoped that further evaluation of the
sequencing of radiotherapy with anti-angiogenic agents and
immunotherapy can start improving the survival of cervical cancer
patients for the first time in over 23 years.
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Influence of Pelvic Intensity-
Modulated Radiation Therapy
With Concurrent Cisplatin-Based
Chemotherapy of Cervical Cancer
on the Vaginal Microbiome

Li Jiang T, Bo Li T, Yong Zhang, Shanshan Ma, Chang Liu, Feifei Liang, Zhuxin Wei,
Tingting Huang* and Rensheng Wang*

Department of Radiation Oncology, The First Affiliated Hospital of Guangxi Medical University, Nanning, China

Pelvic intensity-modulated radiation therapy (IMRT) combined with concurrent
chemotherapy is an effective treatment for cervical cancer; however, radiation
resistance impairs its clinical benefit. The vaginal microbiome plays an important but
poorly understood role in cancer radiochemotherapy. In this study, we investigated the
effects of treatment on the overall composition and alteration of the vaginal microbiome in
patients receiving pelvic IMRT with concurrent cisplatin-based chemotherapy. We
collected samples from twenty patients with cervical cancer and six healthy controls and
performed 16S rRNA sequencing. Vaginal microbial composition analysis revealed significant
differences between the two groups, but no significant differences between radiation
treatment time points. However, the relative abundances of Gammaproteobacteria,
Gemmatimonadetes, Gemmatimonadales, Pseudomonadales, Gemmatimonadaceae,
Rikenellaceae, Acinetobacter, Desulfovibrio, Prevotella 9, Rikenellaceae RC9 gut group,
Turicibacter, and the metagenome increased with time. The results encourage further
study into the effects of the vaginal microbiome on cervical cancer treatment strategies,
especially radiochemotherapy. Better understanding of these effects could inform new
therapeutic approaches to enhance the efficacy of radiochemotherapy.

Keywords: vaginal microbiome, cervical cancer, intensity-modulated radiation therapy, radiochemotherapy, 16S
rRNA sequencing

INTRODUCTION

Cervical cancer, the most common gynecological malignancy, occurs in the epithelial lining of the
cervix (1). For patients with locally advanced cervical cancer, radiotherapy combined with
chemotherapy has become the mainstream treatment, usually involving intensity-modulated
radiation therapy (IMRT) (2, 3). Although IMRT provides high dose conformity and spares
organs at risk, resistance to treatment is an obstacle for patients with cervical cancer (4). Therefore,
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strategies to enhance the effects of radiation and chemotherapy
are required to obtain better clinical outcomes.

The human microbiome is the collection of microorganisms
that inhabit the mucosal surfaces of the body, including the
vagina (5). In recent years, sequencing technology has made
great progress in cataloguing these populations, with 16S
ribosomal RNA (rRNA) sequencing most commonly used.
Changes in the vaginal microbiome (VM) are associated with
cervical cancer development (6-8), and evidence is rapidly
mounting that it can affect cancer treatment outcomes through
diverse mechanisms (9, 10). The VM can therefore be considered
a novel target to improve the treatment sensitivity of cervical
cancer. However, the role of the VM in patients with cervical
cancer who receive pelvic IMRT combined with chemotherapy is
not well understood. To assess the effects of pelvic
radiochemotherapy on the VM, we compared the VM profiles
of patients with cervical cancer and healthy controls, and then
tracked the changes to the VM in patients with cervical cancer
during pelvic IMRT combined with concurrent cisplatin-based
chemotherapy by bacterial 16S rRNA gene sequencing.

METHODS

Patients and Treatment

A prospective study was conducted by enrolling 20 patients with
cervical cancer who received radical radiochemotherapy at the
First Affiliated Hospital of Guangxi Medical University from
April 2016 to May 2017. The inclusion criteria were: 1) patients
were scheduled for pelvic IMRT at a dose delivered to a planning
clinical target volume (PCTV) of 50 Gy in combination with
concomitant cisplatin-based chemotherapy, 2) availability for
vaginal sampling using a sterile swab stick, and 3) willingness to
participate. The exclusion criteria were: 1) recent treatment with
antibiotics, steroids, or immune-suppressants, 2) distant
metastasis, and 3) previous pelvic radiotherapy for another
tumor or with palliative intent. In addition, six healthy
individuals were also enrolled from April 2016 to May 2017.
Their inclusion criteria were 1) no history of malignancy, 2) a
Karnofsky performance status > 90, and 3) willingness to
undergo vaginal sampling using a sterile swab stick. Written
informed consent was obtained from all subjects, and the
research protocol was approved by the Ethical Review
Committee of the First Affiliated Hospital of Guangxi Medical
University. Information that can be used to identify individual
participants during or after the data collection is available and
can be accessed. We confirm that all methods were performed in
accordance with relevant guidelines and regulations.

All patients underwent a contrast-enhanced CT scan in the
supine position with an immobilization device. The images
datasets were imported to the treatment planning system
(TPS). The gross tumor volume (GTV) and clinical target
volume (CTV) was determined by CT and MRIL The CTV of
the tumor bed (CTV-T) included the range of 10 mm from GTV
as well as the entire uterus, cervix, parametria, and at least 3 cm
proximal of the vagina. The nodal CTV (CTV-N) was delineated

to include bilateral iliac, obturator, and presacral lymphatic
drainage region with an expansion of the blood vessels by
7 mm. The planning clinical target volume (PCTV) was
generated by a uniform expansion of 10 mm from CTV-T and
7 mm from CTV-N. The PCTV was prescribed such that > 95%
was received at > 50 Gy in 25 fractions, five times weekly for 5
weeks. The pelvic IMRT plan was generated using seven-field
beam. In addition, all patients received weekly brachytherapy at a
dose of 30 to 35 Gy following the pelvic IMRT. The constraints
for organs at risk (OARs) were defined according to the
institutional guidelines. Concurrent cisplatin-based
chemotherapy was adopted in conjunction with IMRT as part
of the treatment protocol. The concurrent chemotherapy
regimen comprised the administration of cisplatin alone (80-
100 mg/m?) every 3 weeks for two cycles.

Sampling and DNA Extraction

A sterile swab stick was used to obtain a specimen from the
cervical lesion using aseptic technique. When possible, four
sequential samples were collected based on radiation treatment
time points: before starting pelvic radiotherapy (the first time
point sample, T1), after the fifth radiotherapy session (the second
time point sample, T2), after the 15th radiotherapy session (the
third time point sample, T3), and after the 25th radiotherapy
session (the fourth time point sample, T4). T1 samples were
obtained 1 week before starting radiotherapy. The swab tops
were placed in 2-ml sterile DNAase/RNase-free cryovials
containing phosphate-buffered saline (400 pl), and stored at
—80°C until further processing. A cell lysis procedure including
enzymatic lysis and bead beating was used prior to DNA
extraction using a QIAamp DNA Mini Kit (Qiagen, Hilden,
Germany) and amplification by polymerase chain
reaction (PCR).

Library Preparation and Sequencing

In total, 71 vaginal swabs with sufficiently high-quality DNA were
collected. The V3-V4 hypervariable regions of the 16S rRNA gene
were amplified with the primers 338F (5'-ACTCCTACGG
GAGGCAGCA-3") and 806R (5'-GGACTACHVGGGT
WTCTAAT-3") on a 2720 Thermal Cycler (Applied Biosystems,
USA) (11, 12). PCR was conducted using the following program:
2 min at 98°C, then 20 cycles of 30 s at 98°C, 30 s at 50°C, and
1 min at 72°C, followed by a final incubation at 72°C for 5 min.
Reactions were performed in triplicate. The reaction mix (50 ul
total) consisted of 2xTransStart FastPfu Fly PCR SuperMix (25 ),
each primer (1 pl of 10 uM), nuclease-free water (20 ul), and
template DNA (10 ng). The resultant PCR products were purified
using VAHTS DNA Clean Beads. Secondary PCR was performed
under different conditions using special index primers. The PCR
program was: 30 s at 98°C, then 10 cycles of 10 s at 98°C, 30 s at
65°C, and 30 s at 72°C, then a final 5 min incubation at 72°C. PCR
reactions were performed in triplicate. The reaction mix (50 ul
total) consisted of Phusion DNA Polymerase (25 pl), i5/i7 index
primers (1 pl of 2.5 uM), UltraPure water (13 ul), and purified PCR
product (10 pl). Reactions were analyzed on 1.8% agarose gels to
ensure successful amplification. Unsuccessful reactions were
repeated after a 10x dilution of the initial template
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concentration, and removed from the experiment if unsuccessful
again. PCR products were extracted from the agarose gels, further
purified using an AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, USA), and eluted with Tris-HCI. ImageJ (National
Institutes of Health, Bethesda, MD, USA) was used to quantify the
electrophoresis results. The library was pooled at equimolar
concentrations and resolved on a 1.8% agarose gel, and the 600
bp band was extracted. The purified library was paired-end
sequenced (2 x 250) on an Illumina HiSeq platform (Illumina,
San Diego, CA, USA) according to the manufacturer’s instructions.

Bioinformatic Analysis

FLASH (1.2.11) was used to merge paired end reads with a
minimum overlap of 10 bp (13). Primer and barcode sequences
were trimmed using cutadapt (v1.18) (14); and chimeric
sequences were detected and removed with VSEARCH
(v2.13.6) (15). The trimmed data were processed to form
OTUs at 97% identity using VSEARCH, and a representative
OTU was selected from each cluster (15, 16). Using the Silva_132
16S rRNA database as a reference, Ribosomal Database Project
classifiers were used to assign taxonomic ranks to each OTU
using Qiime (v1.9.1) (16, 17). The alpha-diversity and beta-
diversity indices were calculated based on the rarefied OTU
counts. Alpha-diversity was performed in Mothur (v1.38.1) (18,
19), and represents an analysis of the diversity in a single sample,
reflected by parameters including the Sobs, Chaol, Ace,
Shannon, and Simpson indices. The Wilcoxon rank-sum test
was used to compare alpha-diversity indices. Beta-diversity is a
measure of the microbiota structure between groups. Both
weighted and unweighted UniFrac distance matrices were
plotted in the PCA, and ANOSIMs were performed using the
R package “ade4” (20). For taxa with a prevalence > 10%,
differential abundance analysis was performed using the
Wilcoxon rank-sum test at the phylum, class, order, family,
and genus levels. For multiple comparisons of bacterial counts,
the false discovery rate was calculated using the Benjamini-
Hochberg method (21). Microorganism features used to
distinguish gut microbiotas specific to cervical cancer were
identified using the linear discriminant analysis effect size
method, with an alpha cutoff of 0.05 and an effect size cutoff of
2.0 (22). Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States was used to predict the
abundances of functional categories in Kyoto Encyclopedia of
Genes and Genomes (KEGG) orthologs (23). Graphing of KEGG
pathways at levels 2 (41 pathways) and 3 (328 pathways) was
performed with STAMP, and p values were calculated using
White’s non-parametric t-test (24).

Statistics

R software (ver. 3.5.1, the R Project for Statistical Computing)
was used for statistical analysis. In descriptive analyses, the
mean * standard deviation (s.d.) was used for normally
distributed continuous variables and the median + interquartile
range (IQR) was used for continuous variables with skewed
distributions. Comparisons of the relative abundance of detected
genera between groups were conducted using the Wilcoxon
rank-sum test. The Sobs, ACE, Simpson, Shannon, and Chaol

indices were compared using Student’s f-test. P<0.05 was
considered statistically significant.

RESULTS

Patient Characteristics

We analyzed 71 vaginal swab samples from 20 patients with
cervical cancer and six healthy controls. Table 1 shows the
clinical characteristics of the patients with cervical cancer.
Their median age was 54 years (range: 44-73). All patients
received pelvic IMRT plus brachytherapy combined with
cisplatin-based chemotherapy. Each radiation plan met the
prescribed dose requirements, and the mean dose of the
planning clinical target volume (PCTV) was calculated as 54
Gy. All 20 patients provided samples at T1, and 15/20 permitted
the collection of samples at all four timepoints (T1-T4).

VM Diversity Estimations in Patients With
Cervical Cancer and Healthy Controls

After quality control processes and the removal of chimeric
sequences, we obtained 2,983 operational taxonomic units
(OTUs) in total. Table S1 summarizes the numbers of unique
sequences and OTUs in each normalized sample. Of these, 612
OTUs (20.5%) were detected in healthy controls, 2,500 (83.8%)
were detected in patients with cervical cancer, and 483 OTUs
(16.2%) were detected in both groups (Figure 1A). Abundance
comparisons of individual OTUs through principal component
analysis (PCA) revealed differences in the VM composition of

TABLE 1 | Clinical characteristics of the patients with cervical cancer (n = 20).

Patient characteristic Number (%)
Age (years)
<54 10 (50.0%)
>54 10 (50.0%)
FIGO?® classification
1 B2 1(56.0%)
A2 3 (15.0%)
1B 8 (40.0%)
B 4 (20.0%)
VA 3 (15.0%)
VB 1(56.0%)
Histology
Squamous cell carcinoma 19 (95.0%)
Adenocarcinoma 1(5.0%)
HPV® status
Negative 2 (10.0%)
HPV 16 9 (45.0%)
HPV 18 6 (30.0%)
HPV 52 1(5.0%)
HPV 58 1(56.0%)
HPV 59 1(5.0%)
Treatment
Pelvic IMRT +BT9+CT® 20 (100.0%)
Patients with four sequential samples (T1-T4) 15 (75.0%)

International Federation of Gynecology and Obstetrics; "human papillomavirus;
Cintensity-modulated radiation therapy °brachytherapy; ¢concurrent cisplatin-based
chemotherapy.
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FIGURE 1 | (A) Venn diagram for the integration between healthy controls and cervix cancer patients OTUs. (B) Principal component analysis (PCA) of vaginal
microbiome of 20 patients and 6 healthy controls. (C) The comparison between patients and healthy controls by alpha diversity analysis. (D) The comparison
between patients and healthy controls by beta diversity analysis. H, Healthy controls; T1, the first time point sample of patients.

healthy controls and patients with cervical cancer (Figure 1B).
Furthermore, species diversity and richness were also higher in
cervical cancer samples than in control samples. The Chao, Ace,
Shannon, and Simpson indices (p = 0.016, = 0.002, <0.001,

<0.003, and <0.006, respectively) are shown in Figure 1C and
Table 2. Beta diversity analysis revealed statistically significant
differences between the two groups (p = 0.005; weighted UniFrac
and analysis of similarity (ANOSIM); Figure 1D).

TABLE 2 | The comparison between patients with cervical cancer and healthy controls by alpha diversity analysis.

Alpha diversity Mean (H) s.d. (H)
Sobs 186.83 54.44
Chao 204.84 53.14
Ace 199.61 52.64
Shannon 1.23 0.93
Simpson 0.56 0.28

Mean (T1) s.d. (T1) P value
387.05 224.61 0.016
460.55 236.70 0.002
492.35 253.55 0.0001

3.06 1.14 0.003
0.19 0.19 0.006

T1, the first time point sample of patients; H, healthy controls; s.d., standard deviation.
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VM Diversity Estimations in Patients With
Cervical Cancer During Treatment

To explore the effects of radiation on the VM during the treatment
process, we first analyzed VM richness and diversity at four time
points (T1-T4). In total, 6,109 OTUs were obtained, and 1,382 were
common among all timepoints. Then, the bacterial compositions at
each timepoint were compared using overlap analysis (Figure 2A)
and 3D-PCA (Figure 2B). Interestingly, in comparisons of T1 vs
T2, T3 vs T2, T4 vs T3 and T4 vs T1, the timepoints were not
spatially distinct, nor were they significantly different in VM
richness and diversity according to alpha (Figures 3A-D) and
beta diversity analyses (data not shown).

Impact of Radiation Therapy on the VM
Composition of Patients With Cervical
Cancer

Annotation analysis revealed the distribution of the microbiota
at the phylum, class, order, family, genus, and species levels over
time (Figures 4A-F). Figure 5 shows changes in the relative
abundances of major phylum-level taxa during radiation
therapy. The relative abundances of Gammaproteobacteria,
Gemmatimonadetes, Gemmatimonadales, Pseudomonadales,
Gemmatimonadaceae, Rikenellaceae, Acinetobacter,
Desulfovibrio, Prevotella 9, the Rikenellaceae RC9 gut group,
Turicibacter, and the metagenome increased with radiation time.

DISCUSSION

Cervical cancer often results from persistent infection with
human papillomavirus (HPV), which induces cervical epithelial

cells to become cancerous (25). However, the process of cervical
carcinogenesis can be affected by the VM (8), and increasing
evidence indicates that VM changes play important roles in the
process (26, 27). Conversely, cervical cancer disrupts the ratio
between commensal and pathogenic microbiome species,
resulting in microenvironmental changes (28). However,
studies investigating the role of the VM in patients with
cervical cancer who receive pelvic radiochemotherapy are
scarce. The aim of our study was to examine associations
between the use of pelvic radiochemotherapy and VM changes.

Currently, radiochemotherapy is a common treatment
strategy for cervical cancer. The National Comprehensive
Cancer Network guidelines (V1.2020) for cervical cancer
recommend a dose of 45-50 Gy in standard fractionation with
IMRT (29). In this study, all patients were prescribed a PCTV of
50 Gy. However, due to limitations in the radiation technique,
the dose distribution in the target area is not absolutely uniform.
To ensure quality radiation therapy, the patient received at least
50 Gy in 25 fractions, meaning that > 50 Gy was present in the
PCTV. Dose data were recorded using a Varian Eclipse V8.0
treatment planning system. IMRT protects organs at risk better
than two-dimensional radiation techniques; therefore, our
results are based on pelvic IMRT combined with cisplatin-
based concurrent chemotherapy.

In our study, there were more OTUs in patients with cervical
cancer than in healthy controls, and the abundances of
individual OTUs were significantly different between the two
groups. When compared at different radiation treatment time
points, there are no significant differences found in VM richness
and diversity by alpha and beta diversity analysis. Nevertheless,
changes in the relative abundances of several taxa were observed
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during radiation therapy. The dose distribution of radiation is closely
associated to the volume and the location of tumor, which might
affect distribution of vaginal microbiome during the radiation
treatment. The research endpoint may be insufficient to prove the
vaginal microbiome as a key clinical index for cervical cancer patients,
so alarger cohort is needed to determine the correlation between VM
and cervical cancer patients in future study.

It is well established that VM imbalance is strongly correlated
with cervical cancer. Vaginal dysbiosis (characterized by a non-
Lactobacillus-dominant composition) and inflammation have
been associated with HPV persistence and progression to
cervical cancer (30). Compared to patients diagnosed with low
— and high-grade squamous intraepithelial lesions, increased
levels of Lactobacillus crispatus, Lactobacillus iners, and
Lactobacillus taiwanensis were observed in the vaginal swabs of
healthy women, while Gardnerella vaginalis and Lactobacillus

acidophilus were absent. The bacterial dysbiosis observed in these
patients, which featured a predominance of G. vaginalis and a
concomitant paucity of L. crispatus, L. iners, and L. taiwanensis,
may be associated with the development of HPV-dependent
cervical cancer (31). However, whether pelvic IMRT affects the
vaginal microbiome remains unknown.

A previous study compared differences in the proportions of
bacteria isolated before and after radiotherapy using aerobic culture.
The results showed no significant changes in the positive cultures of
pathogens; however, the normal flora significantly increased after
external beam irradiation (32). However, methods based on
next-generation sequencing (NGS) were not used in this study.
Using 16S rRNA sequencing, we observed no significant changes
in overall diversity before, during, and after radiotherapy,
consistent with the above study. However, the relative
abundances of several taxa, including Gammaproteobacteria,
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Pseudomonadales, Gemmatimonadaceae, and Prevotella 9,
increased significantly with irradiation time.

The tumor microenvironment can have great impact on
radioresistance and tumor recurrence (33). The microbiome can
also affect cancer by triggering DNA damage, modulating
inflammation, and generating metabolites (10). Several previous
studies have shown that patients receiving radiotherapy display
obvious changes in the microbiomes of the irradiated areas as well as
changes in the microenvironment, indicating that the microbiome
may serve as an aberrant proinflammatory factor. A study by Wang
et al. showed that Gammaproteobacteria, Pseudomonadales, and
Prevotella 9, which showed increased abundance with radiation
time in this study, were more abundant in the fecal microbiome
after pelvic radiation, and were strongly associated with diagnoses
of radiation enteritis. In vitro experiments indicated that radiation-
induced microbiome dysbiosis results in epithelial cell damage,
promoting inflammatory responses in the local mucosa by
activating nuclear factor kB (NFkB) signaling and cytokine
secretion (34). Radiation can reduce resistance to commonly used
antibiotics, and vancomycin pretreatment can enhance the
antitumor effects of radiation in vivo by increasing antigen
presentation and cytotoxic T cell infiltration into the tumor,
through modulation of the gut microbiota (32, 35). It has been
suggested that microbiome superantigens might promote
radiotherapy-induced inflammation by activating T cells and
attenuating epithelial cell recovery (36). Increasing evidence
indicates that inflammatory signaling pathways such as the toll-
like receptor/myeloid differentiation primary response 88,
proinflammatory cytokine, NFxB, and cyclooxygenase-2
pathways are bridging factors between the microbiome and
cancer (37). The detection of Gemmatimonadaceae DNA in the
blood has been associated with tumor progression in patients
treated with nivolumab (38). While some studies have found no
benefit to probiotic use (39), a meta-analysis demonstrated a
beneficial effect of probiotics in reducing the incidence of diarrhea
(40). Furthermore, one study reported that the anaerobic bacteria
Clostridium novyi-NT, which is missing its major toxin gene, is able
to selectively destroy the hypoxic regions of tumors and improve the
efficacy of radiation in mouse tumor models (41).

In conclusion, we conducted a bioinformatic analysis of the VM
in patients with cervical cancer receiving pelvic radiochemotherapy
and healthy controls by 16S rRNA sequencing. We firstly examined
microbiome differences between the cervical cancer patients and
health controls, and then investigated the impact of pelvic
radiochemotherapy on the VM in patients with cervical cancer.
Our data indicated some changes in the relative abundances of the
microbiome, which might have critical effects on the efficacy of
radiochemotherapy. Future studies will be required to understand
the relationship between the VM and radiochemotherapy in
cervical cancer.
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Introduction: This study aimed to establish a support vector machine (SVM) model to
predict the dose for organs at risk (OARS) in intracavitary brachytherapy planning for
cervical cancer with tandem and ovoid treatments.

Methods: Fifty patients with loco-regionally advanced cervical cancer treated with 200
CT-based tandem and ovoid brachytherapy plans were included. The brachytherapy
plans were randomly divided into the training (N = 160) and verification groups (N = 40).
The bladder, rectum, sigmoid colon, and small intestine were divided into sub-OARs. The
SVM model was established using MATLAB software based on the sub-OAR volume to
predict the bladder, rectum, sigmoid colon, and small intestine D,z Model performance
was quantified by mean squared error (MSE) and & (6 = |Dycs /Dprescription(@Ctual) —
Dogms / Dprescription(Predicted)|). The goodness of fit of the model was quantified by the
coefficient of determination (R?). The accuracy and validity of the SVM model were verified
using the validation group.

Results: The D, value of the bladder, rectum, sigmoid colon, and small intestine
correlated with the volume of the corresponding sub-OARs in the training group. The
mean squared error (MSE) in the SYM model training group was <0.05; the R? of each
OAR was >0.9. There was no significant difference between the D, -predicted and
actual values in the validation group (all P > 0.05): bladder & = 0.024 + 0.022, rectum & =
0.026 + 0.014, sigmoid colon 6 = 0.035 + 0.023, and small intestine & = 0.032 + 0.025.

Conclusion: The SVM model established in this study can effectively predict the Dy,e for
the bladder, rectum, sigmoid colon, and small intestine in cervical cancer brachytherapy.

Keywords: brachytherapy, cervical cancer, organs at risk, support vector machine, dose prediction
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SVM Model Predicts Brachytherapy Dose

INTRODUCTION

Cervical cancer is the most common malignancy among women
in developing countries (1). Depending on the stage of diagnosis,
the treatment strategies for cervical cancer mainly include
surgery, along with radiotherapy and chemotherapy (2). For
patients with locally advanced cervical cancer, brachytherapy
combined with external-beam radiotherapy is the prevalent
standard treatment (3). Three-dimensional brachytherapy is
widely applied in clinical practice, and computed tomography
(CT)- or magnetic resonance imaging (MRI)-based treatment
planning systems (TPS) provide accurate tumor and organs at
risk (OARs) dose information. However, the experience of
brachytherapy planners and knowledge of the Radiation
Therapy Oncology Group guidelines, as well as clinical
expertise and intuition, have a significant effect on the quality
of a brachytherapy plan (4). If a planner can predict the OAR
dose before designing a brachytherapy plan, the quality of the
brachytherapy plan can be controlled, and the interfering factors
can be minimized. Previous reports on cervical cancer
brachytherapy have described the effects of the volume of the
OARs on the dose to the bladder, rectum, sigmoid colon, and
small intestine (5). Although there is a correlation between the
dose to the OARs and their volumes, information to predict the
dose to the OARs is limited. In recent years, methods for
predicting the dose to the OARs have been widely introduced
in external irradiation intensity-modulated radiotherapy (6-10).
These approaches typically use libraries of existing patient plans
to create models that predict the extent of OAR sparing that can
be achieved in a new patient based on, for example, the planning
target volume (PTV)-OAR distance and overlap (11). In this
study, we examined factors relevant for the dose to the bladder,
rectum, sigmoid colon, and small intestine in cervical cancer
brachytherapy based on the Fletcher applicator. The bladder,
rectum, sigmoid colon, and small intestine were divided into sub-
OARs. We analyzed the correlation between the sub-organ
volume and D, of each OAR, and the SVM prediction
model based on the correlation was established to predict the
dose of each OAR before brachytherapy; the model can be used
as an evaluation standard for brachytherapy plans to minimize
the effects of confounding factors on the quality of the plans. To
our knowledge, this study is the first to apply the SVM model to
OAR dosimetric prediction based only on the contours of the
organs and targets. This approach has been granted a Chinese
invention patent (patent no.: 201610529290.8).

MATERIALS AND METHODS

Patients

We retrospectively selected 50 patients with loco-regionally
advanced cervical cancer treated with 200 CT-based tandem
and ovoid brachytherapy plans between 2016 and 2018 in the
Affiliated Hospital of Southwest Medical University. The patients
treated with brachytherapy were randomly divided into the
training (N = 160) and verification groups (N = 40). The

cervical cancer stages ranged from IIB to IVA, according to the
International Federation of Gynecology and Obstetrics system.

Targets and Delineation of the OARs

The high-risk clinical target volume (HR-CTV) contours were
generated for each treatment based on the Gynaecological
European Society for Radiotherapy and Oncology Working
Group I (Gyn GEC-ESTRO WG I) recommendations (12).
The HR-CTV covered the entire cervix and macroscopic extent
of the disease, based on clinical examinations and as depicted in
CT images. The OARs included the bladder, rectum, sigmoid
colon, and small intestine. The same radiation oncologist
performed the target and delineation of the OARs.

Prescription Dose and Limiting
Requirements for the OARs

After receiving 45 Gy intensity-modulated radiation therapy
(IMRT), the per fraction prescription dose (Dpyescription) for the
HR-CTV was defined as 7 Gy with a total of four fractions for
brachytherapy. A prescription dose delivered to 90% of the HR-
CTV was considered. Combined with the IMRT dose, the total
EQD2 (equivalent dose in 2 Gy, o/f = 10) for HR-CTV and IR-
CTV was 85 and 60 Gy, respectively. We applied dose constraints
for the OARs according to the following principles: combined
IMRT dose, D, of EQD2 of <90 Gy (a/B = 3) for bladder, <75
Gy (0/f = 3) for rectum, <75 Gy (0/f = 3) for sigmoid colon,
and <75 Gy (/B = 3) for small intestine. These dose constraints
were primarily based on the Gynaecological European Society
for Radiotherapy and Oncology Working Group II (Gyn GEC-
ESTRO WG II) recommendations (13). The '**Ir-source was
delivered using the Fletcher applicator. To avoid bladder and
rectum volume variations, the bladder of all patients was emptied
and subsequently filled with 50 ml of saline solution; they
accepted an enema to empty the rectum before brachytherapy.

Brachytherapy Plans

The Oncentra 4.3 treatment planning system (Elekta
Brachytherapy, Veenendaal, the Netherlands) was used for the
brachytherapy plans. All brachytherapy plans in this study were
developed using a manual and/or graphical optimization approach
to repeatedly optimize the plan and thus ensure that the dose
administered to 90% of the HR-CTV reached the prescribed dose
(Dprescription)> Whereas the dose to the OARs was lower. For the
optimization of the single brachytherapy plan, the prescription dose
(7 and 4.2 Gy) was administered to 90% of HR-CTV and IR-CTV;
Dy of the bladder < 5.2 Gy, D,,s of the rectum, sigmoid colon,
and small intestine < 4.7 Gy.

Deriving Sub-OARs From the OARs

The HR-CTV was externally expanded to a plurality of rings
(ringl-ringn) with a width of 0.5 cm using the Oncentra 4.3
treatment planning system. Ringl-ringn and different OAR
intersection regions (ringl-ringnNOAR) were used as
independent sub-OARs, with ringlnOAR defined as the sub-
OARI, and so on; ringnNOAR was defined as sub-OARn. The
total sub-OARs are controlled within 10 and the statistics of the
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volume of each sub-OARs. The intersecting regions for ringl-
ring9 and the bladder in patient 15 are shown in Figure 1.

SVM Model Development

In machine learning, support vector machine (SVM) are supervised
learning models with the associated learning algorithms used to
analyze data for classification and regression analysis. In our study,
we applied a radial basis function kernel for binary classification.
We used MATLAB (R2017a, MathWorks, Inc., Natick, MA, USA)
software to read, prepare, process, and output the predicted value.
The SVM models were trained, validated, and tested for prediction
accuracy using a self-written algorithm in MATLAB. A common
radial basis function kernel was used:

K(x,,x) = el 71 511)°

where x; and X; are two data points, and 7 is the shape parameter that
represents the equivalent to the standard deviation in Gaussian
distribution. To deal with the problem of regularization for noisy
data, a user-specified cost parameter C is introduced, which acts to
soften the margin. The cost parameter C controls the trade-oft
between allowing transgression of data points across the margin
edges toward the other class and a more complex boundary, which
might lead to overfitting. The evaluation and choice of C and y
were conducted using a grid search. The optimal parameters were
estimated using the training and validation sets. We analyze the
correlation between the sub-organ volume and D, ;s of each OAR
and establish the SVM prediction model based on the correlation.
The volumes of the sub-OARs were used as the independent
variable in the SVM model, and the D, /Dyprescription Tatios were
used as the dependent variable.

For the verification group, the performance of the SVM model
was investigated to predict D,y /Dprescription Per fraction in the
bladder, rectum, sigmoid, and small intestine using the volumes of
the corresponding sub-OARs. The volumes of the sub-OARs were
used as the input values for the SVM model, and the D,/
D prescription Tatios were used as the output values. The performance
of the model can be characterized by mean squared error (MSE) and &
(6= |D 2cm’ / D prescription(aaual) ~ Dyend / Dprescription (p rediCted)D'
The goodness of fit of the model was quantified by the coefficient of
determination (R* = 1 — the ratio of the sum of squares regressed to
the total sum of squares). R” indicates the proportionate amount of
variation in the response variable explained by the independent
variables in the model. They measure the fitting performance of a
model from different perspectives. The closer the & is to 0, the closer
the actual and prescription values are to each other. Furthermore, the
closer the R? is to 1, the higher the fitting degree.

Statistical Analysis

Significant differences were determined using a two-sided paired
t-test with SPSS 19.0 software (SPSS, Inc., Chicago, IL, USA).
Correlations were tested by performing the Pearson correlation
coefficient analysis. P <0.05 indicates that there is a correlation
between the two variables, and P <0.01 indicates that there is a
significant correlation between the two variables.

RESULTS

The volume of each sub-OAR (V,.0ar) Was correlated with the
Djim? /Dprescription Of the respective OAR. The volume of the HR-
CTV (Vur-crv) was correlated with the D3 /Dprescription Of the

FIGURE 1 | The red line indicated HR-CTV, The green shadow indicated the intersection of rings and bladder, the blue shadow indicated the intersection of ring, and
bladder. The yellow shadow indicated the intersection of rings and bladder. The purple shadow indicated the intersection of ring, and bladder. The sky blue shadow
indicated the intersection of rings and bladder. The lavender shadow indicated the intersection of rings and bladder. The orange shadow indicated the intersection of
ring; and bladder. The forest shadow indicated the intersection of ringg and bladder. The slate blue shadow indicated the intersection of ringg and bladder.
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bladder, rectum, and sigmoid colon (all correlations, P < 0.05). The
volume of the bladder (Vijagaer) and the Dy /Dprescription Of the
small intestine were correlated. The correlation coefficient (r, a
statistical index used to describe the degree of linear correlation
between two variables), and P values are shown in Tables 1-4.
Therefore, these data can be used to predict the D;cps / Dprescription Of
each OAR using the SVM model. The MSE and the R* of each OAR
in the SVM model prediction group are shown in Table 5.

The predicted and actual Djcps /Dprescription Values for the
bladder, rectum, sigmoid colon, and small intestine in the
validation group are shown in Figure 2. There was no statistically
significant difference between the predicted and actual D,/
D rescription Values for the bladder (P = 0.68), rectum (P = 0.16),
sigmoid colon (P = 0.14), and small intestine (P = 0.77) in the
validation group. The & value for the bladdera of the verification
group was 0.024 + 0.022, the corresponding rectum & value was
0.026 + 0.014, the sigmoid colon & value was 0.035 + 0.023, and the
small intestine & value was 0.032 + 0.025.

DISCUSSION

The quality control of radiotherapy plan has always been a
research hotspot in the field of radiotherapy (14-17). The most

critical aspect is the prediction of the dose to the OAR before
designing the radiotherapy plan. It has been reported that the
OAR dose in the brachytherapy plan could be predicted by the
overlapping volume of the OAR with the targeted area and
knowledge-based tool (18, 19). Ours is a relatively simple
mathematical model that uses prescription dose and Vg, oar to
predict the bladder, rectum, and sigmoid D,_,,;; for brachytherapy;
this does not require buying new modules of TPS or extracting the
distance of each sampling point of the OAR with the dose. We also
divided the OARs into multiple sub-OARs to predict the OAR
dose in the external IMRT plan (20, 21). In contrast to previous
studies, the focus of our study is to determine the correlation
between the Vyub.0ar and Dy /Dyprescription Of €ach OAR in
brachytherapy, therefore, this method has been granted the
Chinese invention patent. Owing to this correlation, we could fit
the data of the training group using the SVM model approach. To
rule out the effects of different prescription doses on the D, s of
each OAR, we divided each D,s by 90% of the HR-CTV that
reached the dose (Dprescription)-

As shown in Figure 2, our SVM estimation system predicted
that the D,y /Dprescription Of the OARs is very close to the actual
value. There was no significant difference between the predicted
and actual Dyc,3 /Dyprescription Values for each OAR. The & values

TABLE 1 | The correlation coefficient (r) and P value for bladder.

Relevant factors r, P VHR-CTV Vsub-bladder 1 Vsub-bladder 2 Vsub-bladder 3 Vsub-bladder 4 Vsub-bladder 5
I (D2cms / Dprescription) 0.45" 0.568 0.49** 0.45™ 0.41** 0.37
P (Dagrmé /Dprescription) 0.001 <0.001 <0.001 0.001 0.003 0.008

**When the confidence (double test) is less than 0.01, the correlation is significant.
Vsub-bladder, the volume of the sub-bladder.

TABLE 2 | The correlation coefficient (r) and P value for rectum.

Relevant factors r, P VHR-CTV Vsub-rectum 1 Vsub-rectum 2 Vsub-rectum 3 Vsub-rectum 4 Vsub-rectum 5
I (Dagme /Dprescription) 0.40* 0.59** 0.37* 0.36** -0.29* -0.28*
P (Doens /Dprescription) 0.005 <0.001 0.009 0.009 0.028 0.0383

**When the confidence (double test) is less than 0.01, the correlation is significant, *when the confidence (double test) is less than 0.05, the correlation is significant, the negative indicates

that there is a negative correlation between the Vsub- rectum and Dygyys /Dprescription OF rectum.

Vsub-rectum, the volume of the sub-rectum.

TABLE 3 | The correlation coefficient (r) and P value for sigmoid colon.

Relevant factors r, P VHR-CTV Vsub-sigmoid colon 1 Vsub-sigmoid colon 2 Vsub-sigmoid colon 3 Vsub-sigmoid colon 4 Vsub-sigmoid colon 5

0.36™
0.010

0.85™
<0.001

0.90™
<0.001

r (DZcm3 /Dprescr\ption)
P Daeme/ Dprescnpuon)

0.85™
<0.001

0.54**
<0.001

0.57*
<0.001

**When the confidence (double test) is less than 0.01, the correlation is significant.
Vsub-sigmoid colon, the volume of the sub-sigmoid colon.

TABLE 4 | The correlation coefficient (r) and P value for small intestine.

Relevant factors r, P VBladder Vsub-small intestine 1 Vsub-small intestine 2 Vsub-small intestine 3 Vsub-small intestine 4 Vsub-small intestine 5

0.75™
<0.001

0.89™
<0.001

0.89™
<0.001

r (D20m3 /Dprescnption)
P (DZcm3 /Dprescription)

0.87
<0.001

0.84
<0.001

0.83
<0.001

**When the confidence (double test) is less than 0.01, the correlation is significant.
Vsub-small intestine, the volume of the sub-small intestine.
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TABLE 5 | The MSE and the r-squared of each OAR for the SVM prediction model group.

Bladder Rectum Sigmoid colon Small intestine
MSE 0.00270 0.00024 0.00104 0.00102
R? 0.938 0.991 0.957 0.964

MSE, mean squared error; SVM, support vector machine; RZ, the coefficient of determination.

of the bladder, rectum, sigmoid colon, and small intestine were ~ does not require the acquisition of new modules of TPS software.
0.024 + 0.022, 0.026 * 0.014, 0.035 + 0.023, and 0.032 + 0.025,  The process model for the acquisition of the sub-OAR can be
respectively. The abovementioned statistics, MSE, and R” of the  edited into scripts to improve efficiency and effectiveness.

SVM prediction model indicated that the prediction model was Our model can be used as a component of a quality assurance tool
reliable. We used a relatively simple mathematical model, which ~ to detect suboptimal treatment plans in OAR sparing. A properly
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FIGURE 2 | The predicted and actual Dy /Dprescription Values for the bladder, rectum, sigmoid colon, and small intestine.
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trained model will provide an estimate of the OAR doses required for
appropriate planning and will detect outlines that require further
review. Specifically, considering 8, a 8 value closer to 0 indicated a
closer relationship between the planned and predicted values of
Diim? / Dprescription- A standard 8 threshold can be set for the D3 of
each OAR, and the value above the threshold should be further
optimized or the position of the applicator should be re-adjusted,
until a satisfactory § value is obtained. Predictions using the SVM
model can be conducted for the quality control of the brachytherapy
plan and for minimizing the effect of subjective factors (22).

Our study has some limitations. It was restricted to a single
institution and considered only standard tandem and ovoid cases.
Further research is needed comprising multiple centers and more
cervical cancer brachytherapy plan data sets for analysis. If the data
setislarge enough, a neural network model can be developed, which
will generate predictions with higher accuracy of the OAR dose for
cervical cancer brachytherapy plans. The SVM models discussed
herein may be applied beyond gynecologic brachytherapy. The
application of our models to prostate brachytherapy as well can be
considered after validation.

CONCLUSION

The SVM model can be applied to not only predict the dose to the
OARSs for the high-dose rate brachytherapy of cervical cancer but also
develop quality assurance tools for designing brachytherapy plans.
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The Efficacy and Safety of
Continuous Intravenous Endostar
Treatment Combined With
Concurrent Chemoradiotherapy in
Patients With Locally Advanced
Cervical Squamous Cell Carcinoma:
A Randomized Controlled Trial

Hang Shu’, Yaqgin Dong’, Zhonghua Xu’, Weiwei Luo’, Lei Xu', Haochen Zhu’,
Linghui Cheng?* and Yin Lv"*

" Department of Oncology Radiotherapy, The First Affiliated Hospital of Anhui Medical University, Hefei, China,
2 Department of Obstetrics and Gynecology, First Affiliated Hospital, Anhui Medical University, Hefei, China

Objective: To investigate the short-term efficacy and safety of Endostar combined with
concurrent chemoradiotherapy in the treatment of locally advanced cervical squamous
cell carcinoma (LACSC).

Methods: A total of 91 patients with LACSC admitted to the First Affiliated Hospital of
Anhui Medical University from June 2019 to December 2020 were randomly assigned to
either the experimental group (n = 48) or control group (n = 43). The control group received
radiotherapy for cervical cancer and paclitaxel combined with platinum chemotherapy
(CCRT), and the experimental group received Endostar continuous intravenous infusion of
anti-angiogenic therapy plus CCRT. The short-term efficacy, common clinical indicators,
tumor indicators, changes in serum vascular endothelial growth factor-A (VEGF-A), and
the occurrence of adverse events (AEs) were explored after treatment.

Results: Compared with the control group, the complete response (CR) rate in the
experimental group was significantly increased (83.33% vs 65.12%, P < 0.05). Both
routine indicators and tumor indicators in the two groups were significantly decreased
compared to before treatment. Compared with the control group, patients in the
experimental group had higher incidences of neutropenia, hypertension, and infection,
but lower incidence of nausea. After treatment, the serological expression of VEGF-A was
significantly decreased in both groups.

Conclusion: Endostar combined with CCRT in the treatment of LACSC can further
improve the efficacy of CR rate and significantly reduce serum tumor indicators and
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VEGF-A levels, with mild and controllable AEs. Endostar combined with CCRT is expected
to be a new treatment regimen for LACSC.

Keywords: locally advanced cervical cancer, endostar, concurrent chemoradiotherapy, short-term efficacy, safety

INTRODUCTION

Cervical cancer is a prevalent malignancy in women, ranking as
the fourth most frequently diagnosed cancer and the leading
cause of cancer death in women worldwide (1). Statistics show
that there were approximately 570,000 new cases and 311,000
deaths globally in 2018 (1). Although the prevention and
screening techniques of cervical cancer have improved, patients
are being diagnosed with cervical cancer at a younger age (2).
Cervical squamous cell carcinoma remains the major pathologic
type, although the HPV vaccine has led to a decrease in its
incidence (3, 4). In China, there are approximately 130,000 new
cases and 53,000 deaths attributed cervical cancer each year (5).
Therefore, cervical cancer remains a serious threat to women’s
health worldwide.

Locally advanced cervical squamous cell cancer (LACSC)
refers to cervical squamous cell carcinoma with stages IB3-IVA
according to the Federation International of Gynecology and
Obstetrics (FIGO) classification system (2018). For patients with
LACSC, concurrent chemoradiotherapy (CCRT) is the main
treatment protocol, which consists of radiotherapy combined
with platinum-containing chemotherapy. CCRT has become the
“gold standard” treatment since the publication of five large
sample, randomized controlled clinical trials conducted by the
American Cancer Radiation Therapy Collegium (RTGG), the
Gynecologic Oncology Group (GOG), and the Southwest Cancer
Group (SWOG) (6-8). However, the 5-year overall survival (OS)
rate for patients with LACSC remains only 66% (9), and within 2
years after the initial CCRT, about half of patients develop local
recurrence or distant metastasis (10). Therefore, there is a need
to identify new treatments for LACSC.

In 1971, Folkman proposed the hypothesis that tumor growth
depends on angiogenesis (11). Many subsequent studies have
confirmed that angiogenesis is the key mechanism underlying
the occurrence and development of malignant tumors (12).
Vascular endothelial growth factor (VEGF) and its receptor
(VEGFR) have garnered much attention in the angiogenesis
theory. As a monoclonal antibody to humanized VEGF, the
GOG240 clinical trial showed that bevacizumab could

Abbreviations: AE, adverse event; ALB, Albumin; BMI, body mass index; CCRT,
concurrent chemoradiotherapy; CEA, carcinoembryonic antigen; CR, complete
response; CYFR21-1, cytokeratin 19 fragments; DCR, disease control rate; ELISA,
enzyme-linked immunosorbent assay; FIGO, Federation International of
Gynecology and Obstetrics; GOG, Gynecologic Oncology Group; Hb,
Hemoglobin; IMRT, Intensity-modulated conformal radiotherapy; LACSC,
Locally advanced cervical squamous cell carcinoma; NO, nitic oxide; NPC,
nasopharyngeal carcinoma; ORR, objective response rate; OS, overall survival;
PD, disease progression; PGI2, Prostaglandin; PLT, Platelet; PR, partial response;
RTOG, Radiation therapy oncology group; SCC, squamous cell carcinoma
antigen; SD, stable disease; SWOG, Southwest Cancer Group; VEGF, vascular
endothelial growth factor; VEGF-A, vascular endothelial growth factor-A;
VEGEFR, vascular endothelial growth factor receptor; WBC, white blood cell.

significantly prolong the survival period of recurrent and
metastatic cervical cancer, indicating that anti-angiogenic
clinical treatment of cervical cancer could be beneficial.
However, the incidence of adverse events (AEs) of
bevacizumab, including bleeding, gastrointestinal perforation,
and other adverse reactions, is very high (13, 14).

Chinese scholars developed a recombinant human vascular
endostatin (Endostar; YP-16) by adding 9 amino acid sequences
based on the original endostatin (15). Endostar has more stability
and a longer half-life than bevacizumab and can inhibit tumor
vascular growth through multiple targets. In addition, Endostar
can help normalize the tumor vascular network, improve blood
oxygen transport, and improve the treatment effect of
radiotherapy (16). In 2005, Endostar was formally approved by
the Chinese Food and Drug Administration as a first-line drug
for recurrent and metastatic non-small cell lung cancer
(NSCLQ). In addition, Endostar is more affordable than other
antiangiogenic drugs on the market, reducing the cost-burden on
patients. Currently, studies involving NSCLC (17),
nasopharyngeal carcinoma (NPC) (18), and bone and soft
tissue sarcomas (19) have shown that clinical radiotherapy and
chemotherapy have achieved a good effect when combined with
Endostar. However, there are only a few reports on the efficacy
and safety of Endostar combined with CCRT in the clinical
treatment of LACSC.

The objective of the present study was to compare the efficacy
and safety of CCRT combined with continuous intravenous
pump Endostar with CCRT alone in patients with LACSC.
This study provides new insights for optimal treatment
of LACSC.

METHODS

The present study was a parallel, randomized, controlled clinical
trial for LACSC clinical treatment. The protocol of the present
study was approved by the Ethics Committee of the First
Affiliated Hospital of Anhui Medical University (PJ2019-17-
14). All participating patients signed informed consent before
being enrolled in the study. The study protocol strictly followed
the Declaration of Helsinki.

Patients

Consecutive patients with LACSC in the Department of
Oncology Radiotherapy, Anhui Medical University, were
screened from July 2019 to December 2020. The inclusion
criteria were as follows: 1) LACSC patients with FIGO stage
IB3-IVA tumors confirmed by pathological biopsy to be
inoperable cervical squamous cell carcinoma; 2) age 18 to 75
years old; 3) KPS (Karnofsky Performance Status) score > 60
points or ECOG (Eastern Cooperative Oncology Group) score
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0 - 2; 4) with evaluable tumor lesions; 5) no distant metastasis
confirmed by imaging; 6) without serious liver, kidney, and other
organ dysfunction; and 7) at least 6 months of expected survival
time. The exclusion criteria were as follows: 1) patients who
could not tolerate chemoradiotherapy or targeted therapy,
including serious cardiovascular disease, serious liver or kidney
failure, serious neurological or mental deficiency, and acute
infectious diseases; 2) patients who received anti-tumor
therapy previously; and 3) pregnancy and lactation patients.

Treatment

After providing informed consent, patients were randomly assigned
in a 1:1 ratio to either the Endostar + CCRT arm (experimental
arm) or the CCRT alone arm (control arm). The eligible patients
were randomly assigned a sequence through a computer generation
module to a study arm. The patient identification number was used
to generate the sequence to ensure the anonymity of the assignment.
Simple randomization was adopted without any restriction, such as
stratification or blocking. The treatment process is shown
in Figure 1.

CCRT for Both the Experimental Arm

and the Control Arm

All included patients received CCRT, which consisted of
radiotherapy combined with platinum-containing chemotherapy.
Intensity-modulated conformal radiotherapy (IMRT) was used for
external irradiation. A total dose of 50 — 51 Gy/25 - 30 F was
administered to the pelvic cavity and planned target area of the
lymphatic drainage area (PTV, planning target volume). Patients
were located using a Varian Acuity simulation locator, and images
were transmitted to the ELIPSE13.6 system. All involved
radiotherapists received universal training to ensure the uniform
standard of target area mapping. If imaging indicated positive
metastatic lymph nodes in the para-aortic or pelvic cavity, the
metastatic lymph nodes were administered PTVND (planning
target volume of the metastatic lymph nodes) 60 Gy/30 F. For

tumors larger than 4 cm, PTVG (planning target volume of gross
tumor) was added to 60 Gy/30 F simultaneously. Intracavitary retro
loading radiotherapy was performed at the dose of 30 Gy/5 F. The
cumulative dose of point A was > 80 — 84 Gy for intracavitary retro
loading therapy and external irradiation. Synchronous
chemotherapy started from the first week of concurrent
chemoradiotherapy with the TP regimen of paclitaxel (40 mg/m?,
continuous intravenous infusion for more than 60 min) and
Cisplatin (30 mg/m?, continuous intravenous infusion for 30 — 60
min). Chemotherapy was administered once a week for 3 weeks.
Routine prophylactic use of antiemetic drugs was provided
during chemotherapy.

Endostar Therapy for the

Experimental Arm

Anti-angiogenic therapy was performed with Endostar (Simcere
Pharmaceutical, Nanjing, China) 15 mg/m’, continuous
intravenous pumping for 120 h (day 1 to 5 of the week of
administration, coinciding with the time of weekly radiotherapy),
with repeated administration every other week for a total of 3 cycles.

Endpoints and Assessment

The primary endpoint was short-term efficacy evaluated by the
complete response (CR), partial response (PR), stable disease (SD),
disease progression (PD), objective response rate (ORR), and
disease control rate (DCR), and drug safety was evaluated by
AEs. The CR, PR, SD, and PD were defined according to RECIST
1.1 (20). The equations for calculating ORR and DCR were ORR =
(CR+PR)/total cases x 100% and DCR = (CR+PR+SD)/total cases
x 100%, respectively. The short-term efficacy was evaluated by
imaging all patients one month after assigned therapy. Therapy-
related AEs, including drug-related and radiological AEs, during
treatment were evaluated weekly in patients. The incidence of
drug-related AEs was evaluated according to the International
Cancer Organization Common Adverse Reactions Standard
(NCI-CTCAE) 4.0, which were classified into Grades 1 - 5.

Weeks 1 2 3 4 5 6
Endostar -
Paclitaxel
Cisplatin
Radiotherapy

Pacilitaxe, 40mg/m?

Cisplatin, 30mg/m?

FIGURE 1 | Treatment flow.

Endostar, 15mg/m?2/24h*120h, continuous intravenous pumping injection

Radiotherapy including external irradiation and intracavity irradiation
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The secondary endpoints included blood indicators and
VEGE-A level. Before treatment and one month after
treatment, blood indicators were examined respectively in the
two groups. Blood indicators included tumor markers and
routine markers tested in all participants both before and after
the interventions. Tumor markers included squamous cell
carcinoma antigen (SCC), carcinoembryonic antigen (CEA),
and cytokeratin 19 fragments (CYFR21-1), which were
detected using chemiluminescence. Routine indicators included
white blood cell (WBC), hemoglobin (Hb), platelet (PLT), and
albumin (ALB). Among the members of the VEGF family,
VEGF-A plays the most important role in promoting blood
vessel growth (21). In this study, serum VEGEF-A levels were
detected by timely extraction of venous blood from patients
within 24 h before and after treatment. Fasting venous blood
(3 ml) was collected from the patients after and before treatment
for all included patients, which was centrifuged at 2,500 r/min for
10 min. VEGF-A levels were detected in the supernatant using
enzyme-linked immunosorbent assay (ELISA, Jiangsu Enzyme
Industrial Co. Ltd.).

Trial Oversight

To ensure the objectivity, authenticity, and reliability of the
clinical trial, the sponsor assigned its inspectors to evaluate the
study parameters regularly, supervise the case report form, check
its qualification, and put forward suggestions for improvement.

Statistical Analysis

SPSS 24.0 statistical software was used for all data analysis.
Continuous variables conforming to normal distribution are
expressed as mean * standard deviation (SD) and analyzed by

t-test. Median and quaternary values (P,s, P;5) were used for
expression data that did not conform to the normal distribution,
and a rank-sum test (Z test) was used for comparison.
Categorical variables are described with count and frequency.
The rates of the two groups were compared using the Chi-square
analysis or the Fisher’s exact probability method. Logistic
regression was used to explore the independent factors for
efficacy and safety. P < 0.05 indicated statistical significance.

RESULTS

Patients

Of the 95 patients screened, 4 patients did not meet the eligibility
criteria due to missing the follow-up. Thus, 91 patients
underwent randomization; 48 patients were enrolled in the
experimental group and 43 patients in the control group. Each
enrolled patient completed the evaluation of short-term efficacy,
therapy-related AEs, blood indicators, and VEGF-A levels. By
the end of the study, no patients had recurrence or died during
follow-up. Each patient was followed up from the beginning of
treatment to one month after the end of treatment. Therefore,
the long-term survival data were not available. There were no
statistical differences between the groups in terms of the baseline
characteristics including age, height, weight, body surface area,
BMLI, level of education, menopause, basic diseases, clinical stage,
and tumor size. See Table 1 for details.

Short-Term Efficacy
The experimental group achieved CR 83.33% (40/48), ORR
93.75% (45/48), and DCR 95.83% (46/48), while the control

TABLE 1 | Comparison of baseline characteristics between the two groups.

Clinical features Control group (n=43) Experimental group (n=48) t/x2 P value
Age (years), mean + SD 56.49 + 11.65 56.52 + 10.49 0.14 0.989
Height (cm), mean + SD 157.98 £ 6.10 159.11 £ 4.95 0.982 0.329
Weight (kg), mean + SD 56.59 + 9.10 58.01 + 10.86 0.648 0.519
Body surface area (m?) 1.66 £0.14 1.68 £0.16 0.831 0.408
BMI 22.70 £ 3.94 22.87 = 3.77 0.207 0.836
Level of education 0.729 0.393
lliteracy 19 17
Primary education or above 24 31
Menopause 0.025 0.875
After 24 26
Before 19 22
Basis of disease (hypertension, diabetes, etc.) 0.288 0.591
No 32 38
Yes 11 10
FIGO stage 4.041 0.401
1B 20 20
A 3 4
B 3 10
l[[e} 13 10
IVA 4 4
Tumor size (cm) 0.282 0.596
<4 20 25
4 or higher 23 23

SD, standard deviation; BMI, body mass index; FIGO, International Federation of Gynecology and Obstetrics.
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group achieved CR 65.12% (28/43), ORR 39 90.70% (39/43), and
DCR 95.35% (41/43). The CR rate was statistically different
between the two groups (P < 0.05). No statistical difference
was found for ORR and DCR (P > 0.05). The detailed
comparison of the short-term efficacy is described in Table 2.

Therapy-Related AEs

Common drug-related AEs included leukopenia, neutropenia,
thrombocytopenia, hematuria, proteinuria, hypertension,
bleeding, infection, nausea, vomiting, and diarrhea. The
incidence of neutropenia, hypertension, and infection in the
experimental group was significantly higher than in the control
group, but the incidence of nausea was significantly lower in the
control group (all P < 0.05). Adverse reactions mostly occurred
in grades 1 - 2 in the two groups. The detailed incidence with
grades of each AE is described in Table 3.

We further explored the risk factors for the occurrence of
neutropenia, hypertension, infection, and nausea using
multivariate analysis. The results showed that CCRT combined
with Endostar was an independent risk factor for the increased
incidence of both neutropenia and infection; the risk of the
experimental group was 2.885 and 4.455 times higher than the
control group, respectively. The combination of Endostar in
treatment was also an independent risk factor for reducing the
risk of nausea (P = 0.011). Even when blood pressure was
routinely controlled during treatment, patients with underlying
diseases had a significantly further increased risk of hypertension
following Endostar treatment (P = 0.004). The details of the
multivariate regression are described in Table 4.

Radiation-related AEs included skin damage, lower
gastrointestinal and pelvic reactions, genitourinary tract
reactions, radiation cystitis, and radiation proctitis. Most of the
radiation-related AES were grades 1 - 2 (see details in Table 3).
No statistically significant difference was found for any
radiation-related AEs between the two groups (P > 0,05). The
statistical data are described in Table 3.

Blood Indicators and VEGF-A Levels

Among the common clinical indicators, white blood cells and
platelets decreased in the Control group one month after treatment
compared with before treatment (P < 0.001). However, the
phenomenon did not appear in the treatment of CCRT
combined with Endostar (P = 0.309). Compared with before

TABLE 2 | Comparison of short-term efficacy between the two groups after
treatment.

Short term Control Experimental P value (chi-square test or
efficacy group (n=43)  group (n=48) Fisher’s exact test)
CR, N (%) 28 (65.12) 40 (83.33) 0.046

PR, N (%) 11 (22.92) 5 (11.63) 0.058

SD, N (%) 2(4.17) 1(2.33) 0.601*

PD, N (%) 2(4.17) 2 (4.65 1.00*

ORR, N (%) 39 (90.70) 45 (93.75) 0.703*

DCR, N (%) 41 (95.35) 46 (95.93) 1.00*

*Fisher’s exact test.
CR, complete response; PR, partial response; SD, stable disease; ORR, objective
response rate; DCR, disease control rate.

treatment, hemoglobin in both groups decreased after treatment,
and the difference was statistically significant (all P < 0.05). In
terms of cervical cancer-specific tumor indexes, SCC, CEA, and
CYRA2I1-1 in both groups significantly decreased after treatment
compared with before treatment, (all P < 0.05) (Table 5). We also
compared the range of changes in the indicators and found that
there was no difference in the decrease ranges of four indicators of
hemoglobin, SCC, CEA, and Cyra21-1 in the two groups (all P >
0.05) (Supplementary Table 1).

VEGE-A levels before treatment were 285.44 + 53.25 and
285.44 + 53.25 in the control and experimental groups,
respectively (P > 0.05). After treatment, VEGF-A levels
significantly decreased in both groups compared with before
treatment (all P < 0.01). However, there was no statistically
significant difference in VEGF-A levels between the two groups
after treatment (P > 0.05). See details in Table 5.

DISCUSSION

As an anti-angiogenic drug, Endostar can block angiogenesis and
directly kill tumor cells. Besides, Endostar can also improve
systemic chemotherapy by increasing tumor perfusion (22) and
optimizing the hypoxic environment to increase radiotherapy
sensitivity (16). In the present study, we found Endostar
combined with CCRT had a higher CR rate compared to
CCRT alone (P = 0.046). Recently, Guan et al. reported a
randomized controlled trial confirming Endostar’s ability to
restore vascular homeostasis and enhance chemotherapy in
patients with cervical cancer (15), which is consistent with the
results of the present study.

In terms of the safety, we found that Endostar plus CCRT was
an independent risk factor for neutropenia and infection.
Similarly, it was once reported that a higher incidence of
neutropenia occurred in locally advanced NSCLC when
combined with Endostar (23). The high frequency of infection
could be due to neutropenia, as there is a potential connection
between AEs. Furthermore, Senior et al. reported that infection
seemed to block the growth of blood vessels in tumors (24). This
unique observation seems to support the anti-angiogenic effect we
observed in the experimental group. However, in terms of
increased blood pressure, patients in the experimental group had
significantly increased risks of hypertension. VEGF is critical for
maintaining normal blood pressure and can induce the release of
nitic oxide (NO) and prostaglandin (PGI2) from endothelial cells,
promoting vasodilation (25). Endostar can down-regulate VEGF
expression (26). Therefore, elevated blood pressure is more
common following Endostar treatment. It is worth noting that
the risk of nausea was lower in the experimental group in this
study, providing a new insight for clinical treatment.

The levels of white blood cells and platelets in the control
group decreased after treatment, but not in the experimental
group. The data suggest that Endostar, as a targeted anti-
angiogenic therapy, does not cause myelosuppression in
patients after long-term combined treatment with CCRT. In
the present study, patients in both groups experienced a slight
decrease in hemoglobin during the one-month follow-up Most
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TABLE 3 | The occurrence and comparison of acute toxic and side effects between the two groups.

Arms Classification of acute toxic reactions Number of cases (%) ¥ P
0 1 2 3 4
leukopenia Control 15 8 13 4 3 28 (65.12%). 1.062 0.308
Experimental 12 14 16 6 0 36 (75.00%).
Neutropenia Control 24 5 7 3 4 19 (44.19%). 5.588 0.018
Experimental 15 18 9 5 1 33 (68.75%).
thrombocytopenia Control 30 9 2 1 1 13 (30.23%). 0.276 0.599
Experimental 31 12 5 0 0 17 (35.42%).
Blood in the urine Control 22 14 6 0 1 21 (48.84%). 0.008 0.930
Experimental 25 16 6 1 0 23 (47.92%).
proteinuria Control 32 6 4 1 0 11 (25.58%). 0.653 0.419
Experimental 32 12 4 0 0 16 (33.33%).
hypertension Control 42 1 0 0 0 1(2.33%). 0.032*
Experimental 40 8 0 0 0 8 (16.67%)
bleeding Control 34 7 2 0 0 9 (20.93%) 0.212 0.645
Experimental 36 11 1 0 0 12 (25.00%).
infection Control 35 4 2 2 0 8 (18.60%) 9.806 0.02
Experimental 24 16 8 0 0 24 (50.00%).
nausea Control 17 12 12 2 0 26 (60.47%). 3.957 0.046
Experimental 29 9 10 0 0 20 (41.67%).
vomiting Control 28 8 5 2 0 15 (34.88%). 1.062 0.303
Experimental 36 7 5 0 0 12 (25.00%).
diarrhea Control 32 6 2 3 0 11 (25.58%). 0.026 0.871
Experimental 35 10 3 0 0 13 (27.08%).
Skin damage* Control 34 8 0 0 1 9 (20.93%) 0.052 0.819
Experimental 37 10 1 0 0 11 (22.92%).
Lower alimentary canal and pelvic cavity* Control 35 5 2 1 0 8 (18.60%) 3.217 0.073
Experimental 31 8 8 0 1 17 (35.42%).
Genitourinary tract* Control 40 0 2 0 1 3 (6.98%) 0.323*
Experimental 41 5 1 1 0 7 (14.58%)
Radiation cystitis* Control 42 0 0 0 1 1(2.33%). 1.00*
Experimental 46 1 0 1 0 2 (417%).
Radiation proctitis* Control 38 3 1 1 0 5 (11.63%) 0.173 0.677
Experimental 41 1 5 0 1 7 (14.58%)
*denotes radiation-related injury.
TABLE 4 | The adjusted odds ratios through multivariate regression for clarifying the correlation between toxicological reactions and Endostar.
Variables Neutropenia Hypertension Infection Nausea
Age OR (95%Cl) 0.993 (0.939-1.051) 1.069 (0.951-1.203) 0.967 (0.909-1.028) 0.962 (0.910-1.019)
P value 0.817 0.263 0.280 0.183
Height OR (95%Cl) 1.038 (0.944-1.141) 1.196 (0.969-1.476) 0.950 (0.858-1.052) 1.000 (0.911-1.097)
P value 0.438 0.095 0.325 1.000
Weight OR (95%Cl) 0.964 (0.916-1.014) 0.957 (0.874-1.048) 1.002 (0.950-1.057) 1.016 (0.969-1.065)
P value 0.155 0.343 0.941 0.521
Level of education (lliteracy versus literacy) OR (95%Cl) 2.35 (0.804-6.871) 1.198 (0.148-9.697) 1.870 (0.584-5.983) 2.317 (0.777-6.909)
P value 0.118 0.866 0.292 0.132
Having basis of disease (yes versus no) OR (95%Cl) 2.489 (0.739-8.380) 19.801 (2.663-147.237) 0.483 (0.133-1.746) 0.704 (0.226-2.197)
P value 0.141 0.004 0.267 0.545
Menopause (after versus before) OR (95%Cl) 1.112 (0.391-3.169) 0.846 (0.098-7.312) 0.701 (0.232-2.121) 0.364 (0.124-1.072)
P value 0.842 0.879 0.530 0.067
FIGO stages (IIB-llIB versus [IIC-IVA) OR (95%Cl) 0.823 (0.251-2.691) 1.759 (0.102-30.364) 0.669 (0.180-2.484) 0.401 (0.119-1.349)
P value 0.747 0.697 0.548 0.140
Tumor size (< 4 cm versus >4 cm) OR (95%Cl) 0.684 (0.470-3.161) 3.544 (0.541-23.207) 1.697 (0.622-4.634) 1.237 (0.487-3.145)
P value 0.684 0.187 0.302 0.655
Arms (Control versus Experimental) OR (95%Cl) 2.885 (1.063-7.833) 9.660 (1.062-87.835) 4.455 (1.472-13.485) 0.268 (0.097-0.744)
P value 0.038 0.044 0.008 0.011

patients with LACSC have tumor bleeding, and concurrent
radiotherapy can also decrease hemoglobin, as previously
reported (27). SCC, CEA, and CYRA21-1 are tumor markers
that are clearly related to tumor burden of cervical cancer (28,

29). These tumor indexes significantly decreased in both groups
after treatment in this study. The results reconfirm the efficacy of
Endostar in combination with CCRT in patients with LACSC. As
for VEGF-A, we did not observe an improving effect of Endostar
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TABLE 5 | Comparison of blood indicators and VEGF-A between the two groups before and after treatment.

Indicators Arms Before the treatment After treatment Z/t P value
Routine indexes (Unit) WBC (x 10%/L) Control *5.29 (3.89, 6.7) *4.11 (3.09, 4.64) 3592  <0.001
Experimental N4.230 +1.67 ANL70 £ 2,11 1.029 0.309
HB (g/L) Control *111.00 (102.00, 122.00)  *106.00 (100.00, 116.00)  3.177 0.001
Experimental AM13.02 + 15.68 A07.00 + 12.64 3.092 0.003
PLT (x 109L) Control A244.00 + 103.84 N84.62 + 70.25 4226  <0.001
Experimental M74.52 + 63.16 A58.60 + 51.98 1.684 0.099
ALB (g/L) Control *41.20 (38.10, 42.70) *39.90 (37.10, 42.60) 1.357 0.175
Experimental *42.75 (40.25, 44.85) *41.40 (38.05, 43.60) 2101 0.36
Tumor indexes (Unit, reference value)  SCC (ng/L, 0-3.00) Control *4.45 (2.17, 8.20) *1.72 (0.80, 5.10) 3.900 <0.001
Experimental *3.29 (1.27, 6.46) *1.20 (0.77, 2.08) 5.143  <0.001
CEA (ng/ml, 0-5.00) Control *3.12 (2.10, 5.10) *1.90 (1.3, 4.30) 2.857 0.004
Experimental *2.86 (1.43, 5.10) *1.68 (1.10, 2.78) 5208  <0.001
CYRA21-1(ng/ml, 0-3.30)  Control *3.02 (2.19, 4.07) *2.07 (1.56, 2.88) 2.702 0.007
Experimental *3.01 (1.74, 3.93) *2.16 (1.47, 3.15) 3.069 0.002
VEGF-A (pg/ml) Control *285.44 + 53.25 *264.18 + 49.24 4.183  <0.001
Experimental 295.64 + 73.44 273.13 + 65.60 3.030 0.004

*Median and quaternary values (Ps, P7s). “mean = standard deviation.

*Before and after treatment, t test was used to analyze VEGF-A levels in the two groups, and there was no statistical difference between the two groups (P > 0.05).

on the inhibition of VEGF-A with CCRT treatment. A decrease
in VEGF-A levels has been significantly helpful in the
prolongation of patient survival following treatment of various
tumors (30, 31). However, a study of head and neck squamous
cell carcinoma suggested that an increase in serum VEGF-A
levels is a significant negative predictor of radiotherapy or
chemoradiotherapy (P = 0.001) (32). Future research is needed
to further explore the effect of Endostar on VEGF-A levels.

In the past, Endostar used intermittent intravenous infusion
(IIV). In this study, we administered continuous intravenous
(CIV) administration over a period of 120 hours with a portable
infusion pump. In terms of treatment options, Endostar has a
half-life of about 10 hours (33) and IIV causes drug
concentrations to fluctuate greatly, but CIV can ensure a stable
blood drug concentration in the body. In contrast, patients with
LACSC received conventional fractionated radiotherapy once a
day, Monday through Friday. The 120-hour CIV was
administered from Monday to Friday to ensure that the
Endostar treatment coincided with radiotherapy. It is
important to note that, theoretically, stable drug
concentrations have milder toxic side effects (34) and have
been reported to support a possible survival benefit (35).
LACSC patients with CCRT often present with gynecological
symptoms and reduced abilities to carry out activities of daily
living. The CIV is delivered in a portable manner, reducing
patient time costs and improving compliance. In clinical practice,
traditional IIV requires more infusion devices, while portable
infusion pumps can reduce the cost of medical resources and
reduce the workload of nursing staff. Therefore, CIV is a suitable
way to use Endostar in combination with CCRT.

As CCRT has become the “gold standard” treatment for
LACSC, there have been consistent efforts to improve CCRT to
achieve better efficacy. Studies have reported that 5-year OS was
higher in patients with a tri-weekly cisplatin regimen compared
with a traditional weekly cisplatin regimen combined with CCRT
(36). Carboplatin is a viable option for patients who cannot

tolerate cisplatin in CCRT (37). A phase III clinical trial in
Mexico showed that following 2 cycles of adjuvant chemotherapy
after CCRT, the 3-year PFS increased from 65% to 74.4% for
LACSC (38). When S-1 was added to the traditional CCRT
regimen, the OS and PFS of patients with LACSC improved and
there was no increase in the toxic side effects (39). When CCRT is
combined with autologous cytokine-induced killer cell infusion,
LACSC patients have better short-term efficacy and better quality
of life (40). However, studies on CCRT combined with
antiangiogenic therapy in patients with LACSC are rare, and
this study is expected to provide new insight.

To the best of our best, the present study is the first trial
exploring the efficacy and safety of Endostar in patients with
LACSC. Limitations of this study include the small sample size
and lack of long-term survival data, which may lower the power of
the analysis. Currently, there is clinical evidence supporting the
significant survival benefit of Endostar in the treatment of NSCLC.
In addition, Endostar has been included in China’s national
medical insurance for the treatment of patients with advanced
NSCLC. However, for other cancers, there is still a lack of broad,
large clinical trials to support the benefits of Endostar, which is
why Endostar is limited to the Chinese market. Therefore, more
evidence is needed to determine the optimal dose, administration
route, administration time window, and drug safety of Endostar.
With more basic research we can better understand the potential
value of Endostar in clinical application.

CONCLUSION

Endostar combined with CCRT in the treatment of LACSC can
further improve the efficacy of CR rate and significantly reduce
serum tumor indicators and VEGF-A levels, with mild and
controllable AEs. For the treatment of LACSC, Endostar
combined with CCRT could be extended to a broader clinical
trial and is expected to be a new treatment regimen for LACSC.
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Purpose: To evaluate the role of the pre-treatment cervical and lymph node (LN)
metabolic parameters of '®F-fluorodeoxyglucose positron emission tomography-
computed tomography (*8F-FDG PET/CT) for locally advanced cervical cancer (LACC)
patients receiving concurrent chemoradiotherapy or radiotherapy.

Methods: we reviewed 125 consecutive patients with LACC who underwent pre-
treatment '®F-FDG PET/CT examination and concurrent chemoradiotherapy or
radiotherapy from February 2010 to December 2015 at our institute. The mean
standardized uptake value (SUVmean), maximum standardized uptake value (SUVmax),
metabolic tumor volume (MTV), and total lesion glycolysis (TLG) of cervical lesion and
lymph node (LN) were recorded. Receiver operator characteristic curve, C-index, Kaplan-
Meier method, and Cox proportional hazards models were performed.

Results: The median follow-up was 62 months (range, 4-114 months). For 125 included
patients with cervical cancer, the 5-year overall survival (OS), disease-free survival (DFS), local
control (LC) and distant metastasis-free survival (DMFS) rates were 83.6%, 75.1%, 92.3%
and 79.9%, respectively. Cervical MTV (c-index 0.59-0.61) and cervical TLG (c-index 0.60-
0.62) values calculated with a threshold of 40% SUVmax presented stronger prediction
capability than cervical SUVmean (c-index 0.51-0.58) and cervical SUVmax (c-index 0.53-
0.57) for OS, DFS, LC, and DMFS. In univariate analysis, cervical TLG > 113.4 had worse DFS
and DMFS. Cervical MTV > 18.3 cm® had worse OS and DMFS. In multivariate analysis,
cervical TLG > 113.4 implied worse OS, DFS, and DMFS. In either univariate or multivariate
analyses, cervical SUVmean and cervical SUVmax had no statistically significant correlation
with OS, DFS, LC and DMFS. For 55 cervical cancer patients with positive LN, LN SUVmax
presented strongest prediction capability for OS (c-index = 0.79), DFS (c-index = 0.72),
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LC (c-index

0.62), and DMFS (c-index = 0.79). In multivariate analysis, LN SUVmax

remained significant biomarker linked to OS, DFS, and DMFS.

Conclusion: Pre-treatment cervical and LN metabolic parameters were associated with
survival outcomes in patients with LACC. In our study, we found that pre-treatment
cervical TLG and LN SUVmax may be important prognostic biomarkers for OS, DFS, and
DMFS. However, further prospective studies with a large number of patients are required
to evaluate the value of the metabolic parameters in survival outcomes prediction.

Keywords: cervical cancer, 18F-FDG PET/CT, metabolic tumor volume, total lesion glycolysis, radiotherapy

INTRODUCTION

Cervical cancer is a global health problem and the leading cause of
cancer death for women in developing countries (1). Cervical cancer
ranks eighth in incidence and mortality in China (2). Almost half of
the patients present with locally advanced disease at the time of
diagnosis. Currently, the primary therapeutic method for patients
with locally advanced cervical cancer (LACC) is concurrent
chemoradiotherapy. In approximately 80% of patients with
disease recurrence, disease failure of cervical cancer occurs within
2 years after initial treatment. Some prognostic factors have been
associated with clinical outcomes, including age, stage, tumor
pathology, primary tumor size, lymph node status, squamous cell
carcinoma antigen, and human papillomavirus (3-6).

'"®F_fluorodeoxyglucose positron emission tomography-
computed tomography (‘*F-FDG PET/CT) has become an
essential imaging tool in oncology in addition to conventional
radiologic methods such as computed tomography (CT) and
magnetic resonance imaging (MRI) (7). It is widely used in the
diagnosis, clinical staging, response evaluation, curative effect
observation, failure mode and prognostic analysis of cervical
cancer and other tumors (8-12). In recent years, the association
between the metabolic parameters of pre- and post-treatment '*F-
FDG PET/CT and treatment failure or survival in cervical cancer
has become a research hotspot. Metabolic parameters, such as the
mean standardized uptake value (SUVmean), maximum
standardized uptake value (SUVmax), metabolic tumor volume
(MTYV), and total lesion glycolysis (TLG), are the focus of attention
(13). On the one hand, some studies have reported the correlations
between metabolic parameters and the clinical outcomes of cervical
cancer. Patients with cervical cancer with a high SUVmax primary
lesion show a worse prognosis (14, 15). The baseline SUVmean can
effectively predict the histopathological partial response of the
primary tumor in LACC patients treated with chemoradiotherapy
followed by surgery, suggesting the potential role of '*F-FDG
PET/CT in personalized treatment (16). Pre-treatment MTV
and TLG are predictors of response to therapy and are correlated
with overall survival in cervical cancer patients treated with
chemoradiotherapy (17, 18). On the other hand, there are some
dissenting views. The role of SUVmax and SUVmean as prognostic
factors for cervical cancer is still controversial (19). Whether MTV
and TLG are important prognostic indicators of cervical cancer
remains to be further studied (20).

In this study, we reviewed cervical cancer patients with pre-
treatment '®F-FDG PET/CT and analyzed the associations between
metabolic parameters and treatment failure or survival.

METHODS

Patients

We reviewed patients with LACC who received a pre-treatment
'E_FDG PET/CT scan and were treated with concurrent
chemoradiotherapy or radiotherapy between February 2010 and
December 2015 at our institute. The inclusion criteria were as
follows: (1) pathologically proven cervical cancer; (2) 2009 FIGO
stage IB2, ITA2 and IIB-IVA; (3) underwent 8E_FDG PET/CT scan
before primary treatment; (4) no evidence of distant metastases; and
(5) treated with concurrent chemoradiotherapy or radiotherapy.
The exclusion criteria were as follows: (1) underwent conization of
the cervix; (2) previous or concurrent diagnosis of secondary
primary tumor; (3) Karnofsky performance score <70; and (4)
diagnosis of diabetes mellitus.

Pre-treatment evaluations included history, physical, and
gynecological examinations, complete blood count, liver
function test, renal function studies, chest and abdomen CT or
whole-body PET/CT, and pelvic MRL

PET/CT Technique and Image Analysis

The imaging agent '*F-FDG, which has both a radiochemical
purity and chemical purity greater than 98% and negative 24 h
bacterial culture and bacterial endotoxin test by the gel method,
was synthesized by the PET center of Peking Union Medical
College Hospital. All patients fasted for at least 4 hours and
rested for 90 minutes before an intravenous administration of
3.7-7.4 (0.1-0.2 mCi) MBq/kg body weight '*F-FDG. The blood
glucose level was less than 8 mmol/l before the administration of
the radiotracer. The PET images were acquired in 3-dimensional
mode with a Siemens Biograph 64 PET/CT system from the skull
base to the symphysis pubis 1 hour after injection.

The acquired data were reconstructed using the ordered-subset
expectation maximization method (two iterations, eight subsets,
Gaussian filter, image matrix size 168 x 168). The attenuation-
corrected volumetric images were collected in axial, coronal, and
sagittal views, and they were independently performed by 2 senior
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PET physicians. The readers came to a consensus over controversial
viewpoints. The SUVmax of the primary lesion of the cervix or
positive lymph node (LN) was measured. A contouring around the
primary cervical lesions or positive LN inside the boundaries was
automatically determined, and the region of interest (ROI) with
40% SUVmax of the primary lesion of the cervix or positive LN
within the contouring margin was delineated to define the cervical
or LN MTV (20). The TLG of the primary lesion of the cervix or
positive LN was calculated by multiplying the cervical or LN MTV
by its SUVmean. The LN MTV and LN TLG analyzed in this study
were calculated from the most FDG-avid lymph node (21).

Treatment

All patients were treated with external beam radiation therapy
(EBRT) and high-dose-rate brachytherapy. EBRT was delivered
with intensity-modulated radiation therapy (IMRT), volumetric-
modulated arc therapy (VMAT), or helical tomotherapy (HT). A
total of 50.4 Gy external radiation (1.8 Gy per fraction daily) was
delivered to the elective regional lymphatics, and 59.36-61.6 Gy
(2.12-2.2 Gy per fraction daily) was prescribed for the positive
lymph nodes with simultaneous integrated boost (SIB) targets. For
patients with para-aortic nodal involvement, the superior border
extended to the level of renal vessels or to the upper margin of T12.
High-dose-rate brachytherapy was delivered with an Ir-192 source,
with 24-36 Gy (biologically effective dose 38.4-57.6 Gy) in four to six
fractions to point A. The first-line recommendation of concurrent
chemotherapy was weekly cisplatin (40 mg/m?). A small number of
patients received radical radiotherapy alone.

Follow-Up

Patients underwent follow-up examinations every 3 months in
the first 2 years, every 6 months from 3 to 5 years, and once per
year thereafter. Disease failure was confirmed by pathology or
evidence of disease recurrence based on a series of imaging data.
Overall survival (OS) was defined as the time from the start of
treatment to death from any cause or the last follow-up. Disease-
free survival (DFS) was defined as the time from the end of
treatment to recurrence or the last follow-up. Local control (LC)
was defined as the time from the end of treatment to local failure
or the last follow-up. Distant metastasis-free survival (DMFS)
was defined as the time from the end of treatment to distant
metastasis or the last follow-up.

Statistical Analysis

R and SPSS software (version 26.0; SPSS Inc., Chicago, Illinois,
USA) were used for statistical analyses. ROC curve analysis was
performed to determine the cut-off values of SUVmax,
SUVmean, MTV and TLG of the primary lesion of the cervix
or positive lymph node that indicated the optimal trade-off by
maximizing the sum of sensitivity and specificity for survival
outcomes. The c-index values of SUVmean, SUVmax, MTV, and
TLG of the primary lesion of the cervix or lymph node were
calculated to present the prediction capability of the metabolic
parameters for survival outcomes. The Kaplan-Meier method
was used to estimate OS, DFS, LC, and DMES. Univariate and
multivariate analyses of the patient characteristics were
performed using the log-rank test and Cox proportional

hazards model. To avoid many of the previously significant
relationships falling out of the 0.05 significance level, we decided
to include variables with p < 0.1 values in the multivariate analysis,
and p < 0.05 values were statistically significant.

RESULTS

A summary of the detailed characteristics of all patients is shown
in Table 1. In accordance with the inclusion and exclusion criteria
of the study, 125 of the 1560 patients were finally included in
this study. A total of 112 patients (89.6%) presented with stage ITB
or above cervical cancer. A total of 114 patients (91.2%) had
squamous cell carcinoma, 9 patients (7.2%) had adenocarcinoma,
1 patient had clear cell carcinoma, and the remaining patient had
Mullerian carcinosarcoma. Fifty-two patients (41.6%) had a
tumor size greater than 4 cm by gynecological examination.
Forty-three patients (34.4%) had positive pelvic metastatic
lymph nodes (MLNs) and 2 patients (1.6%) had positive para-
aortic MLNs confirmed by '"*F-FDG PET/CT; 10 patients (8%)
with positive para-aortic MLNs had concomitant pelvic lymph
nodes metastasis.

All 125 patients completed concurrent chemoradiotherapy or
radiotherapy with a median time of 51 days (range, 42-98 days).
Twelve patients (9.6%) received neoadjuvant chemotherapy
followed by chemoradiotherapy or radiotherapy alone, 102
patients (81.6%) received concurrent chemoradiotherapy as the
primary therapy, and the remaining 11 patients (8.8%) received
radiotherapy alone. Ninety-seven patients (77.6%) completed
more than or equal to four cycles of chemotherapy. A total of
111 patients (88.8%) underwent a total point A equivalent dose
at 2 Gy (EQD,gy) greater than or equal to 85 Gy.

The median follow-up period for all patients was 62 months
(range, 4-114 months). Of the 125 patients, 24% (n=30)
experienced disease failure, including 6 patients with pelvic
failure, 21 patients with distant metastases, and 3 patients with
concurrent local and distant progression. The total local
recurrence and distant failure rates were 7.2% and 19.2%,
respectively. The cervix uterus was the most common site of
pelvic recurrence, and the lung was the most common site of
distant metastases. The 5-year overall survival, disease-free
survival, local control and distant metastasis-free survival rates
were 83.6%, 75.1%, 92.3% and 79.9%, respectively (Figure 1).

ROC curve analysis was carried out to determine the best cut-
off values of SUVmean, SUVmax, MTV, and TLG of the primary
lesion of the cervix or positive lymph node in predicting the
prognosis of cervical cancer, considering the sensitivity and
specificity for survival outcomes (Figure 2). The areas under
the curves of cervical SUVmean, cervical SUVmax, cervical TLG,
and cervical MTV were 0.54 (p=0.544; 95% CI 0.42-0.66), 0.53
(p=0.595; 95% CI 0.41-0.65), 0.57 (p=0.223; 95% CI 0.46-0.69),
and 0.57 (p=0.267; 95% CI 0.45-0.68), respectively. The optimal
cut-oft points of cervical SUVmean, cervical SUVmax, cervical
TLG and cervical MTV were 7.9, 12.8, 113.4 and 18.3 cm’,
respectively. The areas under the curves of LN SUVmean, LN
SUVmax, LN TLG, and LN MTV were 0.82 (p=0.002; 95% CI
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TABLE 1 | Characteristics for study patients.

Characteristic Number of patients Percent of patients

Median age, y 50 (range, 30-81)

2009 FIGO stage

B 10 8%
A 3 2.4%
1B 84 67.2%
A 3 2.4%
B 24 19.2%
IVA 1 0.8%
Histology

Squamous cell carcinoma 114 91.2%
Adenocarcinoma 9 7.2%
Others 2 1.6%
Primary tumor size

<4 cm 73 58.4%
>4 cm 52 41.6%
Pelvic MLNs

Yes 53 42.4%
No 72 57.6%
Para-aortic MLNs

Yes 12 9.6%
No 113 90.4%
Treatment duration

<56 days 96 76.8%
>56 days 29 23.2%
Total point A EQD2gy

<85 Gy 14 11.2%
>85 Gy 111 88.8%
Concurrent chemoradiotherapy

Yes 102 81.6%
No 23 18.4%
Cervical SUVmean

<7.9 74 59.2%
>7.9 51 40.8%
Cervical SUVmax

<12.8 68 54.4%
>12.8 57 45.6%
Cervical MTV

<18.3cm® 59 47.2%
>18.3 cm® 66 52.8%
Cervical TLG

<1134 55 44%
>113.4 70 56%
Lymph node SUVmean

<22 29 52.7%
>2.2 26 47.3%
Lymph node SUVmax

<6.7 43 78.2%
>6.7 12 21.8%
Lymph node MTV

<9.8cm® 47 85.5%
>9.8 cm® 8 14.5%
Lymph node TLG

<6.8 30 54.5%
>6.8 25 45.5%

FIGO, International Federation of Gynecology and Obstetrics;, MLN, metastatic lymph
node; EQD»¢,, equivalent dose at 2 Gy; SUV, standardized uptake value; MTV, metabolic
tumor volume; TLG, total lesion glycolysis.

0.69-0.95), 0.84 (p=0.001; 95% CI 0.71-0.96), 0.77 (p=0.007;
95% CI 0.60-0.95), and 0.72 (p=0.032; 95% CI 0.52-0.92),
respectively. The optimal cut-off points of LN SUVmean, LN
SUVmax, LN TLG and LN MTV were 2.2, 6.7, 6.8 and 9.8
cm’, respectively.

?100- - 0OS
S i —— DFS
3 - LC
g 60 - DMFS
(7]
T 40
[}
o
o 204
o

0 T T T T T 1

0 12 24 36 48 60 72

Time (months)

FIGURE 1 | The 5-year OS, DFS, LC, and DMFS curves of the study patients.
OS, overall survival; DFS, disease-free survival; LC, local control; DMFS, distant
metastasis-free survival.

The c-index values of SUVmean, SUVmax, MTV, and TLG of
the primary lesion of the cervix or lymph node for OS, DFS, LC
and DMFS were shown in Table 2. For 125 included patients
with cervical cancer, cervical MTV (c-index 0.59-0.61) and
cervical TLG (c-index 0.60-0.62) values calculated with a
threshold of 40% SUVmax presented stronger prediction
capability than cervical SUVmean (c-index 0.51-0.58) and
cervical SUVmax (c-index 0.53-0.57) for OS, DFS, LC and
DMES. For 55 cervical cancer patients with positive LN, LN
SUVmax presented strongest prediction capability for OS (c-
index = 0.79), DFS (c-index = 0.72), LC (c-index = 0.62), and
DMEFS (c-index = 0.79).

The univariate analysis showed that para-aortic MLNSs, total
point A EQD,,, and cervical TLG were significantly associated
with DFS (Table 3). In multivariate analysis, para-aortic MLNSs,
total point A EQD,g, < 85 Gy, and cervical TLG > 1134
remained significant in predicting DFS (Table 4). Furthermore,
in multivariate analysis, 2009 FIGO stage, para-aortic MLNG,
total point A EQD,gy, and cervical TLG were significant
prognostic factors for OS. Para-aortic MLNs was a poor
prognostic factor for LC. Para-aortic MLNs, total point A
EQD,qy, and cervical TLG had important impacts on DMFS in
multivariate analysis. cervical MTV was an important prognostic
factor for OS and DMFS in univariate analysis; however, no
significant differences were identified for OS and DMEFS in
multivariate analysis. Moreover, in either univariate or
multivariate analyses, cervical SUVmean and cervical SUVmax
had no statistically significant correlation with OS, LC, DFS
and DMFS.

The 5-year overall survival, disease-free survival, local control
and distant metastasis-free survival rates for patients with
cervical TLG levels <113.4 and > 113.4 were 90.1% and 78%
(p=0.055), 86.5% and 66.1% (p=0.015), 96.2% and 89.3%
(p=0.136), and 90.9% and 71.2% (p=0.02), respectively
(Figure 3). For the 70 patients with cervical TLG > 113.4, the
median follow-up period for all patients was 61 months (range,
4-110 months). The median DFS period was 56 months. Of these
patients, 22 patients (31.4%) suffered from disease failure,
including 4 patients with pelvic recurrence, 15 patients with
distant metastases, 3 patients with concurrent local and distant
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FIGURE 2 | ROC curves of cervical SUVmean (1A), cervical SUVmax (1B), cervical MTV (1C), and cervical TLG (1D), and ROC curves of LN SUVmean (2A), LN
SUVmax (2B), LN MTV (2C), and LN TLG (2D). ROC, receiver operator characteristic; SUV, standardized uptake value; MTV, metabolic tumor volume; TLG, total

progression. The total local recurrence and distant metastases
rates were 10% and 25.7%, respectively. Of the 22 patients who
suffered from disease failure, disease progression occurred within
2 years after primary treatment in 18 patients (81.8%) and within
5 years after primary treatment in all patients (100%). The 5-year
OS, DFS, LC and DMEFS rates for patients with cervical MTV
levels <18.3 cm® and > 18.3 cm® were 90.9% and 76.6% (p=0.03),
83.5% and 67.7% (p=0.051), 94.7% and 90.3% (p=0.32), and
88.4% and 71.8% (p=0.031), respectively.

Of the 125 included patients, 55 had pelvic or para-aortic nodal
involvement. The 5-year OS, DFS, LC and DMEFS rates for patients

TABLE 2 | The c-index values of SUVmean, SUVmax, MTV, and TLG of the
primary lesion of the cervix or lymph node for OS, DFS, LC and DMFS.

C-index

0s DFS LC DMFS
Cervical
SUVmax 0.53 0.56 0.57 0.53
SUVmean 0.51 0.56 0.58 0.53
MTV 0.61 0.59 0.59 0.60
TLG 0.61 0.61 0.62 0.62
Lymph node
SUVmax 0.79 0.72 0.62 0.79
SUVmean 0.76 0.63 0.56 0.70
MTV 0.72 0.68 0.58 0.78
TLG 0.77 0.65 0.57 0.71

SUV, standardized uptake value; MTV, metabolic tumor volume; TLG, total lesion
glycolysis; OS, overall survival; DFS, disease-free survival; LC, Local control; DMFS,
distant metastasis-free survival.

with positive LN were 80.4%, 72.2%, 86.1% and 81.4%, respectively.
In univariate analysis, LN SUVmean, LN SUVmax, LN MTV, LN
TLG, 2009 FIGO stage, para-aortic MLNS, treatment duration, and
cycles of concurrent chemoradiotherapy were significantly
associated with OS; LN SUVmax, LN MTV, LN TLG, 2009 FIGO
stage, para-aortic MLNS, and treatment duration were significantly
associated with DFS; LN SUVmean, LN SUVmax, LN MTV, LN
TLG, 2009 FIGO stage, and para-aortic MLNs were significantly
associated with DMFS; and only para-aortic MLNs was significantly
associated with LC. In multivariate analysis, LN SUVmax remained
significant biomarker linked to OS, DFS, and DMFS, and LN MTV
was also connected with DMFS. The Kaplan-Meier curves of OS,
DFS, LC, and DMES for LN SUVmax were shown in Figure 4.
However, SUVmean, SUVmax, MTV, and TLG of the primary
lesion of the cervix had no correlation with survival outcomes in
patients with positive LN.

DISCUSSION

At present, various metabolic parameters of PET, such as MTV and
TLG, have particularly become a research hotspot for predicting the
prognosis of cervical cancer. However, there are different opinions
on the role of PET metabolic parameters in the prognosis of cervical
cancer. Some studies have shown that metabolic parameters of PET,
such as SUVmax, SUVmean, MTV and TLG, play an important
role in predicting the prognosis of cervical cancer (Table 5).
However, other studies have found no significant correlation
between these parameters and survival. Therefore, in our study,
we investigated the relationships between clinical characteristics
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TABLE 3 | Results of the univariate analysis of clinical factors for disease-free survival.

Variable

HR
Age (continuous, year) 1.003
2009 FIGO stage
I-Il'vs. llI-IV 2114
Histology
Sguamous vs. hon-squamous 2.459
Primary tumor size
<4 cmyvs. >4 cm 1.336
Pelvic MLNs
Negative vs. Positive 1.368
Para-aortic MLNs
Negative vs. Positive 6.166
Treatment duration
<56 days vs. >56 days 1.785
Total point A EQDygy
<85 Gy vs. =285 Gy 0.382
Cycles of concurrent chemoradiotherapy
<4vs. >4 0.839
Cervical SUVmean
<7.9vs. =279 1.5565
Cervical SUVmax
<12.8vs. 212.8 1.788
Cervical MTV
<18.3 cm®vs. >18.3 cm® 2.095
Cervical TLG
<113.4 vs. 21134 2.629

Univariate analysis

95%ClI P value
0.969-1.038 0.882
0.988-4.523 0.054
0.939-6.440 0.067
0.651-2.738 0.429
0.667-2.805 0.393
2.711-14.024 < 0.001
0.835-3.818 0.135
0.155-0.942 0.037
0.360-1.956 0.684
0.759-3.187 0.227
0.867-3.688 0.116
0.980-4.480 0.056
1.169-5.914 0.019

HR, hazard ratio; Cl, confidence interval; FIGO, International Federation of Gynecology and Obstetrics; MLN, metastatic lymph node; EQD.,, equivalent dose at 2 Gy; SUV, standardized

uptake value; MTV, metabolic tumor volume; TLG, total lesion glycolysis.

and PET metabolic parameters and the recurrence and long-term
survival of cervical cancer. Our study shows that pre-treatment
cervical TLG, LN SUVmax, Para-aortic MLNs, and Total point A
EQD,g, are important independent prognostic factors for
recurrence and survival.

SUV can reflect metabolic activity as a semiquantitative marker
of tumor uptake and has been demonstrated to play an important
role in predicting the prognosis of cervical cancer in previous
studies. A meta-analysis demonstrated that a significantly worse
prognosis was associated with a higher SUVmax of the primary
lesion in cervical cancer. However, SUVmax was not a significant

TABLE 4 | Results of the multivariate analysis of clinical factors for disease-free
survival.

Variable Multivariate analysis
HR (95% CI) P value
Para-aortic MLNs
Yes Reference
No 0.116 (0.048-0.278) <0.001
Total point A EQD,gy
>85 Gy Reference
<85 Gy 3.296 (1.316-8.253) 0.011
Cervical TLG
>113.4 Reference
<1134 0.278 (0.121-0.640) 0.003

HR, hazard ratio; Cl, confidence interval; MLN, metastatic lymph node; EQD.,, equivalent
dose at 2 Gy; TLG, total lesion glycolysis.

independent prognostic factor in most of the enrolled studies in that
meta-analysis (14). There are various reasons for this contradictory
result, especially publication bias, which cannot be ignored. In
addition, there are several limitations, such as missing data, the
small sample size of each enrolled study and inconsistent treatment
methods in different medical centers, which may cause differences in
results. Voglimacci et al. (15) also suggested that cervical SUVmax
as a continuous variable was a critical predictive index for survival
outcomes, but the difference was not statistically significant when
using the cut-off value. Herrera et al. (19) reported that pre-
treatment cervical SUVmean > 5 was a significantly poor
prognostic factor of OS (57% vs. 86%, p =0.03), DES (36% vs.
88%, p = 0.004) and LC (65% vs. 88%, p = 0.04) in univariate
analysis. However, statistically significant associations were not
found between cervical SUVmean and survival outcomes in
multivariate analysis. Meanwhile, the demonstration of an
association between cervical SUVmax and prognosis would have
been more challenging to interpret. In our study, cervical SUVmean
and cervical SUVmax had no statistically significant correlation
with OS, DFS, LC or DMEFS. There are several articles with similar
results to our study (13, 22). However, LN SUVmax was significant
associated with survival outcomes. Similarly, Martinez et al. (21)
indicated that LN SUVmax was significantly linked to para-aortic
nodal involvement only in univariate analysis. SUV may be affected
by many factors, including blood glucose level, body mass index,
scan duration, and reconstruction algorithm (23-25). Therefore, the
role of SUVmean and SUVmax in predicting the prognosis of
cervical cancer is still controversial and remains to be further studied.
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FIGURE 3 | Kaplan-Meier curves of OS (A), DFS (B), LC (C), and DMFS (D) of all included patients with cervical cancer for cervical TLG. OS, overall survival; DFS,
disease-free survival; LC, local control; DMFS, distant metastasis-free survival.
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disease-free survival; LC, local control; DMFS, distant metastasis-free survival.
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TABLE 5 | Previous studies regarding pre-treatment metabolic parameters in patients with locally advanced cervical cancer.

Authors Design N FIGO LN+ Treatment Statistical Pre-treatment Cervical metabolic Pre-treatment LN metabolic
(year) stage patients analysis parameters associated with survival parameters associated with
outcomes survival outcomes
Voglimacci R 93  IB2- 33 CRT Univariate SUVmax: OS and RFS -
etal (15) IVA analysis
Multivariate SUVmax: OS -
analysis
Herrera R 38 IB1- 22 CRT Univariate SUVmean: OS, DFS, and LRC -
etal. (19) IVA analysis TGV: OS, DFS, and LRC
Multivariate TGV: OS and DFS -
analysis
Leseur P 53 IB2-  Unknown CRT/RT Univariate MTV: OS and DFS -
etal (13) IVA analysis TLG: OS and DFS
Multivariate MTV: OS and DFS -
analysis
Hong et al. R 56 IIB-IVA 51 CRT Univariate MTV: RFS -
(22) analysis TLG: RFS
Multivariate TLG: RFS -
analysis
Martinez R 125 IB2- 47 CRT Univariate MTV: para-aortic LN involvement SUVmean: para-aortic LN involvement
etal. (21) IVA analysis TLG: para-aortic LN involvement SUVmax: para-aortic LN involvement
Pelvic LN/Cervical Tumor SUVmax
ratio: para-aortic LN involvement
MTV: para-aortic LN involvement
TLG: para-aortic LN involvement
Multivariate MTV: para-aortic LN involvement -
analysis
Sun et al. R 91 B1- 26 Sur/Sur+CRT or Univariate SUVmax: OS -
(26) VB ChT/CRT analysis MTV: OS
TLG: OS
Multivariate MTV: OS -
analysis
Guler et al. R 129 IB2- 76 CRT Univariate SUVmean: OS and DFS -
27) IVA analysis SUVmax: OS and DFS
MTV: OS and DFS
TLG: OS and DFS
Multivariate - -
analysis
Yoo et al. R 73 I-IVB 28 Sur/sur+CRT/ Univariate MTV: DFS -
(28) CRT/RT/ChT analysis TLG: DFS
Multivariate TLG: DFS -
analysis
Liang et al. R 67 IB-IVA  Unknown Sur/Sur+CRT or Univariate Total SUVmax: OS and PFS
(29 RT/ CRT/ChT analysis Total MTV: OS and PFS
Multivariate Total TLG: OS and PFS
analysis Total TLG: OS and PFS
Carpenter P 30 IB1- 24 CRT Univariate Total MTV: OS, DFS, and DM
etal. (18) IVA analysis Total TLG: OS and DM
Multivariate -
analysis
Lima et al. R 82 IIA-IVA 44 CRT Univariate Total MTV: response to therapy
(17) analysis Total TLG: response to therapy
Multivariate Total MTV: response to therapy
analysis
Our study R 125 IB-IVA 55 CRT/RT/NAC + Univariate TLG: DFS and DMFS SUVmean: OS
CRT or RT analysis SUVmax: OS, DFS, and DMFS
MTV: OS, DFS, and DMFS
TLG: OS, DFS, and DMFS
Multivariate TLG: OS, DFS, and DMFS SUVmax: OS, DFS, and DMFS
analysis MTV: DMFS

N, number of patients; R, retrospective; P, prospective; FIGO, International Federation of Gynecology and Obstetrics; LN, lymph node; NAC, neoadjuvant chemotherapy; CRT,
chemoradiotherapy; RT, radiotherapy; ChT, chemotherapy; Sur, surgery; SUV, standardized uptake value; MTV, metabolic tumor volume; TLG, total lesion glycolysis; TGV, tumor
glycolytic volume; age, average; SD, standard deviation; OS, overall survival; RFS, relapse-free survival; DFS, disease-free survival; PFS, progression-free survival; LRC, Loco-regional
control; DMFS, distant metastasis-free survival; DM, distant metastasis.
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MTYV represents the volume of metabolically active malignant
lesions, which is similar but more accurate than the
measurement of tumor size on physical examination and may
be significantly correlated to the prognosis of the disease. Leseur
et al. (13) demonstrated that cervical MTV calculated with a
segmentation of 55% SUVmax from pre-treatment PET/CT was
applicable for predicting patient survival outcomes after
concurrent chemoradiotherapy for patients with locally
advanced cervical cancer. Similarly, Sun et al. (26) also
considered that cervical MTV accumulation with a threshold
of 40% SUVmax was a critical prognostic factor for cervical
cancer patients and should be used to guide oncologists in
selecting individualized therapies. Martinez et al. (21) proposed
that cervical MTV calculated with a threshold of 40% SUVmax
was an independent prognostic biomarker on para-aortic nodal
involvement prediction. Guler et al. (27) took the opposite view
that the role of using cervical MTV, calculated with the primary
cervical tumor equal to or greater than an SUV of 2.5, to predict
the prognosis of patients with cervical cancer and to develop
patient treatment strategies required further confirmation. In our
study, cervical MTV, calculated with a threshold of 40%
SUVmax, presented an obvious association with OS but failed
to reach the 0.05 significance level for DFS in univariate analysis;
however, there was no significant association between cervical
MTV and OS in multivariate analysis. For cervical cancer
patients with positive LN, LN MTV remained significant
correlation with DMFS in multivariate. We considered that the
reasons for these different results may be related to the
inconsistency in the definition of MTV in different studies.
Therefore, we believe that MTV alone is not rigorous enough
to predict the prognosis of patients with cervical cancer in the
absence of a consistent definition of MTV.

The combination of MTV and TLG is a more resultful
prognostic factor that takes into consideration both tumor
volume and metabolic activity as crucial parameters of tumor
response to treatment. Yoo et al. (28) highlighted that cervical
TLG (cut-off, 7600), a volume-based metabolic parameter for
primary cervical tumors, was a significant predictor of recurrence
in cervical cancer in both univariate analysis and multivariate
analysis. Likewise, Liang et al. (29) reported that total TLG was
obviously correlated with survival outcomes in patients with
locally advanced cervical cancer. Similarly, Carpenter et al. (18)
indicated that total TLG measured by '*F-FDG PET/CT was
correlated with OS in high-risk cervical cancer patients treated
with chemoradiotherapy and brachytherapy. Lima et al. (17) also
preliminary suggested that although its p value seems to be below
the critical value, pre-treatment total TLG was a significant
independent predictor of response to therapy. However, the
sample sizes of these studies were less than 100 cases. In our
group, we obtained similar results and had a larger sample size.
Although TLG confronts the same challenges as MTV, we still
believe that the combination of multiple parameters makes
predictions more effective.

In our study, we found that distant metastasis in patients with
LACC treated with chemoradiotherapy and brachytherapy was a
major pattern of treatment failure. This finding was consistent

with that of previous research. Importantly, we found that
cervical TLG and LN SUVmax were important prognostic
factors for OS, DFS, and DMFS. The role of additional
chemotherapy included adjuvant chemotherapy or neoadjuvant
chemotherapy is still controversial. Duenas-Gonzalez et al. (30)
investigated 515 patients with locally controlled cervical cancer
in a randomized study. The results showed that the 3-year PFS of
concurrent chemoradiotherapy following two adjuvant cycles of
cisplatin plus gemcitabine was significantly improved compared
with standard therapy (74.4% vs 65.0%, p=0.029); the same result
was found for OS (log-rank p= 0.0224; HR, 0.68; 95% CI, 0.49 to
0.95). However, the intervention group had more grade 3 and
4 toxicities than the control group (p<0.001). Adjuvant
chemotherapy has not been widely accepted because further
studies are needed to demonstrate the contributions of
multiagent chemoradiotherapy and adjuvant chemotherapy to
survival outcomes, and toxicity cannot be ignored. Da Costa et al.
(31) conducted a randomized phase II trial to evaluate the
efficacy and safety of neoadjuvant chemotherapy (NAC)
followed by concurrent chemoradiotherapy (CRT) and
reported that the addition of NAC with cisplatin and
gemcitabine to CRT is not superior to standard CRT alone for
LACC. Additionally, a phase III multicenter trial of weekly
induction chemotherapy consisting of paclitaxel and
carboplatin followed by standard CRT versus standard CRT
alone in patients with LACC is undergoing (NCT01566240).

Local recurrence in cervical cancer patients treated with
concurrent chemoradiotherapy or radiotherapy was another
pattern of treatment failure. MRI-guided adaptive brachytherapy,
which plays an important role, increased the radiation dose to the
tumor and led to a significant improvement in the local control rate
while minimizing the radiation dose delivered to surrounding
normal tissues (32, 33). In our study, we also found that for the
22 patients with cervical TLG > 113.4 who experienced treatment
failure, disease recurrence occurred in all patients within 5 years
after treatment. Thus, active follow-up for at least 5 years is essential.
These findings may provide an early signal-individualized intensive
therapeutic approach with either adjuvant chemotherapy or MRI-
guided adaptive brachytherapy.

The present study demonstrates the value of the metabolic
parameters of pre-treatment '*F-FDG PET/CT as prognostic
factors in patients with LACC. However, this study has several
limitations. Most notably, this is a retrospective study with a
small number of included patients and baseline data are easily to
be incomplete. Moreover, this study includes a long-time span
and changes in the treatment strategies may affect the results. In
addition, positive LNs are identified on PET/CT and not by
histopathologic verification. We cannot confirm that all FDG-
avid LNs are histopathological lymphadenopathies. Finally,
recently there are many promising methods such as radiomics,
machine learning, and especially deep learning (34, 35).
Combining these promising image analysis techniques may
have more significant predictive values for the prognosis of
cervical cancer. Further prospective randomized clinical trials
with a large number of patients are required to evaluate the value
of the metabolic parameters in survival outcomes prediction.
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CONCLUSION

Pre-treatment cervical and lymph node metabolic parameters
were associated with survival outcomes in patients with LACC.
In our study, we found that pre-treatment cervical TLG and
lymph node SUVmax may be important prognostic biomarkers
for OS, DFS, and DMFS in patients with LACC. However,
further prospective studies with a large number of patients are
required to evaluate the value of the metabolic parameters in
survival outcomes prediction.
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Image-guided interstitial
brachytherapy for recurrent
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radiotherapy: A single
Institution experience

Xiaojun Ren?, Yingli Fu?, Zhongshan Liu?, Xia Lin*, Ling Qiu®,
Yunfeng Li‘, Hanyang Li*, Yuqi Bai* and Tiejun Wang*

tDepartment of Radiation Oncology, The Second Hospital of Jilin University, Changchun, China,
2Department of Clinical Epidemiology, The First Hospital of Jilin University, Changchun, China

Purpose: The aim of this study is to evaluate the efficacy and toxicity of image-
guided high-dose rate (HDR) interstitial brachytherapy (ISBT) for the
reirradiation of cervical cancer within a previously irradiated area.

Methods and materials: Twenty-three consecutive patients with cervical
cancer were reirradiated with curative intent using brachytherapy (BT) with or
without external beam irradiation. The median biologically equivalent dose in
2-Gy fractions (EQD?2) for reirradiation was 64.0 Gy (range: 31.3-95.1 Gy), and
the median cumulative EQD2 (for primary treatment and reirradiation) was
152.4 Gy (range: 97.8-200.9 Gy). The average clinical target volume was 82.9
cm?® (range: 26.9-208.3 cm?®), and the median treatment-free interval (TFI) was
13 months (range: 3—93 months).

Results: The median follow-up time was 19 months (range: 2—-59 months). The
complete response rate after reirradiation was 56.5%. The 1-, 2- 3-, and 4-year
post-relapse survival (PRS) rates were 65.2%, 43.5%, 33.8%, and 27.1%,
respectively. The median reirradiation EQD2 D2cc of rectum and bladder was
39.5 Gy (range = 14.6-96.2 Gy) and 52.1 Gy (range = 29.1-114.2 Gy). The
median cumulative EQD2 D2cc of rectum and bladder was 115.0 Gy (range =
84.4-189.3 Gy) and 130.5 Gy (range = 95.5-173.5 Gy). During follow-up, nine
(39.1%) patients had experienced grade 3 or 4 late toxicities. Grade >3 rectal
toxicity occurred in three patients (13.0%). Grade >3 urinary toxicity occurred in
five patients (21.7%). One patient (4.3%) had both grade >3 urinary and rectal
toxicity. Tumor volume, TFI, tumor invasion organ number, and local control
were significant prognostic factors adversely affecting OS.
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Conclusions: For recurrent cervical cancer after radiotherapy, reirradiation of
HDR-ISBT is feasible, even if the local tumor invasion is large, with a good
chance of survival and acceptable side effects.

KEYWORDS

reirradiation (re-RT), recurrence, cervical cancer, brachytherapy, interstitial

Introduction

Cervical cancer is the fourth most common malignancy and
the fourth leading cancer-related death in women worldwide (1).
The recurrence rates of patients with IIA, IIB, IIIA, IIIB, IVA,
and IVB stage cervical cancer were 21.2%, 27.8%, 40.9%, 44.7%,
64.3%, and 73.6%, respectively (2). A previous study reported
that the recurrence rates of patients with stage IB, IIA, and IIB
cervical cancer treated only by radiotherapy were 10%, 17%, and
23%, and the rates of patients treated by radiotherapy plus
surgery respectively were 14%, 20%, and 29%, respectively (3).
The 5-year survival rate for patients with cervical cancer who
relapsed after radical surgery or radiotherapy was only 3.2%~13%
(4, 5). The treatment of recurrent cervical cancer is challenging
and mainly depends on the previous treatment and the site and
extent of recurrence (2).

The retreatment of recurrent cervical cancer that develops in a
previously irradiated field is a complex challenge for gynecologic
oncologists (6). Surgery, which exhibits 5-year overall survival rates
higher than 30%, could be a curative treatment option for patients
who meet strict indications. However, surgery has been employed
carefully because of a high rate of complications and positive
surgical margins (7-10). In recent years, with the progress of
radiotherapy technology and the development of computed
tomography (CT)/magnetic resonance imaging (MRI)-guided
brachytherapy (BT), the reirradiation of recurrent cervical cancer
after radiotherapy has achieved a good curative effect, and the
incidence of serious adverse reactions is low (11-15). Moreover,
reirradiation can preserve the structure and function of the organ
and thus improve the quality of life of the patients. Hence,
reirradiation could be another potentially curative treatment
option for recurrent cervical cancer after radiotherapy. However,
there are few reports of reirradiation in patients with cervical cancer,
and all of them are small sample studies. In addition, there are no
recommendations in the literature for the reirradiation dose of
interstitial brachytherapy (ISBT), either as a treatment alone or in
combination with external beam radiation therapy (EBRT). This
retrospective study aimed to evaluate the effectiveness and toxicity
of high-dose rate (HDR)-ISBT as retreatment to develop clinical
practice guidelines.
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Materials and methods
Patients

A review of the database in the department of radiotherapy
in the Second Hospital of Jilin University identified 23 patients
who received HDR-BT reirradiation between November 2015
and August 2020 for a local recurrence (LR) occur within a
previously treated volume, following radical or adjuvant RT for
cervical cancer. Fifteen patients were not suitable for pelvic
exenteration, and the others refused surgery for fear of surgical
trauma. Twelve patients had LR identified by pathological
examination, and the rest had LR confirmed by pelvic MRI
and positron emission tomography (PET)/CT. Twelve patients
were initially treated at other hospitals, and detailed doses of
organs at risk (OARs) could not be obtained. When
brachytherapy is used, radiation doses to the rectum and
bladder should be limited to 65% and 75% of the tumor dose,
respectively (16). The limit of the minimum dose delivered to 2
cm? (D2cc) rectum and sigmoid colon was 70-75 Gy, and that of
the bladder was 90 Gy (17). For patients who were unable to
obtain an accurate dose from the bladder and rectum during
primary brachytherapy, we uniformly calculated the D2cc at
70% of the prescribed dose.

External beam radiation therapy

During reirradiation, the tumor location of some patients
was too far from the vulva, leading to the use of external
radiation therapy when the metal needles could not reach.
Conformal EBRT was delivered to the tumors with a 0.7-cm
margin using high-energy 6-MV photons with 1.8- to 2-Gy
fractions to total doses of 30.0-50.4 Gy. The local tumor is the
target of EBRT. The medical linear accelerator that we used is
Varian Varianix-4702.The radiotherapy positioning system was
Varian Eclipse 13.5. One hundred percent of the prescribed dose
of EBRT was considered while calculating doses delivered to the
tumor and the OARs.
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High-dose rate interstitial brachytherapy

HDR-ISBT-based reirradiation was performed using three-
dimensional (3D) planning in all patients. All the patients have
pelvic MRI before brachytherapy. The Ir'®> HDR brachytherapy
machine, Oncentra brachytherapy planning system, and metal
needle implantation are from Elekta, Sweden. The HDR ISBT
was performed twice a week, 4-7 fractions in total, and 6-7 Gy
for each fraction. Because of the large tumor volume and/or wide
scope of invasion, ISBT was performed by freehand metal needle
placement under CT guidance, resulting in excellent dose
coverage. The patient underwent lumbar anesthesia in the
operating room. After receiving anesthetic drugs, the patient
was transferred to the large-caliber CT room dedicated to the
Radiotherapy Department through a transfer bed. The
anesthesiologist accompanied the patients all time to monitor
vital signs. First, an intrauterine tandem was implanted in
the uterine cavity. Then, some parallel and oblique metal
needles (length of 18 cm, diameter of 1.3 mm, Elekta) were
inserted into the tumor and lateral extensions at different degrees
angled to the vagina at a width and depth of approximately
10 mm as initial implantation. The insertion position and
number of these oblique needles were decided by T2-weighted
MRI (Figure 1) and gynecological examination. Vaginal packing
with gauze was used to push away the rectum and bladder.
Finally, through multiple CT scans, we repeatedly adjusted the
direction and depth of the needles until all the needles were
evenly distributed within the tumor. In the treatment of all
patients, including those with rectal and bladder involvement,
the final position of the needle should be as far beyond the depth
of invasion as possible, 0-1 c¢m, to obtain good target volume
and dose distribution of the paddle in subsequent treatment
plans (Figure 2).

10.3389/fonc.2022.943703

Dose-volume-histograms analysis

3D plans were reported in high-risk clinical target volume
(HR-CTV), defined as the cervix and the involved parametrium,
vagina, vulva, urethra, pelvic wall, rectum, and bladder. The
following dose-volume parameters were calculated for the HR-
CTV and OARs (bladder and rectum): the percentage of the
CTV receiving 100% of the prescribed dose (V100) and the dose
that covered 90%, 98%, and 100% of the target volume (D90,
D98, and D100, respectively). We calculated the D2cc of the
rectum and bladder. The total doses (EBRT and HDR-BT) were
recalculated as the biologically equivalent doses to 2-Gy fractions
(EQD2) using the following equation: EQD2 = nd (d + o/p/2
Gy + 0/B), where n = the number of fractions, d = dose (Gy) per
fraction (assuming o/ = 10 Gy for tumor control, and a/f = 3
Gy for late normal tissue damage). For primary BT, the dose
delivered by the two-dimensional (2D) treatment plan was
calculated at point A and the rectum and bladder reference
points, based on International Commission on Radiation Units
and Measurements (ICRU)89 report (18).

Analysis of curative effect and toxicity
after reirradiation

All time intervals were calculated from the final day of
treatment. The tumor response was assessed 2 months after
the reirradiation. The complete response (CR) was defined as the
disappearance of the tumor, and the partial response (PR) was
defined as a reduction of at least 30% in the sum of the
maximum diameters of the tumor. Stable disease (SD) was
defined as when none of the above conditions is applicable.
Local control (LC) was defined as the length of time from the

FIGURE 1

Pelvic MRI before reirradiation, recurrent tumors are shown in red circles
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FIGURE 2
Distribution of needles and dose curves.

end of treatment to LR. The post-relapse survival (PRS) was
calculated from the date of relapse diagnosis to the date of death
for disease or the date of the last follow-up.

The bladder and rectum complications were scored using the
Radiation Therapy Oncology Group Acute and Late Radiation
Morbidity Scoring Criteria (19).

Statistical analysis

PRS curves were derived from Kaplan-Meier estimates and
compared using the log-rank test. The influence of potential
prognostic factors on the risk of failure was assessed using a Cox
model. P-values<0.05 were considered statistically significant.

Results
Patient characteristics

Table 1 listed the detailed characteristics of patients. The
median age of the patients at diagnosis was 50.5 years (range =
24-68 years). According to the International Federation of
Gynecology and Obstetrics (FIGO) Cervical Cancer Staging
2009 standard (20), the clinical stage at the initial diagnosis
was stages I to IT in 17 patients and stages III to IV in six patients.
Twenty-one patients had SCC, and two patients displayed non-
SCC histologic finding. Seventeen (73.9%) patients had been
treated with definitive radiotherapy and others had been treated
with postoperative radiotherapy in primary radiotherapy. The
median EQD2 calculated for Primary EBRT + BT was 92.0 Gy
(range = 31.3-109.7 Gy). The median treatment-free interval
(TFI) (between the end of primary radiotherapy and

reirradiation) was 13 months (range = 3-93 months).
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Eleven patients (47.8%) were diagnosed with recurrence within
12 months of the initial radiotherapy. All patients had a
performance status of 0 to 1, and the median (mean) tumor
diameter at the time of recurrence diagnosis was 51.0(56.6) mm.
the median (mean) HR-CTV at the time of reirradiation was
70.8 (82.9) cm®. Eleven patients had the number of tumor
invasion organ including bladder, rectum, and pelvic wall
greater than 1. The tumors of the other 12 patients did not
invade the bladder, rectum, or pelvic wall.

Treatment outcome

There were 13 patients’ tumors that reached CR after
radiotherapy, nine had PR, and one had SD (Table 2). The CR
rate after reirradiation was 56.5% (13 of 23). The median follow-
up time was 19 months (range = 2-59months). Six patients are
alive with no evidence of disease (NED), from 33 to 59 months
post-treatment (median = 48 months). One patient is alive with
disease (AWD), receiving chemotherapy. Sixteen patients died.
No patients were lost to follow-up. Eight patients received HDR-
ISBT combined with EBRT reirradiation. Fifteen patients
received HDR-ISBT alone (Table 2).

The median EQD2 calculated for reirradiation was 64.0 Gy
(range = 31.3-95.1 Gy), and the median cumulative EQD2 for
primary treatment and reirradiation was 152.4 Gy (range =
97.8-200.9 Gy) (Table 2). The median D90, D98, and D100 were
37.8, 29.5, and 23.7 Gy in the re-radiotherapy planning,
respectively. The median V100 was 93.4% (Table 2).

Tumor volume before reirradiation was found in six of the
seven surviving patients was<80 cm’. The tumor invasion in 12
patients did not include the rectum, bladder, and pelvic wall, and
the average follow-up time was 31.9 months (9-59 months). Five
of them were NED, one was AWD, five were dead of oncologic
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TABLE 1 Baseline characteristics of involved patients (N = 23).

Characteristics No. patients

Age (years)

Median (range) 50.5 (24-68)
<50 10 (43.5%)
>50 13 (56.5%)
FIGO stage*

I-1I 17 (73.9%)
II-1V 6 (26.1%)
Histologic finding

sCC 21 (91.3%)
Non-SCC 2 (8.7%)

Prior radiotherapy
Definitive 17 (73.9%)
Postoperative 6 (26.1%)
Primary EBRT + BT EQD2 (Gy)
Median (range)

TFI(months)

92.0 (31.3-109.7)
Median (range) 14 (3-93)
11 (47.8%)
12 (52.2%)

TFI < 12

TFI > 12
Performance status
0-1 23 (100%)
2-3 0 (0%)

Maximum tumor diameter (mm)

Median (range) 51 (29-92)
<50 11 (47.8%)
>50 12 (52.2%)

HR-CTV(cm®)
Median (range) 70.8 (20.3-208.3)
<80 12 (52.2%)
>80 11 (47.8%)
Tumor invasion organ number (bladder, rectum, and pelvic wall)

0 12 (52.2%)
>1 11 (47.8%)

*Clinical stage at the time of the initial diagnosis.

disease (DOD), and one died due to cardiac sudden death. A
total of 13 patients had CR in remission status after therapy, and
the average follow-up time was 31.8 months. Among them, six
were NED, one was AWD, three died due to LR or distant
metastasis, two died due to complications of treatment, and one
died due to cardiac sudden death. The treatment characteristics
are detailed in (Supplemental Table 1).

The 1-, 2-, 3-, and 4-year PRS rates were 65.2% (95% CI =
42.3%-80.8%), 43.5% (95% CI = 23.3%-62.1%), 33.8% (95%
CI = 15.6%-53.1%), and 27.1% (95% CI = 10.2%-47.3%),
respectively. The survival curve of PRS after re-radiotherapy is
shown in Figure 3.
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Dosage delivered to OARs and toxicity

The median primary RT EQD2 D2cc of rectum and bladder
was 73.5 Gy (range = 22.8-93.1 Gy) and 80.2 Gy (range = 22.8-
106.0 Gy) (Table 3). The median reirradiation EQD2 D2cc of
rectum and bladder was 39.5 Gy (range = 14.6-96.2 Gy) and 52.1
Gy (range = 29.1-114.2 Gy), respectively. The median
cumulative EQD2 D2cc of rectum and bladder was 115.0 Gy
(range = 84.4-189.3 Gy) and 130.5 Gy (range = 95.5-173.5 Gy),
respectively. During follow-up, nine (39.1%) patients had
experienced grade 3 or 4 late toxicities (Table 3). Grade 23
rectal toxicity occurred in three patients (13.0%). Grade =3
urinary toxicity occurred in five patients (21.7%). One patient
(4.3%) had both grade >3 urinary and rectal toxicity. The
dosimetric parameters of the OARs and radiation-related toxic
effects are provided in Supplemental Table 2.

Predictors of survival after reirradiation

We performed Cox model analysis to identify independent
predictors of treatment outcome in patients receiving re-
radiotherapy (Table 4 and Figures 4A-D). Cox model analysis
identified four independent prognostic factors that predicted
good outcomes: Tumor volume (P = 0.008, Table 4 and
Figure 4A), TFI (P = 0.024, Table 4 and Figure 4B), tumor
invasion organ number (P = 0.009, Table 4 and Figure 4C), and
LC (P = 0.001, Table 4 and Figure 4D).

The statistically significant factors, including tumor volume,
TFI, tumor invasion organ number, and LC, were included in the
multivariate Cox risk ratio model. The results showed that, after
adjusting for TFI, tumor invasion organ number and LC were
the independent factors for patient survival. The risk of death in
patients with TFIS12 months was 4.694 times higher than
patients with >12 months (HR = 4.694, 95% CI = 1.445-
15.247, Table 4 and Figure 4B). The risk of death in patients
with tumor invasion organ number>1 was 3.708 times higher
than patients with = 0 (HR = 3.708, 95% CI = 1.048-13.116,
Table 4 and Figure 4C). The risk of death in patients with no-CR
was 3.617 times higher than patients with CR (HR = 3.617, 95%
CI =1.155-11.330, Table 4 and Figure 4D).

Discussion

For patients with recurrent cervical cancer in the original
irradiation field, the possible efficacy and potential toxicity should
be considered during treatment. Previous studies have shown that
the 5-year OS of patients with recurrent cervical cancer after
radiotherapy is only 1% if they do not receive any treatments (21).

frontiersin.org


https://doi.org/10.3389/fonc.2022.943703
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Ren et al.

TABLE 2 Treatment outcomes of involved patients.

Clinical Outcomes No. of Patients

Local control CR 13 (56.5%)
PR 9 (39.1%)
SD 1 (4.3%)

Post-relapse survival (months) Median (range) 19 (2-59)

Reirradiation modality EBRT +ISBT 8 (34.8%)
Only ISBT 15 (65.2%)

Reirradiation EBRT + BT EQD2 (Gy)
Reirradiation D90 (Gy)

Reirradiation D98 (Gy)

Reirradiation D100 (Gy)

Reirradiation V100 (%)

Primary RT + Reirradiation EQD2 (Gy)

Median (range) 64.0 (31.3-95.1)
37.8 (13.8-56.6)
29.5 (10.9-47.1)
23.7 (7.4-35.5)
93.4 (78.4-98.4)

152.4 (97.8-200.9)

Median (range)
Median (range)
Median (range)
Median (range)
Median (range)

ISBT can generate favorable LC in recurrent tumors that cannot
be adequately covered by ICBT (22). Recent reports have shown
that HDR-ISBT re-radiotherapy has good disease control and
acceptable complications (11-15). Therefore, ISBT had been
applied to patients with recurrent cervical cancer in our
department. In our study, the 1-, 2-, 3-, and 4-year PRS rates
were 65.2%, 43.5%, 33.8%, and 27.1%, respectively, and the
median dose of EQD2 for reirradiation was 64 Gy. The CR rate
after reirradiation was 56.5%. Nine (39.1%) patients had
experienced grade 3 or 4 late toxicities. Grade 23 rectal toxicity
occurred in three patients (13.0%). Grade >3 urinary toxicity
occurred in five patients (21.7%). One patient (4.3%) had both

10.3389/fonc.2022.943703

grade >3 urinary and rectal toxicity. The doses used in our study
were comparable to those in the current literature (11-14). Some
of the toxicity symptoms are associated with a large recurrence of
the rectum, bladder, urethra, etc. Because of its wide recurrence
range and wide irradiation range, the damage of adjacent normal
tissues is serious. In addition, some patients failed to achieve CR
after treatment, and the corresponding toxic symptoms may be
related to tumor control or HDR dose, which is difficult to
identify. Therefore, we reported all the toxic symptoms of the
patients and counted them as the toxic reactions caused by the
treatment, which resulted in more toxic reactions in our study
than in other reports. It is difficult to compare these results
because the study cohorts were heterogeneous in terms of
histopathology, tumor size, location of recurrence, treatment
method, and RT schedules.

The main difficulty with re-radiotherapy is that the
surrounding normal tissue is near the tumor but cannot
receive high doses of radiation. A recent study showed that
ISBT could be administered by injecting biodegradable
hydrogels to increase the distance between the target and
adjacent normal tissue, thereby reducing normal tissue
exposure and therapeutic toxicity (23).

In our retrospective study, we found that, for patients with
LR of gynecological tumors after radiotherapy, the use of HDR
ISBT can cure the patient with acceptable side effects. In
particular, patients with small local tumor volume and
uninvaded pelvic wall, rectum, and bladder have a better
chance of cure. If the local tumor reaches CR after treatment,
then a good prognosis is suggested. However, there are no
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FIGURE 3

Survival curve of PRS after reirradiation in 23 patients with recurrent cervical cancer.
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TABLE 3 Dosage delivered to OARs and toxicity.

Dosage and Toxicity

Severe late toxicity

Primary RT dose delivered to bladder EQD2 (Gy)

Reirradiation dose delivered to bladder EQD2 (Gy)

Cumulative dose delivered to the bladder after primary RT and reirradiation EQD2 (Gy)

Grade of late radiation damage to the bladder

Primary RT dose delivered to rectum EQD2 (Gy)
Reirradiation dose delivered to rectum EQD2 (Gy)
Cumulative dose delivered to the rectum after primary RT and reirradiation EQD2 (Gy)

Grade of late radiation damage to the rectum

published guidelines for the dose and normal tissue limits of
relapsing pelvic radiotherapy for cervical cancer. Current
literature reports are all small sample studies.

Liu et al. (24) reported that freehand ISBT resulted in D90 HR-
CTV of 87 Gy or greater in 85.7% of patients; however, D90 HR-
CTV of ICBT was 87 Gy or greater only in 6.7% of the cases, which
are bulky tumors and/or parametrial extension (tumor size>5 cm)
after external beam radiotherapy. In our study, the average CTV
was 88.5 cm” (range: 26.9-208.3 cm’), and the median percentage
volume of 100% prescription dose was 93.1%. This result suggests
that freehand ISBT has better dose-volume histogram parameters
for large volume tumors than conventional ICBT.

Permanent interstitial brachytherapy (PIB) is also a viable and
potentially durable treatment modality that can be used to treat
recurrent pelvic malignancies in the field of previous irradiation.
Feddock et al. (25) reported on PIB for the treatment of recurrent
pelvic malignancies with '*'Cs and '*®Au as an isotope of PIB. The
2-year success rate for reirradiation using PIB was 67.3%. Grade 3

TABLE 4 Univariate analysis of survival after reirradiation.

Characteristics
Tumor volume <80 cm’
>80 cm’
Treatment-free interval <12m
>12 m
Tumor diameter <5cm
>5 cm
Tumor invasion organ number (bladder, rectum, and pelvic wall) 0
>1
Reirradiation dose <64 Gy
>64GY
Local control CR
No CR
FIGO stage I-11
III-1v
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No. of Patients

Patients with grade 3/4 toxicities 9 (39.1%)

80.2 (22.8-106.0)
52.1 (29.1-114.2)
130.5 (95.5-173.5)
17 (73.9%)
6(26.1%)

73.5 (22.8-93.1)
39.5 (14.6-96.2)
115.0 (84.4-189.3)
19 (82.6%)

4 (17.4%)

Median (range)
Median (range)
Median (range)
<3
>3
Median (range)
Median (range)
Median (range)
<3
>3

to 4 toxicities were observed in eight patients (16.7%). However,
the limitation in this series is the fact that majority of recurrences
in this series were small volume, with an area of 6 cm>. In our
study, the average CTV was 88.5 cm’.

To gain some insight from patients who benefited from re-
radiotherapy, we performed a retrospective analysis of disease-free
patients after treatment. Only one of the six NED patients
involved the rectum and pelvic wall, and all of the remaining
patients excluded the bladder, rectum, and pelvic wall. Additional
external radiotherapy was used in only one patient with rectum
and pelvic wall involvement, whereas brachytherapy was used in
all of the patients. The TFI was 13.8 months (7-23 months), the
mean tumor volume was 77.5cm’ (39.7-136.9cm’), the mean
EQD?2 of reirradiation was 69.8 Gy (51.3-95.1 Gy), the mean
EQD2 calculated for primary RT and reirradiation was 157.3 Gy
(143.3-184.4 Gy), and the mean follow-up time was 32 months
(20-46 months). One patient underwent transverse colostomy
prior to reirradiation for rectal invasion. Hence, the rectal dose of

N (%) Median OS Log-Rank P
12 (50%) 47 0.008
11 (90.9%) 11
11 (91.9%) 11 0.024
12 (50%) 47
11 (54.5%) 47 0.197
12 (83.3%) 17
12 (50%) 47 0.009
11 (90.9%) 17
12 (83.3%) 19 0.545
11 (54.5%) 17
13 (46.2%) 47 0.001
10 (100%) 10
17 (70.6%) 18 0.678
6 (66.7%) 19
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Cox model analysis of independent predictors of treatment outcome in recurrence patients receiving re-radiotherapy [(A) HR-CTV, (B) TFI, (C)
tumor invasion organ number (bladder, rectum, and pelvic wall), and (D) local control].

this patient was not calculated. The average bladder and rectum
doses of re-radiotherapy were 52.5 Gy (40.9-66.3 Gy) and 41.5 Gy
(35.9-47.6 Gy), respectively. The median EQD2 calculated for
primary RT and reirradiation of bladder and rectum were 136.0
Gy (90.5-148.8 Gy) and 120.0Gy (101.8-126.0 Gy), respectively.
Two patients had a grade >3 urologic radiation response (two
patients had a vaginal bladder fistula at 10 and 23 months,
respectively), and one patient had a grade >3 gastrointestinal
radiation response (1 patient had a colorectal fistula at 26 months
after radiation) (Tables 1 and 2, supporting information). It has
been reported that the cumulative dose of EQD2 in the bladder
and rectum below 100 Gy is safe for HDR-BT reradiation (11). In
our study, we found that, if the tumor could disappear, then the
therapeutic toxicity caused by the cumulative dose of 136 and 120
Gy in the bladder and rectum was acceptable. If LC is poor, then
serious complications may not occur before death.

Considering that HDR-ISBT reirradiation can lead to serious
complications, selecting the individuals who would benefit from
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treatment is critical. Mabuchi et al. (14) suggested that tumor-free
survival (>6 months), tumor diameter (<40 mm), and the initial
FIGO staging (I-II) prognosis were good. The more the combined
risk factors, the worse the prognosis and the lower the treatment
benefit. In the study of Weitmann et al. (26), recurrence time > 2
years, initial tumor diameter <4cm, initial volume <15 cm’, no
pelvic lateral wall invasion, volume before BT< 7.5 cm?, and the
prescribed dose > 64 Gy were positive predictors. Mahantshetty
et al. (13) suggested that patients who received >40-Gy EQD2
reirradiation dose and the interval between two radiotherapy
sessions>25 months had a better prognosis. However, because
of the sample size, these data were not statistically significant.
Zolciak-Siwinska et al. (11) showed that the interval between
initial RT and reirradiation <12 months and the tumor diameter >
3 cm had a poor prognosis.

Our results confirmed that tumor volume < 80 cm® before
reirradiation, TFI >12 months, local tumor reaching CR after
reirradiation, and no tissue invasion of pelvic wall, rectum, and
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bladder were the factors for a better prognosis. The dose level did
not affect PRS. This observation may be due to the small size and
heterogeneity of the study group or due to our higher prescribing
dose. For patients with larger tumors and wider areas of
invasion, we give higher doses, because we want to increase
the local dose of the tumor to improve the LC rate, and the
limitation of normal tissue is not too strict. Therefore, the
prognosis of patients with the re-radiotherapy dose of > 64 Gy
was worse. Further large-scale prospective clinical studies are
needed to select suitable patients for HDR-ISBT reirradiation.

Conclusions

To sum up, our findings revealed that HDR-BT reirradiation
is clinically feasible in patients with recurrent cervical cancer
after radiotherapy, even if the local tumor invasion is large, there
is a good chance of survival and an acceptable risk of
complications. We suggest that the cumulative dose of EQD2
in the bladder and rectum can be relaxed to 136 and 120 Gy
when ISBT re-radiotherapy is performed for recurrent cervical
cancer with a chance of radical cure.
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Xi'an, China, 2Department of Radiological Health, Xi'an Center for Disease Control and Prevention,
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Purpose: Our purpose was to investigate the influence of atlas library size and CT
cross-slice number on the accuracy and efficiency of the atlas-based auto-
segmentation (ABAS) method for the automatic contouring of clinical treatment
volume (CTV) and organs at risk (OARs) during cervical cancer radiotherapy.

Methods: Of 140 cervical cancer patients, contours from 20, 40, 60, 80, 100,
and 120 patients were selected incrementally to create six atlas library groups in
ABAS. Another 20 tested patients were automatically contoured with the ABAS
method and manually contoured by the same professional oncologist.
Contours included CTV, bladder, rectum, femoral head-L, femoral head-R,
and spinal cord. The CT cross-slice numbers of the 20 tested patients included
61, 65, 72, 75, 81, and 84. The index of dice similarity coefficients (DSCs) and
Hausdorff distance (HD) were used to assess the consistency between ABAS
automatic contouring and manual contouring. The randomized block analysis
of variance and paired t-test were used for statistical analysis.

Results: The mean DSC values of “CTV, bladder, femoral head, and spinal cord”
were all larger than 0.8. The femoral head and spinal cord showed a high degree of
agreement between ABAS automatic contouring and manual contouring, with a
mean DC >0.80 and HD <1 cm in all atlas library groups. A post-hoc least
significant difference comparison indicated that no significant difference had
been found between different atlas library sizes with DSC and HD values. For
ABAS efficiency, the atlas library size had no effect on the time of ABAS automatic
contouring. The time of automatic contouring increased slightly with the increase
in CT cross-slice numbers, which were 99.9, 106.8, 114.0, 120.6, 127.9, and 134.8 s
with CT cross-slices of 61, 65, 72, 75, 81, and 84, respectively.

Conclusion: A total of 20 atlas library sizes and a minimum CT cross-slice
number including CTV and OARs are enough for ensuring the accuracy and
efficiency of ABAS automatic contouring during cervical cancer radiotherapy.
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Introduction

Radiotherapy, as an independent treatment strategy, plays an
important role in cervical cancer treatment (1). Delineating the
clinical target volume (CTV) and organs at risk (OARs) precisely is
essential to ensuring the curative effect of radiotherapy. However,
manual contouring is a time-consuming and complex process.
Significant variance can be detected among contours that were
delineated by different radiation oncologists or the same oncologist
at different times (2-4). Compared with the manual segmentation
process, atlas-based auto-segmentation (ABAS) could not only
significantly save time but also reduce subjective bias among
different radiation oncologists. In ABAS, segmented structures
from the atlas library are propagated onto a subject image using
the deformable image registration algorithm. Because multiple-
ABAS uses a voting scheme for determining whether a voxel is
inside or outside the structure, it is more susceptible to topological
artifacts compared with single-ABAS (5).

The atlas library should be set before applying the ABAS
method for delineating contours automatically. According to
published results, multiple-ABAS could overcome the issues
encountered with single-ABAS, such as large discrepancies in
volume and location between the atlas library and subject data
(6). However, the atlas library size varied a lot in different cases
and no authorized guideline could be taken as the reference (7-
10). Although there are several reports about atlas library size in
pelvic radiotherapy (11-13), especially for endometrial and
cervical cancer (14), limited atlas library groups and fewer test
cases were available on the impact of atlas library size on the
accuracy and efficiency of ABAS, which may lead to an
inaccurate conclusion. Rare works have researched the effect of
CT cross-slice numbers on the ABAS-performed efficiency.
Therefore, the aim of our study is to investigate the influence
of the atlas library size and CT cross-slice number on the
accuracy and efficiency of ABAS automatic contouring and
establish an optimal strategy for ABAS with atlas library size
and CT cross-slice number during cervical radiotherapy.

Material and methods
Patients
This retrospective study included 140 patients with newly

diagnosed, pathologically confirmed stage II-III cervical cancer
(7th edition of the AJCC staging system). All patients were
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treated with volume-modulated arc therapy (VMAT)
technology in the Radiation Oncology Department at the First
Affiliated Hospital of Xi’an Jiaotong University from October
2020 to October 2021. The VMAT plan was delivered at the
prescribed dose of 50 Gy (25 fractions) to the cervical tumor.
Neoadjuvant, concurrent, or adjuvant chemotherapy was
recommended for patients.

CT simulation

A total of 140 planning CT images from 140 patients were
collected. All patients were immobilized using thermoplastic body
mold in the supine position with hands raised and arms crossed
with elbows on the top of the head during CT simulation. All
patients were instructed that the rectum should be completely
empty and the bladder should be filled with 300 ml of water 2 h
before CT scanning. Each patient received a helical CT scanning
under free breathing conditions on a 16-slice CT scanner (Big Bore,
Philips Medical Systems, Cleveland, OH). The scanning parameters
were as follows: pixel spacing 1.1543 mm x 1.1543 mm, matrix 512
x 512, pitch 0.85, 120 kV, 400 mAs, thickness 3 mm, and layer
spacing 3 mm. The scanned images were sent to a MIM Maestro
version 6.7 software (Cleveland, OH, USA) with ABAS function
based on a computer (Intel(R), Xeon(R), E5-1603 CPU, 2.8 GHz,
four processors, 32 G RAM).

Manual contouring

The professional oncologist manually contoured CTV and
OARs on the CT-scanned images of all patients with reference to
RTOG 0418 (15) and consensus guidelines (16, 17). CTV included
the tumor volume and whole pelvic nodal volume. OARs included
the bladder, femoral head-L, femoral head-R, rectum, and spinal
cord. CTV and OARs were delineated manually by the same
professional oncologist with the mediastinum window setting (L
=40 Hu, W = 350 Hu) to make the interobserver lowest as soon as
possible, which were used as the atlas library data and tested the
segmentation ground truth.

Atlas library creation and
automatic contouring

Of 140 cervical cancer patients, 120 patients were randomly
registered in six different atlas library groups with 20, 40, 60, 80,
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100, and 120 patients incrementally for ABAS. The automatic
segmentation process was performed in the 20 remaining tested
patients with ABAS. The details are shown in Table 1. During
library construction, a template subject was assigned, and the
remaining subjects were registered to the template subject
separately. To minimize the bias and maintain the consistency
of the registration alignment, an additional intervention during
registration was prohibited. The ABAS algorithm automatically
matched the atlas subject according to the input tested set. The
optimal number of the matched atlas template was set to three
during ABAS automatic contouring. Based on the intensity and
the freeform cubic spline interpolation, contours of CTV and
OARs were deformed, registered, and transferred to the test set.
The CT cross-slice number of the selected automatically
contoured patients ranged from 61 to 84 (the average number
was 72 slices per patient). Then, manual correction of ABAS
automatic contours was performed in the 20 tested patients.

Quantitative evaluation of accuracy and
efficiency of ABAS automatic contouring

Contours generated by ABAS automatic contours were
compared with manually corrected ABAS automatic contours.
The Dice similarity coefficient (DSC) and Hausdorff distance
(HD) were used to evaluate the accuracy of automatic
contouring (14). DSC was defined as DSC = 2|ANB|/(A+B)
with A equaling the volume of automatic contouring volume and
B equaling the manual contouring volume. The results of DSC
were between 0 and 1, where 0 represents no intersection and 1
reflects a perfect overlap of structures. In contrast, HD
considered the degree of mismatch between two surfaces based
on contour boundaries, eliminating the ambiguity of the
volume-based DSC metric. Moreover, we timed the whole
process to evaluate the efficiency of the ABAS method.

Statistical method

Random analysis of variance and paired-sample t-test were
used to analyze the accuracy of automatic contouring results

TABLE 1 Characteristics of atlas library and tested patients.

TestN = 20
N =20 N =40
Mean age (SD) 50.8 (11.3) 52.1 (12.5) 53.4 (12.2)
Mean height (SD), cm 157.0 (7.4) 158.0 (6.9) 159.7 (6.4)
Mean weight (SD), kg 62.7 (8.5) 62.5 (7.1) 61.3 (6.8)
Mean BMI (SD), kg/m2 25.4 (4.5) 25.0 (4.3) 24.0 (3.9)
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between the different atlas library sizes and CT cross-slice
numbers. P < 0.05 was regarded as statistically significant.
SPSS 22.0 was used for statistics analysis.

Results

DSC and HD values of contours of “CTV
and OARs”

A total of 20 cervical cancer patients’ CTV and OARs were
delineated both by a radiation oncologist manually and ABAS
automatically with an atlas library size of 20. The consistency
between automatic and manual segmentation was assessed with
DSC and HD values. According to the results, the mean DSC
values of “CTV, bladder, femoral head, and spinal cord” were all
larger than 0.8. However, the mean DSC value and HD value of
the rectum were 0.695 and 2.508 cm, respectively. Therefore, the
contours of the rectum needed to be corrected greatly before
clinical application as shown in Figure 1 and Table 2.

The influence of atlas library size
on the accuracy of ABAS
automatic segmentation

ABAS was used to delineate the contours of “CTV and
OARs” of cervical cancer patients under different atlas library
groups (20, 40, 60, 80, 100, and 120, respectively). The DSC and
HD values of CTV and OARs in the different atlas library groups
are shown in Table 3 and Table 4. The results showed that
different atlas library sizes had little impact on the accuracy of
automatic contouring. Randomized block analysis of variance
was adopted to further investigate the influence of atlas library
size on the automatic contouring accuracy. Post-hoc least
significant difference (LSD) comparisons indicated that no
significant difference was found between different atlas library
groups as shown in Table 5 and Table 6. Therefore, an atlas
library size of 20 was enough to delineate CTV and OARs
automatically with the ABAS method during cervical
patients’ radiotherapy.

Size of atlas library

N =60 N =380 N =100 N =120
53.8 (11.7) 52.8 (12.3) 51.8 (11.9) 54.8 (12.6)
157.4 (7.6) 158.4 (6.9) 157.4 (7.8) 159.4 (7.5)
61.7 (7.5) 62.9 (7.6) 61.6 (8.3) 62.7 (7.3)
249 (4.1) 25.1 (3.8) 249 (4.2) 247 (4.4)
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FIGURE 1

Variance between manual contours and ABAS automatic contours in CTV and OARs of cervical cancer patients with an atlas library size of 20
(A1, B1, C1: CTV contour comparison, A2, B2, C2: bladder contour comparison, A3, B3, C3: rectum contour comparison, A4, B4, C4: spinal
cord comparison, A5, B5, C5: femoral head-L contour comparison, A6, B6, C6: femoral head-R contour comparison. Manual contours in red

color, and automatic contours in green color).

Influence of atlas library size and CT
cross-slice number on the efficiency of
ABAS automatic contouring

One-way ANOVA was adopted to investigate the influence
of atlas library size and CT cross-slice number on the efficiency
of ABAS automatic contouring. The atlas library size had no
effect on the time of ABAS automatic contouring, as shown in
Table 7. The times of ABAS automatic contouring increased
slightly with the increase in CT cross-slice numbers, which were
99.9, 106.8, 114.0, 120.6, 127.9, and 134.8 s with CT cross-slice
numbers of 61, 65, 72, 75, 81, and 84, respectively, as shown in
Table 8. As a result, a minimum CT cross-slice number was

suggested for delineating the CTV and OARs automatically
during cervical cancer radiotherapy.

Discussion

Our study investigated the influence of atlas library size and
patients’ CT cross-slice number on the accuracy and efficiency of
ABAS and established an optimal atlas library and CT cross-slice
for automatic contouring during cervical cancer radiotherapy,
which was rarely discussed in previous studies. ABAS was
introduced to delineate CTV and OARs automatically and
reduce interobserver and intra-observer contouring variability.

TABLE 2 DSC and HD value of CTV and OARs with an atlas library size of 20.

Structure DSC HD (cm)
CTV 0.816 + 0.046 2.195 + 0.340
Bladder 0.866 + 0.035 1.591 + 0.340
Rectum 0.685 + 0.048 2.508 + 0.559
Femoral head-L 0.867 + 0.039 0.843 + 0.369
Femoral head-R 0.873 + 0.047 0.789 + 0.260
Spinal cord 0.858 + 0.052 0.604 + 0.205
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TABLE 3 The DSC value of CTV and OARs in different atlas library groups (mean + SD).

20 40 80 100 120
CTV 0.816 + 0.046 0.818 + 0.046 0.819 + 0.049 0.814 + 0.036 0.819 + 0.061 0.810 + 0.046
Bladder 0.866 + 0.035 0.857 + 0.043 0.860 + 0.034 0.854 + 0.047 0.855 + 0.043 0.861 + 0.046
Rectum 0.685 + 0.048 0.682 + 0.041 0.693 + 0.042 0.689 + 0.048 0.682 + 0.048 0.692 + 0.053
Femoral head-L 0.867 + 0.039 0.868 + 0.047 0.865 + 0.037 0.875 + 0.046 0.864 + 0.046 0.870 + 0.038
Femoral head-R 0.873 + 0.047 0.865 + 0.041 0.870 + 0.045 0.867 + 0.042 0.869 + 0.046 0.879 + 0.037
Spinal cord 0.858 + 0.052 0.857 + 0.058 0.856 + 0.053 0.851 £ 0.038 0.859 + 0.037 0.858 + 0.051

Previous studies (3, 18) demonstrated that contouring time
could be reduced greatly using the ABAS method for head and
neck cancer. Voet et al. (19) demonstrated that the delineation
time was reduced from 180 to 66 min using the ABAS method
despite necessary auto-contour editing. However, it should be
noted that the manually corrected contouring times were
difficult to assess accurately because manual correction times
varied significantly with different oncologists or the same
oncologist at different times. Therefore, we mainly focused on
ABAS automatic contouring time without considering the
manually corrected time. In clinical practice, it was a challenge
to select the appropriate atlas library size. In our study, we found
that a large atlas library size was not necessary for ABAS
automatic contouring and an atlas library size of 20 could be
enough to insure the accuracy of automatic contouring with the
ABAS method. However, some authors validated ABAS based
on a higher number of subjects for male pelvis CT images
compared to what is concluded in the present article (20, 21).
Some authors validated ABAS based on a lower number of
subjects for prostate cancers if compared to what is concluded in
the present article (7, 11). In addition, Ducote et al. concluded
that the performance of ABAS was relatively insensitive to atlas
size for various head and neck cancers (22). Kim et al.
demonstrate that a different atlas library size had no impact
on the accuracy of ABAS-OAR automatic contouring and the
segmentation accuracy of ABAS-CTV improved with increasing
library size with ABAS (14). In our opinion, the size of the atlas
library is not an independent factor in determining the quality of
auto-segmentation.

DSC was used to assess the overlap ratio between ABAS
automatic contouring and manual contouring. In our study, we
found that ABAS showed acceptable accuracy in delineating
CTV and parts of OARs such as bladder, femoral head-L,

femoral head-R, and spinal cord, with the mean DSC of 0.816,
0.866, 0.867, 0.873, and 0.858, which was larger than a good
overlap standard of 0.7 according to a published paper (8). The
femoral head and spinal cord showed a high degree of agreement
between ABAS automatic contouring and manual contouring,
with a mean DC >0.80 and HD <1 cm in all atlas library groups,
which was similar to the result by Kim et al. (14). For ABAS
efficiency, we found that the atlas library size had no effect on the
time of ABAS automatic contouring and automatic contouring
time increased with the increase in CT cross-slice number.
Therefore, we suggested a minimum CT cross-slice number,
which could include CTV and OARs, for ABAS automatic
contouring during cervical patient radiotherapy.

Earlier work by Stuart Greenham et al. (12) evaluated the
performance of ABAS automatic contouring, and the results
showed that the bladder and CTV, which are the two largest
structures in the pelvis, were delineated precisely in delineating
the pelvic anatomy, which was similar with the results of our
study. Among all the OARs, the bladder, femoral heads, and
spinal cord achieved a higher DSC value and a lower HD value.
This may be due to the relatively clear boundary and high
contrast between these structures and the background. However,
it should be noted that ABAS could not precisely delineate the
rectum in this study. There are two reasons for this result. First,
this could be caused by the unclear boundaries and the massive
diversity in sizes, shapes, and locations for different patients.
Even an experienced radiotherapy oncologist sometimes had to
delineate the rectum boundary by experience instead of by
images. To get accurate delineating results, manual corrections
were suggested for rectum automatic contouring. In accordance
with radiotherapy instructions, the rectum should be completely
empty before CT scanning and the CT scanning time should be
enough to acquire the images with contrast-enhanced

TABLE 4 The HD value of CTV and OAR:s in different atlas library groups (mean + SD, cm).

20 40 80 100 120
CTV 2.195 + 0.340 2.335 £ 0.223 2.310 £ 0.265 2.345 + 0.255 2.363 + 0.275 2.074 £ 0.308
Bladder 1.591 + 0.340 1.612 £ 0.257 1.566 + 0.332 1.571 £ 0.293 1.614 £ 0.272 1.559 + 0.298
Rectum 2.045 £ 0.562 2.097 + 0.554 1.967 £ 0.381 1.956 + 0.401 2.039 + 0.429 1.925 + 0.449
Femoral head-L 0.843 + 0.369 0.727 + 0.230 0.774 £ 0.204 0.690 + 0.217 0.725 + 0.297 0.730 + 0.228
Femoral head-R 0.789 + 0.260 0.730 + 0.235 0.700 + 0.140 0.635 £ 0.185 0.698 + 0.195 0.673 + 0.167
Spinal cord 0.604 + 0.205 0.767 + 0.336 0.640 + 0.225 0.626 + 0.267 0.677 + 0.213 0.636 + 0.161
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TABLE 5 Results of post-hoc least significant difference (LSD) with DSC value among different atlas library groups.

Atlasgroup Atlasgroup CTV Bladder Rectum
20 40 0.753 0.694 0291
60 0.519 0.094 0.490
80 0.954 0372 0.268
100 0.508 0.260 0.644
120 0.745 0.886 0.104
40 20 0.753 0.694 0291
60 0.740 0.040 0.712
80 0.797 0.200 0.958
100 0.727 0.131 0.551
120 0.991 0.591 0.558
60 20 0.519 0.094 0.490
40 0.740 0.040 0.712
80 0.556 0.425 0.673
100 0.986 0573 0.819
120 0.749 0.124 0342
80 40 0.954 0372 0.268
60 0.797 0.200 0.958
80 0.556 0.425 0.673
100 0.545 0.813 0.516
120 0.788 0453 0.594
100 20 0.508 0.260 0.644
40 0.727 0.131 0.551
60 0.986 0573 0.819
80 0.545 0.813 0.516
120 0.736 0325 0.240
120 20 0.745 0.886 0.104
40 0.991 0.591 0.558
60 0.749 0.124 0.342
80 0.788 0.453 0.594
100 0.736 0325 0.240

ultrasound properly, which could improve the clarity of rectum
boundaries and contouring accuracy. However, it was hard to
control in clinical practice, which could result in poor automatic
contouring and inaccurate manual contouring. Second, the
atlas-based auto-segmentation method lacks necessary
intervention methodologies and provides little final control by
the medical doctor over the segmentation. Recently, auto-
segmentation methodology with a user-defined template for
the library construction could handle the variations in rectum
anatomy. Luddemann et al. (23) have evaluated an interactive
graph-based segmentation algorithm with a user-defined
template by comparing the computer-assisted segmentation
results with manual expert segmentation of the rectum/
sigmoid colon and yielded a DSC of 83.58 + 4.08% in
gynecological brachytherapy. Therefore, auto-segmentation
with a user-defined template can be used for rectosigmoid
colon segmentation in gynecological external-beam radiation
and gynecological brachytherapy.
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Femoral head-L Femoral head-R Spinal cord
0.592 0.610 0.240
0.237 0.492 0.191
0.883 0.877 0.062
0.320 0.705 0.199
0.592 0.722 0.163
0.592 0.610 0.240
0.514 0.859 0.892
0.697 0.722 0477
0.644 0.895 0.910
1.000 0.877 0.820
0.237 0.492 0.191
0.514 0.859 0.892
0.299 0.594 0.565
0.848 0.757 0.982
0.514 0.740 0.928
0.883 0.877 0.062
0.697 0.722 0477
0.299 0.594 0.565
0.395 0.823 0.550
0.697 0.841 0.628
0.320 0.705 0.199
0.644 0.895 0.910
0.848 0.757 0.982
0.395 0.823 0.550
0.644 0.981 0.910
0.592 0.722 0.163
1.000 0.877 0.820
0.514 0.740 0.928
0.697 0.841 0.628
0.644 0.981 0.910

Recently, the scope of auto-segmentation has been expanded to
arterial intelligence (AI)-based contouring using deep learning
algorithms (24-29). Earlier work by Liu (30) demonstrated that
the mean DSC values of deep learning-based methods were 0.924
for the bladder, 0.906 for the femoral head-L, 0.900 for the femoral
head-R, 0.791 for the rectum, and 0.827 for the spinal cord. The
results of ABAS in this study had comparable performance with
deep learning methods in the spinal cord but an inferior
performance in the bladder, rectum, femoral head-L, and femoral
head-R. The deep learning-based method outperformed the ABAS
method in OAR automatic contouring. However, many
radiotherapy departments have to use ABAS to automatically
contour the target area and normal organs due to a lack of deep
learning equipment or condition. This study provided a method for
selecting appropriate atlas library sizes and CT cross-slices for the
departments with ABAS.

There are several limitations in the current study. First, a
cohort of patients was included in all the atlases used in six
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TABLE 6 Results of post-hoc least significant difference (LSD) with HD value among different atlas library groups.

Atlasgroup Atlasgroup CTV Bladder Rectum
20 40 0.195 0.829 0.723
60 0.287 0.789 0.602
80 0.164 0.834 0551
100 0.120 0.813 0.970
120 0261 0.737 0.421
40 20 0.195 0.829 0.723
60 0.816 0.629 0.382
80 0.922 0.670 0343
100 0.791 0.983 0.696
120 0.117 0.581 0.248
60 20 0287 0.789 0.602
40 0.816 0.629 0382
80 0.741 0.954 0.941
100 0.618 0.614 0.628
120 0.060 0.946 0.777
80 40 0.164 0.834 0551
60 0.922 0.670 0343
80 0.741 0.954 0.941
100 0.867 0.655 0.576
120 0.113 0.900 0.834
100 20 0.120 0.813 0.970
40 0.791 0.983 0.696
60 0.618 0.614 0.628
80 0.867 0.655 0.576
120 0.108 0.567 0443
120 20 0.261 0.737 0421
40 0.117 0.581 0.248
60 0.060 0.946 0.777
80 0.113 0.900 0.834
100 0.108 0.567 0.443

different atlas libraries. This pool could be overrepresented, and
this issue could influence somehow the results of the work.
Therefore, further investigations including a large number of
independently tested patients are needed for evaluating the
efficacy of the current ABAS library. Second, the research of
this approach only evaluated the influence of CT cross-slice
numbers on the time of ABAS automatic contouring. Future
work will be required to evaluate the influence of CT cross-slice
number on DSC and HD values of ABAS automatic contouring.

Femoral head-L Femoralhead-R Spinal cord
0.169 0.356 0.064
0413 0.164 0.637
0.069 0.067 0.773
0.162 0.153 0.340
0.180 0.071 0.675
0.169 0.356 0.064
0.574 0.638 0.098
0.654 0.138 0.067
0.981 0.610 0.240
0971 0372 0.088
0413 0.164 0.637
0.574 0.638 0.098
0313 0309 0.854
0.558 0.969 0.628
0.599 0.672 0.958
0.069 0.067 0.773
0.654 0.138 0.067
0313 0309 0.854
0.671 0328 0.504
0.628 0551 0.896
0.162 0.153 0.340
0.981 0.610 0.240
0.558 0.969 0.628
0.671 0328 0.504
0.952 0.701 0.591
0.180 0.071 0.675
0971 0372 0.088
0.599 0.672 0.958
0.628 0.551 0.896
0.952 0.701 0.591

Conclusion

In our study, 20 atlases and a minimum CT cross-slice number
could insure the accuracy and efficiency of ABAS automatic
contouring during cervical cancer radiotherapy. Considering that
ABAS could not delineate the rectum organ accurately, manual
correction by a radiation oncologist is necessary. The data that we
used in this study was from only one department, which means that
the model may not apply to data with different situations. A larger

TABLE 7 The time of ABAS automatic segmentation among different atlas library sizes.

Time (s)
20 114.3
40 1152
60 114.1
80 115.8
100 117.2
120 119.2

Range P value

108.7~119.9
109.2~121.1
100.2~128.1 0.974
103.9~127.8
104.2~130.1

105.8~136.7
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TABLE 8 Time for ABAS automatic contouring among different CT cross-slice numbers.

CT cross-slice number 61 65 72 75 81 84 P
Time (s) 99.9 106.8 114.0 120.6 127.9 134.8 0.032
dataset and more data sources could make the result more robust ACknOWledg ments

and have a better generalization capability.
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Purpose: Although the knowledge-based dose-volume histogram (DVH)
prediction has been largely researched and applied in External Beam
Radiation Therapy, it is still less investigated in the domain of brachytherapy.
The purpose of this study is to develop a reliable DVH prediction method for
high-dose-rate brachytherapy plans.

Method: A DVH prediction workflow combining kernel density estimation
(KDE), k-nearest neighbor (kNN), and principal component analysis (PCA) was
proposed. PCA and kNN were first employed together to select similar patients
based on principal component directions. 79 cervical cancer patients with
different applicators inserted was included in this study. The KDE model was
built based on the relationship between distance-to-target (DTH) and the dose
in selected cases, which can be subsequently used to estimate the dose
probability distribution in the validation set. Model performance of bladder
and rectum was quantified by [ADscc|, [AD1ccl. [ADg 1ccl. IADmaxl. @nd [ADmeanl in
the form of mean and standard deviation. The model performance between
KDE only and the combination of kNN, PCA, and KDE was compared.

Result: 20, 30 patients were selected for rectum and bladder based on KNN and
PCA, respectively. The absolute residual between the actual plans and the
predicted plans were 0.38 + 0.29, 0.4 + 0.32, 0.43 + 0.36, 0.97 + 0.66, and
0.13 + 0.99 for |ADsccl, |AD1ccl, 1ADg 1ccl, |ADmaxl, @and |ADmeanl in the bladder,
respectively. For rectum, the corresponding results were 0.34 + 0.27, 0.38 + 0.33,
0.63 + 0.57,1.41 + 0.99 and 0.23 + 0.17, respectively. The combination of kNN,
PCA, and KDE showed a significantly better prediction performance than KDE
only, with an improvement of 30.3% for the bladder and 33.3% for the rectum.

Conclusion: In this study, a knowledge-based machine learning model was
proposed and verified to accurately predict the DVH for new patients. This
model is proved to be effective in our testing group in the workflow of HDR
brachytherapy.

KEYWORDS

machine learning, brachytherapy, cervical cancer, dose prediction, radiation oncology
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1 Introduction

Cervical cancer is the fourth most common cancer in women
globally (1). The treatment of cervical cancer relies on a
combination of external radiotherapy and HDR brachytherapy
to increase the dose being delivered to the primary tumor (2, 3).
Numerous studies have shown that high-dose-rate
brachytherapy (HDR-BT) is strongly correlated with patients’
survival rates and plays an essential curative role in cervical
cancer (4, 5). It allows delivery of highly localized doses to the
target and excellent sparing of surrounding organs at risk
(OARs). High-quality planning is a critical component in
gynecologic BT treatment. However, unlike in external-beam
radiation therapy (EBRT), the planning workflow in BT
necessitates the collaboration of multidisciplinary teamwork in
the shortest possible time to minimize the patient’s discomfort
and movement. The pressures of a fast-paced and accurate
planning will put the entire workflow under stress, raising the
risk of planning errors. Additionally, the experience and
preference of brachytherapy planners, as well as clinical
expertise and intuition would result in large inter- and intra-
plan quality variations, further introducing more uncertainties
to the BT treatment.

In the last decade, Knowledge-based planning (KBP), a new
set of data-driven methodologies has been developed to improve
the quality and efficiency of EBRT planning based on the
previous high-quality clinical plans (6-9). Many researchers
have demonstrated KBP’s strength and validity in guiding
planners to achieve optimal dose-volume histograms (DVHs)
for OARs in treatment planning (10-12). KBP methods in EBRT
are usually classified into two major categories: (a) case and
atlas-based methods; and (b) statistical modeling and machine
learning methods. In general, case and atlas-based methods
utilize geometric features to find the best-matched prior cases
from a database to improve the current planning. The statistical
modeling and machine learning approaches try to build dose
prediction models based on regression models such as stepwise
regression (13, 14), multivariate linear regression (15-17),
support vector regression (18, 19), and logistic regression (20,
21). After years of development, KBP methods have been widely
investigated and even clinically implemented in commercial
treatment planning systems. RapidPlanTM, a commercial
software module integrated into Eclipse released by Varian
(Varian Medical Systems, Palo Alto, CA, USA), is one
such system that predicts the achievable doses and specifies
the optimization objectives needed to achieve them based on the
KBP method. The success of RapidPlanTM has demonstrated the
KBP’s practicability and effectiveness in EBRT (22, 23).

All these achievements verified the success KBP achieved in
model accuracy, stability, and feasibility in clinical application in
the area of EBRT. As mentioned above, the unique clinical
workflow in BT makes it vulnerable to suboptimal plans. Quality
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control tools such as KBP are especially important, and
promising in detecting suboptimal plans in BT. Moreover,
current recommendations and guidelines have provided
various dose constraints for BT planning. These population-
based guides mainly concentrate on ensuring normal tissues do
not exceed the dose limits, rather than guaranteeing individual
patient receive the optimal dose distribution for their anatomy
(24). Therefore, patient anatomy-based KBP, which could be
used as patient-specific dose predictions to quantify currently
unknown quality variations, would be particularly useful
for brachytherapy.

However, despite great success achieved in EBRT, KBP is
still far relatively unexplored in HDR brachytherapy due to some
exceptional challenges in brachytherapy. The main reason is that
the dose distribution in BT plans is highly constrained around
the inserted applicator, resulting in insufficient freedom of dose
modulation in planning. To the best of our knowledge, only two
studies have investigated the possible application of KBP in
brachytherapy, and both focused on tandem and ovoid
applicator in an intracavitary setting. In Yusufaly et al.’s study
(25), the authors used an established external-beam knowledge-
based DVH estimation method to predict D, in OARs. Zhou
et al. (26) proposed a support vector machine model for dose
prediction and effectively predicted D,.. Both studies
demonstrated good results in predicting critical brachytherapy
dose metrics using intracavitary brachytherapy applicators.
Currently, only Tandem and Ovoid applicators were
investigated in the knowledge-based planning strategies.
However, various applicators with different geometry and
source position would increase the dose distribution’s
versatility and complexity.

In this study, we proposed a KBP method to estimate the
OAR dose distribution in HDR-BT treatment. To our
knowledge, this work is the first application of knowledge-
based dose estimation in HDR-BT with both intracavitary and
interstitial cases included.

2 Method
2.1 Prediction pipeline

The study consists of two main tasks: (a) training dataset
selection and (b) model training and validation. Figure 1 shows
an overview of the entire workflow. Briefly, we first performed
the principal component analysis (PCA) for all the training
cases. Then, we retrieved the top k (bladder: k=30, rectum: k=20)
plans from the training database based on PCA results using the
k-nearest neighbor (kNN) algorithm. Cases in the new dataset
have the most similar features to the cases in the validation
dataset. These selected cases are then used to create a new
training dataset to build training models. Subsequently, we
used kernel density estimation (KDE) to develop a robust
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FIGURE 1
Pipeline of the DVH prediction.

prediction model based on the selected k plans. After training, a
series of validation tests were conducted.

2.2 Patient database

79 HDR cervical patients previously treated in our center
from 2019 to 2021 were included in this retrospective study.
Each patient consists 2-4 fraction, with a total of 216 cases/
fractions were involved. In this study, a ‘case’ indicates one single
fraction containing a unique simulation CT and a treatment
plan. All the cases were randomly divided into two datasets, with
170 cases in the training dataset and 46 cases in the
validation dataset.

OARs and HRCTV were contoured based on CT images
acquired at a GE 128 slice CT (Discovery, GE Healthcare, Inc.)
using a tube setting of 120kV and 60mAs. All of the scans used
identical parameters for image acquisition and reconstruction.
The slice thickness and slice increment were 2.5*2.5mm. Each
patient was treated with an applicator set among Tandem and
Ovoid applicator (T+0O), Ovoid applicator alone, Vaginal Multi-
Channel applicator, 3D printed applicators, free needles, and a
tandem applicator with up to 10 interstitial needles (T+N). The
overview of the treatment characteristics is shown in Table 1.

According to the OARs dose constraint and the prescribed
dose for the target (HR-CTV) recommended by the GEC-
ESTRO, and the American Brachytherapy Society (ABS), all
the treatment plans were created using the Oncentra treatment
planning (Elekta, Stockholm, Sweden) system and based on TG
43 algorithm. The HRCTV was given an 80-90Gy EQD2
(biologically equivalent dose in 2-Gy fractions) prescription
dose, assuming o/f = 10. The bladder was given a maximum
D, of 90Gy EQD2, and the rectum was given a maximum Dj.
of 75 Gy EQD2, assuming o/} = 3. The prescription dose in
HDR brachytherapy ranges from 4-6 Gy/fraction (Table 1). In
the treatment planning, we use a graphical optimization
approach to repeatedly optimize the plan until the dose
administered to 90% of the HRCTV reached the prescription
dose. The dose distribution in each plan was scrutinized by
physicians and physicists to ensure the dose distribution was
clinically acceptable before treatment.
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2.3 DVH prediction modeling

2.3.1 Feature reduction

Principal component analysis (PCA) has been applied to the
brachytherapy plans to reduce the data dimensions and the
model complexity (18, 27). PCA enables the transformation of a
large set of variables into a smaller one containing most of the
information. In this study, four features closely related to the
dose distribution were processed using PCA to further reduce
their dimensions: HRCTV volume, the distance between the
centroids of the D,.. and the HRCTYV, prescription dose, and the
average distance from D, to the margin of the HRCTV. PCA
simplifies the diversity of the dose distribution into a few
principal component directions, and the individual variations
can be represented by a small number of principal components.
In our study, the first three principal components account for
more than 90% of the variance (Figure 2) in both bladder and
rectum, and thus were employed in the subsequent kNN
similarity matching process for case selection.

TABLE 1 Treatment characteristics of included patients.

Training Dataset Test Dataset

Applicator Type

Tandem + Needles 26 8
Vaginal 34 8
Tandem + Ovoid 45 15
Ovoid 28 5
Free Needles 26 6
3D_Printed 11 4
Total 170 46

Prescription Dose

4 10 5
4.5 5 2
5 40 12
5.5 15 3
6 100 24
Total 170 46

Prescription dose and applicator types are grouped based on data from all included
fractions(cases) per patient.
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Scree plots of the bladder (left) and rectum (right) after PCA was applied to the training database. The percentage of variance represented by
individual PC is plotted in descending order as blue bars, and the cumulative total is represented by red lines.

2.3.2 k-Nearest similarity matching

To take full advantage of the proposed feature, we
incorporated k-Nearest Neighbors (kNN) similarity matching
(28), a known robust non-parametric regression method to
reduce model complexity. The purpose of kNN is to select a
subset of training cases that matches closest to the validation
case to create a new training dataset for subsequent model
training. After recasting the training dataset along the
principal component axes, the Euclidean distance between the
single case in the validation set and each case in the training
dataset was calculated separately in three principal component
dimensions. kNN was thus used to retrieve k cases having the
smallest Euclidean distance (bladder: k=30, rectum: k=20) in the
training dataset.

2.3.3 Kernel density estimation

Considering that the determinant factor for dose levels near
the HRCTV is the distance to the HRCTV, the histogram of
distances from voxels in OARs to the HRCTV surface, which is
the distance-to-target histogram (DTH), is a natural choice for
predictive features. Thus, we implemented kernel density
estimation (29, 30) for model training in this study. In KDE,
for each voxel inside the OAR, we measure the closest distance
from the voxel to the HRCTV boundary, and the distance was
denoted by x; = X3, X,,... X; (Figure 3). The second step was to
estimate the joint probability P ; (d, xi) of the dose d and the
distance x, in which d was the corresponding dose in each voxel
inside the OAR. Thirdly, we estimated the distance probability
distribution Px; (xi), and calculated the conditional probability
through: Ppy (d|xi) = Pp, x; (d, xi)/Px;(xi)

In the prediction part, we estimated the new distance
distribution probability Pi(xi) for each case from the
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validation set. Based on the calculated conditional probability
in the training process, the prediction of the dose distribution
for a new patient in the validation set can be calculated as: P},
(d) = > Ppxi(dxi) - Pi(xi). In the final step, DVH was
defined as a function of the dose d and the probability that
a random variable D was larger than or equal to d:
DVH(d) = 1-P(D<d) = 1- A P} (s)ds.

2.4 Model validation

To quantitatively measure the prediction accuracy of the
proposed model, we set the actual clinical plan DVHs as a
baseline for comparison. Specific dose-volume indices including
Djco Dico Do.1co Dmaxs and Dypean, Were extracted and analyzed,
where D, represented the minimum dose received by x cm?® of
an OAR. Absolute residuals of predicted value and the actual
value (|ADsc|, |ADcc)s |ADg.1cc)s |ADmax|> @and |ADpean|) were
calculated to assess the level of agreement between the predicted
DVHs and the actual plan DVHs. Standard deviation (G) over
the residuals was considered a measure of model error. The
mean squared error (MSE) was calculated for all planned and
predicted D, values.

2.5 Statistical analysis

Significant differences were determined using a two-sided
paired t-test. Correlations between predicted parameters and
actual parameters were tested by performing the
Pearson correlation test. Kruskal-Wallis ANOVA was
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FIGURE 3

Illustration of the KDE method in the brachytherapy treatment planning. For each voxel in the OAR, xi is the distance between this voxel and its
closest voxel on the HRCTV surface and di is the dose received in each voxel inside the OAR.

employed to identify differences among various applicators. All
statistical data analyses were performed using Python.

3 Results

For each test case, we built a model trained with the selected k
cases (bladder: k=30, rectum: k=20) from a total of 170 training
cases. The model accuracy was evaluated using a separate
validation dataset consisting of 46 cases. The kernel density
model based on 170 cases is shown in Figure 4. There was no
statistically significant difference between the predicted and actual
D, values for the bladder (p = 0.74), rectum (p = 0.57) in the
validation group. As shown in Table 2, the MSE value of D, for
the bladder was 0.23, and for rectum was 0.18. In bladder, the
absolute difference between predicted plans and actual plans in
Dsco» Dico Doico Dmax and Diean, were 0.38 + 0.29, 0.4 + 0.32,
0.43 + 0.36, 0.97 + 0.66 and 0.13 + 0.09, respectively. For the
corresponding rectum, the absolute difference values were 0.34 +
0.27, 0.38 + 0.33, 0.63 + 0.57, 1.41 + 0.99 and 0.23 + 0.17,
respectively. The model prediction error in D, to the bladder,
and rectum was within 0.3 Gy, as quantified by the standard
deviation (Figure 5).
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The model-predicted DVHs were compared to their
corresponding DVHs in the actual plans to assess the model’s
prediction accuracy. The DVHs of one example in the validation
set were plotted and compared, as shown in Figure 6.

4 Discussion

Knowledge-based planning in EBRT has demonstrated its
effectiveness across multiple disease sites. However, it is still less
investigated in high-dose-rate brachytherapy. This study
developed a KBP method for DVH prediction in HDR-BT.
Theoretically, such a KBP model can be trained using gold-
standard datasets and serve as quality assurance tools in the
clinic to identify suboptimal plans in treatment planning
prospectively. Therefore, this KBP method has a great
potential to assess the treatment plan quality and offer
guidance for following plan optimization.

Different from previous studies, in which only T+O applicator
was investigated (25, 26, 31), we involved different applicator sets
including T+O, Vaginal Multi-Channel applicator, Ovoid
applicator, free needles, 3D printed applicators, and T+N
applicators. Overall, our results show slightly better accuracy in
Dy than Yusufaly et al. (25): bladder ¢ was 0.36 Gy vs. 0.46 Gy,
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(A, B) depict the KDE model for bladder(left) and rectum(right) of 170 training cases.

rectum ¢ was 042 Gy vs. 0.47 Gy. (Since Yusufaly used relative
error, here we also used the results of relative error for comparison.)
To evaluate whether the applicator types would affect the predictive
accuracy, we applied the Kruskal-Wallis analysis of variance
(ANOVA) test in the validation dataset. The ANOVA revealed

TABLE 2 Model performances for bladder and rectum.

that D, has no significant statistical difference among different
applicators (p=0.109). A possible explanation for this might be that
the combination of KNN and PCA selected similar training cases for
each validation case, reducing the variation in dose distribution
caused by different applicators.

MSE (D2cc) |[AD2cc| |AD1cc| |ADO.1cc| |[ADmax| |[ADmean|
Bladder 0.23 0.38 % 0.29 0.4 +032 0.43 + 0.36 0.97 + 0.66 0.13 + 0.09
Rectum 0.18 034 027 0.38 = 0.33 0.63 £ 0.57 141 +0.99 023 0.17

The mean squared error and the absolute difference between predicted values and actual values were calculated.

r=10.89
mse = 0.23 Gy

IS

Actual bladder D2cc
L 4

2 3 4
Predicted bladder D2cc

FIGURE 5

r=0.73
mse = 0.18 Gy

Actual rectum D2cc

2 3 4
Predicted rectum D2cc

Actual vs. predicted D2cc for the bladder(left) and rectum(right), as well as the Pearson correlation coefficients (r), standard deviation (indicated
by ¢ as well as light pink shaded area). Blue lines indicate the theoretically ideal predictions
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FIGURE 6

80 100
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One example in the validation set demonstrating actual (solid line) and predicted (dotted line) DVHs. Orange lines represent the bladder, and

green lines represent the rectum.

kNN was used to select k plans in the training dataset
that mostly resemble the case in the validation dataset for
model training. Once we determined the k value, we would
neglect or hardly consider the information of other nearest
neighbors. Thus, reducing the number of cases for training
naturally comes at the expense of accuracy. The benefit of the
case reduction is that smaller data set is easier to explore and
analyze. It eliminates redundant and irrelevant variables and gives
rise to an easier and faster training process in machine learning. A
proper k value is crucial for model training and an inappropriate k
value may yield unstable performance. To select the most
appropriate k value, we run the kNN algorithm on 20 test cases
with k values ranging from 10-40. The k value achieved the best
model performance in D, was used in model training (Table 3).
Thus, we select k=30 for bladder and 20 for the rectum.

PCA was combined with KNN for better similarity matching
in case selection. The main function of PCA was to reduce
feature dimensionality in an interpretable way, while preserving

TABLE 3 Mean square error of predicted D,.. using different k
values.

k Bladder Rectum
10 0.283 0.094
20 0215 0.091
30 0.210 0.106
40 0.215 0.110

Frontiers in Oncology

as much information as possible at the same time. In our study,
the first three principal components were used for kNN
similarity matching. To verify the effectiveness of the PCA and
kNN in model performance, we tested two different methods,
KDE only, and KDE combined with kNN and PCA, separately.
As shown in Table 4, results showed that the all-inclusive
approach which combined KDE, kNN and PCA achieved the
best D,.. performance for both bladder and rectum. The all-
inclusive method showed a significantly better prediction
performance than KDE only, with an improvement of 30.3%
for bladder and 33.3% for rectum. Figure 7 depicts one example
predicted DVHs and actual DVHs (ground truth) for bladder
and rectum. The DVHs predicted using all-inclusive method had
the lowest difference from the actual DVHs.

DVH prediction modeling is often a complex, not a simple
problem. There are still several sources of error limiting the model"s
ability to predict a satisfactory DVH. In this investigation, the main
error came from the nonconformity of the HRCTV dose
distribution, and 100% prescription dose line (contour of Vggo,)-
In KDE, since we do not have the contour of 100% prescription
dose line for validation cases, we use HRCTV instead. We
calculated the probability distribution based on the assumption
that HRCTV achieved exactly 100% prescription dose. However,
the dose distribution inside the HRCTV was determined by the
source dwell position and dwell time, and the dose distribution in
brachytherapy are highly constrained around applicators. The
HRCTV and 100% prescription dose line can be slightly
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TABLE 4 Comparison of model performances using different methods.

MSE (D2cc) |[AD2cc|

Bladder KDE 0.27 0.44 +0.28
KDE+kNN+PCA 0.23 0.38 £ 0.29

Rectum KDE 0.27 0.43 +0.31
KDE+kNN+PCA 0.18 0.34 +0.27

10.3389/fonc.2022.967436

|AD1cc| |[ADO.1cc| |ADmax| |[ADmean|
0.47 £0.29 0.5 +0.42 2119 032+02

0.4 +032 0.43 + 036 0.97 + 0.66 0.13 + 0.09
0.45 +0.34 0.54 + 0.49 0.93 £ 0.72 031 %023
0.38 + 0.33 0.63 + 0.57 141 +0.99 023 +0.17

The mean squared error and the absolute residual between predicted values and ground truth were calculated.

inconsistent if the case has inadequate or inappropriate applicator
positions in some slices, especially in the slices at the beginning or
the end of HRCTV. That is to say, the bias between the HRCTV
contour and the 100% prescription dose line would cause error in
the subsequent dose probability estimation. Thus, we applied a
contour correction method to adjust the HRCTV contour.

1 1
Mean = — —
n2 rﬁj

wherei=1,2,3...n, nis the number of points in the HRCTV
boundary, j = 1, 2, 3... m, m is the number of applicators, Iy
represents the distance between the point in the HRCTV
boundary to the applicator.

Figure 8 shows the optimized HRCTV contour based on the
correction method. The Dice Similarity Coefficient (DSC) value
was used to evaluate the matching degree after correction. The
DSC values between the optimized contour and 100% prescription
dose line indicate a slightly better match degree than the original
HRCTYV contour, but ultimately these corrections made unstable
and modest improvements ranging from -0.023-0.057 in Dy
prediction accuracy. Thus, we did not integrate this correction
into our machine learning algorithm. This limitation will become
the direction of our future research.

To sum up, this work presents a KBP method to predict
DVH for OARs in brachytherapy treatment. Patient anatomical
features in previously treated cases were learned to predict

100

—— Ground Truth

—— KDE+KNN+PCA
KDE

—— KDE+kNN

Volume (%)

40

0 20 40 60 80
Dose (% Rx)

100

FIGURE 7

DVHs for new patients. The predictions based on the
individual patient geometry could motivate planners to go
beyond the dosimetric constraints imposed by protocols to
improve planning and provide better dose sparing for OARs.
In our study, the entire process, including case selection, model
construction, and DVH prediction, can be completed within one
minute, which is acceptable in clinical application. Initial results
have shown great potential in making this KBP model a quality
control tool in treatment planning. Future studies will focus on
the feasibility verification of using this model as a quality control
tool in clinical practice. Another research direction is to re-plan
those plans with D,.. exceeding the prediction interval to
improve plan quality and facilitate customized treatment
planning for each patient.

5 Conclusion

In this paper, we proposed a machine learning method
based on KDE, kNN, and PCA to predict the DVH in HDR-
BT. The DVH for a new treatment plan was estimated using
patient-specific anatomical information and an estimation
model trained from prior plans. To our knowledge, this is
the first KBP method that can predict the DVHs in patient
who was treated with interstitial applicators, intracavitary
applicators or both. The preliminary results have verified the

100

—— Ground Truth
—— KDE+kNN+PCA
- KDE

80 —— KDE+KNN

60

Volume (%)

40

20

0 20 40 60 80
Dose (% Rx)

100

Comparison of DVHs in actual plan and the predicted DVHs using different methods: (A) bladder, (B) rectum. The method using KDE, kNN, and

PCA produced the most accurate results when compared to actual DVHs.
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A HRCTV Contour

FIGURE 8

B 100% Prescription Dose Line

10.3389/fonc.2022.967436

C Optimized HRCTV Contour

(A) shows the HRCTV contoured by a radiation oncologist in an actual plan. (B) shows the 100% prescription dose line in an actual plan. (C)
shows the optimized HRCTV contour based on the correction method. In KDE method, we assume (A) matches with (B) perfectly. In this case,
the optimized HRCTV has a better similarity with the 100% prescription dose line.

model’s effectiveness in OAR dose estimation and its potential
in providing guidance for brachytherapy planning in
the future.
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Background and purpose: Multiple patient transfers have a nonnegligible
impact on the accuracy of dose delivery for cervical cancer brachytherapy.
We consider using on-site cone-beam CT (CBCT) to resolve this problem.
However, CBCT clinical applications are limited due to inadequate image
quality. This paper implements a scatter correction method using planning
CT (pCT) prior to obtaining high-quality CBCT images and evaluates the dose
calculation accuracy of CBCT-guided brachytherapy for cervical cancer.

Materials and methods: The CBCT of a self-developed female pelvis phantom
and five patients was first corrected using empirical uniform scatter correction
in the projection domain and further corrected in the image domain. In both
phantom and patient studies, the CBCT image quality before and after scatter
correction was evaluated with registered pCT (rCT). Model-based dose
calculation was performed using the commercial package Acuros®BV. The
dose distributions of rCT-based plans and corrected CBCT-based plans in the
phantom and patients were compared using 3D local gamma analysis. A
statistical analysis of the differences in dosimetric parameters of five patients
was also performed.

Results: In both phantom and patient studies, the HU error of selected ROIls
was reduced to less than 15 HU. Using the dose distribution of the rCT-based
plan as the baseline, the y pass rate (2%, 2 mm) of the corrected CBCT-based
plan in phantom and patients all exceeded 98% and 93%, respectively, with the
threshold dose set to 3, 6, 9, and 12 Gy. The average percentage deviation
(APD) of Dgg of HRCTV and Dy, of OARs was less than 1% between rCT-based
and corrected CBCT-based plans.
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Conclusion: Scatter correction using a pCT prior can effectively improve the
CBCT image quality and CBCT-based cervical brachytherapy dose calculation
accuracy, indicating promising prospects in both simplified brachytherapy
processes and accurate brachytherapy dose delivery.

KEYWORDS

cervical cancer, CBCT, scatter correction, model-based dose calculation
algorithm, brachytherapy

1 Introduction

Cervical cancer, the fourth most common cancer among
women, is a worldwide disease with high incidence and
mortality rates, especially in developing countries (1, 2).
Benefiting from the steep dose curves and the short source-to-
tumor distance, brachytherapy (BT) can deliver an ultrahigh
dose to the target volume with maximal preservation of the
organs at risk (OARs). Therefore, BT is considered essential to
conventional radiotherapy for cervical cancer, and previous
research reported that BT can significantly improve the local
control rate of the tumor and the 5-year survival rate of patients
in combination with external beam radiotherapy (EBRT) (3).

Despite the tremendous success, the inadequate rates of local
control and recurrence still hamper the effectiveness of the
Further
improvement in the patient survival rate requires more

treatment for advanced cervical cancer (4, 5).

accurate dose delivery. Current BT dose delivery is usually
compromised by two key factors. One is the error of the
commonly used water-based dose calculation recommended
by AAPM TG-43U1 (6). This dose estimation strategy omits
the human tissue heterogeneity and the effect of the applicator
with high-Z materials, and the difference in back scatter between
the human body and water is not considered. As revealed in
AAPM TG-186 (7), differences between water-based and media-
based dose calculations may exceed a factor of 10 in specific
situations. Therefore, the use of model-based dose calculation
(MBDC) is advocated for clinical practice to promote dose
calculation accuracy (8). Since MBDC makes use of tissue
composition and mass density as estimated from CT images of
BT patients, high-quality images are considered the essential
assurance for accurate dose calculation.

The second adverse factor is patient organ variations and
applicator displacement due to multiple transfers and long waits
(9, 10). Since cumbersome x-ray/CT/MR machines have not
been widely installed in the BT treatment room, patient transfers
between the imaging room and the treatment room are
inevitable, which usually not only increases patient suffering
but also causes organ variations and applicator displacement.
During scanning, planning, and treatment, this inconsistency in
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the patients’ anatomy induces a large dose delivery error since
the dose is sharply decreased (11). Due to its advantages,
including low cost, volume imaging, and simple integration,
cone-beam CT (CBCT) is promising for resolving all the above
adverse factors. Provided a CBCT system is installed in the
treatment room, the CBCT images obtained before treatment
can provide consistent patient anatomy and applicator positions
as those during BT dose delivery. More importantly, the
calibrated physical quantities from CT numbers, such as
electron density or Z-number (12, 13), can be used for MBDC.
In this case, the applicator placement/adjustment and MBDC
and BT dose delivery can be completed all in one room,
indicating a much simplified treatment process, shortened
treatment time, and improved patient comfort.

However, the severe photon scatter, a general CBCT issue (14,
15), unavoidably degrades the soft-tissue contrast and introduces
large CT number bias, which consequently results in inaccurate
organ delineation and dose calculation (16, 17). It is thus seen that
effective and efficient scatter correction is critical for CBCT-based
radiotherapy techniques. Various CBCT scatter corrections have
been developed during the last two decades (18-22), which
enhances its utility in dose calculation for adaptive EBRT
planning (23). Recently, on-site CBCT has attracted increasing
attention in adaptive BT (24). However, existing study results
show that the current CBCT image quality is not adequate to meet
the clinical requirements (24-26), and performance
improvements of CBCT images are needed. Recall that cervical
BT is always coupled with EBRT (3), and the prior information-
based methods (27, 28) are especially suitable in BT since high-
quality EBRT-CT routinely obtained for treatment planning can
be used as a prior. However, the existing prior information-based
methods are only carried out in the projection domain or in the
image domain. The performance of those methods may be
degraded when the CBCT is obtained under poor conditions.

In this work, we propose hybrid-domain CBCT scatter
correction using EBRT-CT as a prior. A self-developed BT
phantom is used in the first study, and the quantitative image
analysis and accuracy evaluation of the dose calculation are carried
out. The patient study presents the comparison of image quality and
clinical dose assessment based on the rCT and scatter-corrected
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CBCT images, which validates the clinical feasibility of scatter-
corrected CBCT image-guided brachytherapy (IGBT).

2 Materials and methods
2.1 Hybrid-domain scatter correction

In the conventional IGBT process, the patient was first
implanted with applicators in the gynecological room, then
transferred to the x-ray/CT/MRI room to acquire images for
treatment planning and dose calculation, and finally, the patient
needs to be transferred to the BT room for treatment. However,
this complex treatment process, coupled with the long wait
times, inevitably caused applicator displacement and tissue
variation. Because of a large dose gradient around the
radiation source, even a small deviation can result in an
unacceptable dose change to the tumor and OARs. As an ideal
solution, CBCT IGBT was proposed, which realized applicator
insertion, imaging, and treatment delivery in the same room. To
ensure that CBCT images can not only meet the requirements of

EBRT CT scan ' CTimages

T

10.3389/fonc.2022.942016

target delineation but also achieve accurate dose calculation, we
put forward hybrid-domain CBCT scatter correction for BT. The
workflow of this method is depicted in Figure 1. For simplicity,
CT images acquired during the EBRT/BT are referred to as
EBRT/BT-CT. To improve the HU accuracy of CBCT, we
implemented a hybrid-domain scatter correction using EBRT-
CT as a prior, which is illustrated in the dotted box of Figure 1,
with each step summarized as follows:

Step 1: Obtain the linear attenuation coefficients (LAC) of
four tissues (air, fat, muscle, and bone) from EBRT-CT, and their
values are abbreviated as lyiy, fiat> Uiuscle > 30d Hpone- Because of
the high resolution and uniformity of EBRT-CT, the HU
number of different tissues (air, adipose, muscle, and bone)
can be easily distinguished in the CT histogram distribution. The
mode of each tissue is obtained according to the histogram and
used as the mean value of each tissue. Note that the directly
obtained value is the CT number value with HU units and the
LAC is then calculated based on Equation (1).

_ CT number
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FIGURE 1

Dot-dash boxes: the flowchart of CBCT-based cervical brachytherapy. Dotted box: detailed workflow of the scatter correction
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U, and u, represent the LAC of the material and
water, respectively.

Step 2: Generate the first-pass scatter-corrected projections
(p.) by subtracting an empirical uniform scatter (s) from the raw
CBCT projections (p,q,). Then, the CBCT image (CBCT,) is
reconstructed using p. via the Feldkamp-Davis-Kress
(FDK) algorithm.

Step 3: The CBCT, is segmented into four parts: air, fat,
muscle, and bone, and the template image (CBCT; ) is generated
by filling each part with the referenced LAC. Then, CBCT; is
created using the LAC from EBRT-CT.

Step 4: The scatter ratio (r) is first calculated as r = CBCT,/
CBCT, , and then a binary mask (f) is generated to sample the
low-frequency signals on r:

0, |r] > rmax0r| V] > G
1, otherwise

Tmax and G,y are the maximum intensity and the gradient

f= )

of the scatter ratio, respectively. Their value is chosen such that
80% of all pixels is smaller than the chosen value.

Step 5: Sparse-sampled scatter ratio r is further smoothed
and extended to the whole images via a local filtration technique
(29):

_(r'f)**w
B fesw

rf (3)

where ** represents the 2D convolution operation and w and
r¢ denote the Gaussian filter and the smoothed scatter
ratio, respectively.

Step 6: Obtain the final corrected CBCT (CBCTy,) by scaling
the CBCT, by the smoothed ratio (ry).

The CBCT images reconstructed from raw projections suffer
severe nonuniformity, which hampers accurate tissue
differentiation. To resolve this, an empirical uniform scatter
correction is firstly performed in the projection domain to
roughly alleviate the nonuniformity and facilitate
segmentation. The uniform scatter correction method is
inspired by the low-frequency feature of the scatter signal. In
this method, a constant value is considered the scatter signal, and
the corrected projection is generated by subtracting the value
from the raw projection. In this work, the constant value is set
such that 90% of the object projection signals are larger, and a
soft-cut algorithm currently used in previous studies is adopted
to ensure the corrected projection signal positivity (22). CBCT, is
reconstructed using the corrected projections via FDK.

The CBCT segmentations are generated by transferring the
EBRT-CT segmentation via the commercial software MIM
(software version 7.1.2; MIM Software Inc., Cleveland, OH,
USA). The segmentation of EBRT-CT is performed based on
the threshold. The CT number of EBRT-CT in the range [-1,024
-500], [-125 —60], [15 85], and >190 HU is thought to be air,
adipose, muscle, and bone tissues, respectively. Although the
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EBRT-CT is of high quality, the boundary between the two
tissues is not easily distinguished automatically; the tissue whose
CT number is not within the above interval was considered to be
air. Then, the value of those values in the binary mask fis equal
to 0, which means that the weight of those values in calculating
the smoothed ratio r¢is 0.

Since the applicator used in this study is made of high-Z
titanium, its HU value is much larger than that of human tissues.
Considering that the applicator is not deformed during
treatment, we performed a separate CT scan for the applicator
and segmented it as the applicator ground truth. Then, the
applicator in CBCT}, is segmented separately, and the applicator
in the CT images is rigidly registered and transferred to the final
corrected CBCT.

2.2 Data acquisition and processing

A self-developed female pelvis BT phantom is shown in
Figure 2. The phantom dimension and organ position were
determined based on Asian female patients with an elliptical
cross-sectional area of 340 mm * 200 mm. The materials with
similar CT numbers to the corresponding organs or tissues were
selected to mimic the real female pelvis. As shown in Figure 2A, the
molds of OARs, i.e., the bladder, intestine, and rectum, were made
up of silica gel, peanut oil, polymethyl methacrylate (PMMA),
polyoxymethylene (POM), and polytetrafluoroethylene (PTFE)
were used to simulate adipose, muscle, cortical bone, and
cancellous bone respectively. The uterus and vagina were
connected with a 2-mm-diameter elastic channel in it to enable
applicator movement. In the phantom study, a tandem applicator
(AL07522000; Varian Medical Systems, Palo Alto, CA) was
inserted. Figure 2B displays the real pelvis phantom with the
inserted applicator. A phantom study was used to demonstrate
the feasibility of the proposed method.

To further evaluate the proposed method in clinical
applications, five patients with stage IIB-IIIB cervical cancer
were selected for retrospective analysis. These patients received
EBRT and image-guided radiotherapy (IGRT) boost in
combination with 3D high-dose-rate (HDR) BT (30) in Anhui
Provincial Cancer Hospital. Before each BT patient received
EBRT, a BT-CBCT scan was performed after the BT-CT scan to
confirm the position of applicators. During this procedure, an
effective external immobilization and a 3D transfer bed were
used. The patient transfer was performed by multiple staff
members in a coordinated effort to minimize the applicator
displacement. A titanium Fletcher-Suit Delclos (FSD)-Style
Applicator Set (AL13030001; Varian Medical Systems, Palo
Alto, CA) was used for implantation, along with gauze packing.

In both phantom and patient studies, the CT images
(including EBRT-CT and BT rCT) were acquired by a 16-slice
CT machine (Discovery CT590 RT, GE). The CT machine
operated in standard pelvis mode and reconstructed images
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FIGURE 2

Illustration of the self-developed female pelvis BT phantom. (A) Structure diagram and materials of the phantom. (B) Pelvis phantom during a

real CT scan.

with a size of 512 * 512 * 114 voxels, and the voxel size was
1.17 mm * 1.17 mm * 2.5 mm. The CBCT scan of the pelvis
phantom was acquired in a tabletop CBCT system at the
University of Science and Technology of China. The geometry
of this system exactly matches that of a Varian On-Board Imager
(OBI) CBCT system. To comprehensively evaluate the
performance on scatter correction, the bowtie filter that can
alleviate photon scatter was not installed in this system. The
tube voltage, tube current, and pulse width were set to 125 kVp, 30
mA, and 10 ms, respectively. The patient CBCT scan was acquired
on the commercial OBI system installed on Trilogy machine
(Varian Medical Systems, Palo Alto, CA). The x-ray tube was
operated at 125 kVp and 80 mA, with a bowtie filter mounted at
the tube exit. Projection data were exported from the OBI CBCT
system via the tabletop computer, and then the reconstructions
were performed in MATLAB with and without scatter correction
to obtain corrected CBCT and raw CBCT, respectively. The
reconstructed volume had a size of 512 * 512 * 160 voxels, with
avoxel size of 1 mm* 1 mm * 1 mm. Additionally, the rCT images
and the corrected CBCT images were registered by using the
MIM-Mastro DIR algorithm and the reg refine tool. For
computation acceleration, FDK and the local filtration were
implemented using CUDA C (NVIDIA, Santa Clara, CA).

2.3 Dose calculation

The rCT and CBCT, of the phantom and patients were input
into the commercial software BrachyVision (vision 15.5, Varian
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Medical Systems, Inc., Palo Alto, CA, USA). In the phantom
dose calculation, the size of the dose-calculated volume was
chosen as 386 * 245 * 200 voxels (1 mm * 1 mm * 1 mm for each
voxel), which completely covered the entire area of the phantom.
Ten dwell positions were manually defined, with a step size of
5 mm and a dwell time of 30 s at each position. The dose
distributions (RD_CT) were obtained with MBDC via the
Acuros®BV algorithm based on AAPM report TG-186. Since
the phantom has no deformation, the rCT and CBCT}, were well
matched. Using the same settings in the rCT dose calculation,
the dose distribution RD_cor was obtained on CBCTY..

In the patient dose calculation, experienced oncologists first
delineated the target volume and OARs on both rCT and
CBCTy., then the physicist performed the applicator
reconstruction on rCT images. To meet the dose
recommendations by the gynecological (GYN) GEC-ESTRO
working group (31, 32), the physical dose objectives of BT
were 5.5 Gy/F for HR-CTV while the D,.. of OARs was less
than 5.3 Gy/F on the bladder and 4.15 Gy/F on the rectum,
sigmoid, and intestine. Based on the rCT images, MBDC was
completed by inverse planning via the Acuros BV optimization
method and obtained the dose distribution RD_CT. Finally, the
spatial coordinates of applicators, the dwell times, and the
relative positions of radiation sources of the rCT plans were
input into the CBCT}y. plans. The obtained dose distribution in
heterogeneous media was referred to as RD_cor. The dose
matrix was set the same for both RD_CT and RD_cor while
the size of the dose-calculated volume was chosen as 2.5 mm *
2.5 mm * 1 mm for each voxel.
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2.4 Evaluation

2.4.1 CBCT image quality

Scatter always leads to severe cupping artifacts, indicating a
much lower CT number, especially in the central area of CBCT
images. The mean CT number value in selected ROIs is used to
reflect the image accuracy on different tissues and the root-
mean-square error (RMSE) is used to quantify the overall
imaging accuracy, which is calculated as:

ruise = |/, (U, HU ) @)
where Fﬁha and W’CT are the mean CT number of the ith
ROI in CBCT}, and rCT, respectively. In addition to CT number
deviation, a low-frequency scatter signal also causes nonuniformity
and contrast loss, which can be characterized by spatial
nonuniformity (SNU) and the contrast-to-noise ratio (CNR):

SNU = HU,,,,, - HU 3, (5)

_|HU, - HU|

CNR (6)

r

where HU,,,, and HU;, are the maximal and minimum
mean CT number of the same tissue among the selected ROIs,

respectively. HU, and HU,, are both the mean CT number in the
selected ROI and background, and o, the standard deviation
(STD) inside the ROI.

2.4.2 Dose distribution

In the phantom study, rCT and CBCTfc were strictly
matched and shared an identical plan. Thus, phantom results
were used to quantitatively evaluate the dose calculation
accuracy. The 3D local y -index (33) was first calculated under
three different distance and dose difference criteria (8r, D), i.e.,
(1%, 1 mm), (2%, 1 mm), and (2%, 2 mm). The dose distribution
on the rCT was used as a reference, and the dose threshold was
set to 3 Gy, 6 Gy, 9 Gy, and 12 Gy.

In patient studies, rCT was matched with the CBCTy, images
by MIM software. Therefore, 3D gamma analysis with different
criteria and dose thresholds was also performed to evaluate the
local dose difference of patients between the RD_CT and
RD_cor. In addition, the parameters commonly used in the
clinical dosimetric evaluation were statistically analyzed,
including Dyy (minimal dose delivered to 90%) of HR-CTV
and the minimum dose of the 2 cm® of the volume (D)
received by the bladder, rectum, sigmoid, and intestine.
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3 Results
3.1 Phantom study

3.1.1 CBCT image quality

Phantom images are displayed in Figures 3 and 4. Since a
bowtie filter was not installed, raw CBCT images were severely
contaminated by photon scatter such that no organ could be
distinguished with the display window of [-200 300] HU, and
the scatter-induced CT number error was spatially variant, as
evidenced by the cupping 1D profiles in Figure 3 and the pixel-
level CT number difference of CBCT and CT in Figure 4.
Although the raw CBCT seems better at the display window of
[-500 500] HU in Figure 4, the image quality is not substantially
improved. After the proposed correction, organs such as the
uterus, intestine, rectum, and bladder were observed with the
display window of [-200 300] HU, and the nearly coincident
profiles indicated that the proposed method achieved accuracy
comparable to that of rCT on the soft tissues.

The quantitative analysis shown in Tables 1 and 2 further
reveals the improvement in CT number accuracy. Excluding
adipose tissue, each of the other nine ROIs suffered a CT number
error of over 450 HU in the raw CBCT, which was reduced to
less than 15 HU by the proposed correction. After scatter
removal, the RMSE was reduced from 501 HU to less than 10
HU, the SNU was reduced to 16 HU from 107 HU and the CNR
between the rectum and muscle was improved by a factor of
4.48. Although the improved CNR is still much lower than that
of rCT, it is enough to differentiate the rectum from the
background. Since the scatter removal amplifies the noise level
(34), the standard deviation of CBCT corrected with the
proposed method is larger than that in raw CBCT images.

3.1.2 Dose calculation precision

Figure 5 displays the y-index map under three different
criteria, with y pass rates listed in Table 3. Using the criterion
(1%, 1 mm), significant dose differences were observed in
RD_cor at each dose level. Quite a few high-dose voxels (=9
Gy) failed the y-index test, as shown in Figures 5A, D. After
relaxing the dose criterion to 2%, as observed in Figure 5B, most
voxels at both ends of the applicator passed the y-index test
(Figure 4E). Quantitative analysis revealed that RD_cor achieved
a 7y pass rate of >97%, indicating significant improvement in the
dose calculation accuracy after scatter correction. Furthermore,
if the criteria were set to (2%, 2 mm), only scattered high-
difference voxels were shown in the y-index map.
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3.2 Patient study

3.2.1 CBCT image quality

Figures 6 and 7 show the comparison views of a BT patient’s
images, with the CT number of this case in Table 4 and the
quantitative analysis for five patients in Table 5. As shown in the
absolute error images, the raw CBCT suffered a large CT number
error around the patient margin, whereas the CT number of
muscles around the cervix still had an error of more than 70 HU.
Figures 6 and 7 show that the proposed correction not only
compensated for the lower CT number of the marginal tissues
but also improved the brightness of the central tissues to a level
comparable to rCT.

In the patient study, the proposed method achieved similar
CT number accuracy as the phantom study, and the error was
limited to below 10 HU in each selected ROL The RMSE of
scatter-corrected CBCT was decreased to 5 + 1 HU from 188 +
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25 HU in the raw CBCT, and SNU on adipose tissue and muscle
was both reduced to <25 HU from >100 HU, indicating
significantly improved image uniformity, and the CNR
between adipose tissue and muscle was increased by a factor
of 1.75.

3.2.2 Dose calculation precision

Using RD_CT as reference dose distributions, average y pass
rates with three different criteria for RD_cor of five patients are
listed in Table 6. There are lower Y pass rates for high-dose
thresholds under the same criterion. Except for the highest dose
threshold of 12 Gy, the y pass rate was >90% for all dose
thresholds with the criterion (2%, 1 mm). This means that the
further away from the radioactive source, the smaller the
difference between RD_CT and RD_cor. Moreover, the
RD_cor of patients could realize a y pass rate of >93% with
the criterion (2%, 2 mm) for different dose thresholds.

frontiersin.org


https://doi.org/10.3389/fonc.2022.942016
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wu et al.

Registered CT Corrected CBCT

-300
-400
-500

FIGURE 4

10.3389/fonc.2022.942016

Raw CBCT

CT/CBCT images of the female pelvis phantom in the axial view and the CT number difference map of CBCT and CT; display window: [-500

500] HU

TABLE 1 The CT number comparison of the 10 ROls in Figure 3 (unit: HU).

Registered CT Corrected CBCT
CT # STD Range CT # STD Range HU error CT #
Muscle 134 9 (112, 156) 140 26 (76, 201) 6 —384
127 10 (98, 151) 126 25 (69, 214) -1 —441
134 10 (109, 162) 142 26 (77, 228) 8 -353
125 10 (166, 211) 138 25 (141, 283) 13 -334
121 12 (160, 238) 129 27 (123, 253) 9 —435
131 9 (165, 231) 139 25 (126, 273) 9 =375
Adipose -112 10 (106, 151) -108 40 (75, 192) 4 -128
Bladder 191 10 (89, 148) 205 27 (63, 220) 14 -340
Uterus 196 15 (112, 154) 181 24 (72, 216) =15 -416
Rectum 199 10 (-133, —49) 199 28 (-177, 86) 0 -380
STD, standard deviation.
TABLE 2 RMSE, SNU, and CNR in the images of the female phantom.
Registered CT Corrected CBCT
RMSE (HU) N/A
SNU (HU) 13
CNR 6.96 2.24
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Axial (A—C) and sagittal (D—F) views of the gamma-index map of the RD_cor. In the gamma calculation, the distance and dose criteria were set
to (1%, 1 mm) in a and d figures, (2%, 1 mm ) in b and e figures, (2%,2 mm) in c and f figures, respectively, and the voxels with doses less than 3
Gy were not included. The dotted lines indicate the dose contour (unit: cGy).

Table 7 shows the dosimetric comparison of HRCTV and
OARSs based on different images. For both RD_CT and RD_cor,
the Dgy of HRCTV meets the dose requirements, while the D,
of OARs is below the threshold. Moreover, the average
percentage deviation (APD) in these dosimetric parameters
between RD_CT and RD_cor is<1%.

3.3 Computational efficiency

The CBCT reconstruction with scatter correction was
implemented on a personal PC installed with NVIDIA RTX
2080ti GPU and Intel i9 9900k CPU, and the dose calculation
was performed on the Intelligent cloud platform (Varian
Medical Systems, Palo Alto, CA). The CBCT reconstruction
took less than 30 s for 200 slice images using 656 projections
with 1,024 * 768 pixels. Using the LBTE solver rather than
Monte Carlo simulation, MBDC in the phantom study was
completed within 2 min, while in the patient study, the time was

increased to 8 min due to the process of volume optimization in
inverse planning.

4 Discussion

IGBT has proved to be highly effective in cervical cancer
treatment. Despite great success, the accuracy of dose delivery still
suffers from anatomical variation and applicator displacement due
to the transfer of the patient and the long treatment process. To
complete image acquisition and treatment in a single room, CBCT
guidance was introduced for cervical BT, which has the potential
to avoid patient multiple transfers and CT scans, leading to a
much simplified treatment process. In this work, we completed
image acquisition and treatment in a single room, with the dose
calculation finished in 10 min. Additionally, to facilitate accurate
organ contouring and MBDC, a hybrid-domain scatter correction
using EBRT-CT as a prior was implemented to improve the HU
accuracy and soft-tissue contrast.

TABLE 3 v pass rates for RD_cor for the phantom. The second column indicates the distance and dose difference criteria.

Threshold (Gy)

Pass rate of RD_cor (%) 1%, 1 mm
2%, 1 mm
2%, 2 mm
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87.04
98.43
99.63

6 9 12
81.63 75.44 71.44
98.22 97.85 97.34
99.40 99.14 98.84
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FIGURE 6

CT/CBCT images of one BT patient. The first three rows display the coronal, sagittal, and axial views from top to bottom; display window: [-200

300] HU. The 1D profiles indicated by the dotted lines are displayed in the last row. The mean CT number and SNU are calculated in the circl
areas, and the CNR is calculated in the ellipse area
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FIGURE 7

CT/CBCT images of the same patient in Figure 6 in the axial view and the CT number difference map of CBCT and CT; display window: [-500
500] HU.
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TABLE 4 The CT number comparison of the eight ROlIs in Figure 6 (unit: HU).
Registered CT Corrected CBCT Raw CBCT

CT # STD Range CT # STD Range HU error CT # STD Range HU error

ROI-1 46 7 (15, 63) 51 14 (10, 82) 5 -102 17 (-149, -71) —-148
ROI-2 44 10 (3, 69) 48 17 (~14, 93) 4 ~146 26 (-204, -83) -190
ROI-3 46 8 (2, 68) 48 17 (-8, 90) 3 -196 9 (=230, —-173) -242
ROI-4 40 10 (=27, 61) 46 15 (0, 97) 6 -213 13 (-239, -182) -253
ROI-5 -105 9 (-126, -77) -104 19 (-152, -60) 1 -282 17 (=316, —245) -178
ROI-6 ~104 9 (~128, -79) -101 13 (~138, -66) 3 -325 11 (~356, —286) -221
ROI-7 -106 10 (-132, -75) -99 15 (-138, -55) 7 =319 9 (—344, -291) -213
ROI-8 -101 12 (—124, -43) -104 11 (-133, -52) -3 —-138 10 (—164, —98) =37
TABLE 5 Quantitative analysis of CT number error, CNR, SNU, and RMSE of five patients.
CT number error/HU SNU/HU RMSE/HU CNR
Muscle Adipose Muscle Adipose

Registered CT N/A N/A 15+5 12+8 N/A 11.32 + 2.80
Corrected CBCT 4+£2 4+3 12+ 4 12+ 4 5+1 6.65 + 1.29
Raw CBCT 200 *+ 63 154 + 66 105 + 56 154 + 57 188 + 25 3.80 + 1.74

TABLE 6 Average y pass rates for RD_cor of five patients. The second column indicates the distance and dose difference criteria (X + s).

Threshold (Gy) 3 6 9 12

Pass rate of RD_cor (%) 1%, 1 mm 77.32 + 14.26 74.81 + 1391 70.84 + 12.32 65.92 + 10.63
2%, 1 mm 93.60 + 8.70 9321 + 6.54 90.69 + 5.34 87.19 + 4.85
2%, 2 mm 98.19 + 2.00 96.96 + 2.23 95.24 + 220 93.07 + 2.28

TABLE 7 Dosimetric comparison of HRCTV and OARs between RD_CT and RD_cor plans (unit: Gy; X * s).

HRCTYV Dy, Bladder D, Rectum D, . Intestine D, . Sigmoid D5,
RD_CT 5.54 + 0.19 4.58 +0.88 3.89 +0.32 3.35 + 0.49 3.19 +0.88
RD_cor 554 +0.16 455 +0.93 3.88 +0.34 3.35 + 049 3.18 +0.86
APD (%) 0.01 + 0.57 ~0.83 + 1.87 ~0.37 + 1.40 ~0.01 % 0.21 ~0.26 + 0.65

APD, average percentage deviation.

Prior-information-based methods have advantages in in the image domain. Although this simplification inevitably
accurate scatter estimation without extra patient dose (29) or sacrifices the HU accuracy, especially on the high-density bones,
hardware modification. These methods usually generate low- the proposed method is still suitable for CBCT-based BT. Due to
frequency scatter signals in the projection domain and require the rapid dose fall-off, the BT dose was mainly concentrated
two successive CBCT reconstructions. The proposed scatter within 5 cm around the radiation source, an area that is basically
correction abandoned this commonly used strategy; instead, soft tissues. On the soft tissues, the proposed methods achieved
the constant scatter-corrected CBCT image was scaled by a high HU accuracy and could faithfully reflect the tissue
low-frequency scatter ratio to remove scatter-induced artifacts heterogeneity; thus, the corrected CBCT images are accurate
Frontiers in Oncology frontiersin.org
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enough for MBDC. Moreover, the proposed method could be
accelerated using GPU, making the time to acquire BT images
much lower than ~31 min (9) currently needed.

The feasibility of performing model-based dose calculations
on corrected CBCT was verified in the phantom studies via 7y
analysis. Under each y-index criterion, the y pass rates decreased
as the threshold dose increased. This phenomenon indicates that
voxels with a large percentage dose error are mostly in the high-
dose areas, which is consistent with the colored distributions in
the y-index map and may be caused by the slight applicator
displacement between rCT and CBCT scans. When using the
criterion of (2%, 1 mm) to (2%, 2 mm), the Y pass rates were all
>97% in the CBC Tﬂ.—based dose distribution, which revealed that
the dose error of most voxels was limited to less than 2%. The
patient study illustrated that the y pass rates were all >93% with
the criterion of 2% and 2 mm for both the high and lower dose
thresholds. In CBCTy.-based BT plans, the tumor target received
almost the same dose as CT-based BT plans, while there was no
additional dose to OARs. These results suggested that in the
current clinical situation, the CBCT-guided BT could provide an
optional solution for radiation therapists.

The proposed CBCT-guided BT can be further improved in
some aspects. First, more patient cases could be studied to fully
evaluate the stability of this method. The second is to investigate
other scatter correction techniques, such as beam blocker-based
(14) and primary modulation-based (22) methods, which may
obtain accurate scatter estimation by combining hardware
measurement and software processing. In addition, due to the
lack of scatter-free and registered images, this study did not
investigate the accuracy of dose calculation on the patient
CBCT images. Future work will focus on creating scatter-free
CBCT images via Monte Carlo simulation (20) and evaluating the
patient dose accuracy. Currently, the CBCT scan and
corresponding reconstruction take less than 90 s, and the dose
calculation takes approximately 8 min; however, most of the time
before treatment is spent on the manual organ delineation as
indicated in Refs (9, 10).. To promote fast and accurate cervical
BT, automated organ segmentation (35, 36) dedicated to cervical
cancer should be developed and plugged into the workflow of BT.

5 Conclusion

In conclusion, scatter correction using planning CT (pCT)
prior largely promoted the CBCT image quality, and a dosimetric
study demonstrated the feasibility of using corrected CBCT for
model-based BT dose calculation. This technique made full use of
the pCT scan in EBRT and achieved an error of<15 HU without
an extra CT scan or hardware modification. The accuracy of
MBDC was also improved after scatter correction as indicated by
the increased 7y pass rate for prescription dose (>95%, criterion:
2%, 2 mm). Moreover, CBCT-based BT saved the patient transfer
and setup to simplify BT treatment, while the real-time imaging
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avoided applicator displacement and organ deformation to
facilitate more accurate dose delivery. Therefore, the proposed
CBCT scatter correction and CBCT-based BT have promising
prospects in cervical cancer radiotherapy.
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Objectives: To investigate the short-term efficacy and radiotoxicity 3.5430of
chronoradiotherapy in patients with cervical cancer. We also examined the
overall symptom score and quality of life (QOL) of patients who underwent
morning radiotherapy and evening radiotherapy.

Methods: We conducted a multicenter randomized controlled trial to compare
the effects of morning radiotherapy (9:00-11:00 AM) with evening
radiotherapy (7:00-9:00 PM) in cervical cancer patients receiving
radiotherapy. From November 2021 to June 2022, 114 cervical cancer
patients admitted to eight cancer center hospitals in Tianjin, Chongqing,
Hubei, Shanxi, Shandong, Shaanxi, Hebei, and Cangzhou were randomly
divided into the morning radiotherapy group (MG; N = 61) and the evening
radiotherapy group (EG; N = 53). The short-term efficacy of radiotherapy on
cervical cancer patients at different time points and the occurrence of
radiotoxicity were explored after patients had undergone radiotherapy.

Results: The total effective response (partial remission [PR] + complete
remission [CR]) rate was similar across the two groups (93.5% vs. 96.3%, p >
0.05). However, the incidence of bone marrow suppression and intestinal
reaction in the two groups were significantly different (p < 0.05). The patients
in the MG had significantly higher Anderson symptom scores than patients in
the EG (21.64 + 7.916 vs. 18.53 + 4.098, p < 0.05). In terms of physical activity,
functional status, and overall QOL, the MG had significantly lower scores than
the EG (p < 0.05). No other measures showed a significant difference between
the groups.
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Conclusion: The radiotherapy effect of the MG was consistent with that of the
EG. The incidence of radiation enteritis and radiation diarrhea in the MG was
significantly higher than that in the EG; however, bone marrow suppression and
blood toxicity in the EG were more serious than in the MG. Because of the small
sample size of the study, we only examined the short-term efficacy of
radiotherapy. Therefore, further clinical trials are needed to verify the efficacy
and side effects of chronoradiotherapy.

Clinical Trial Registration: http://www.chictr.org.cn/searchproj.aspx,

Registration Number: ChiCTR2100047140.
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radiotherapy, chronoradiotherapy, cervical cancer, radiation toxicity, radiotherapy

effects

Introduction

A recent analysis revealed that cervical cancer remains a
major threat to women. In 2020, there were an estimated 604,000
new cases of cervical cancer globally, which was the second most
diagnosed cancer in women (1). Although cervical cancer is one
of the leading causes of cancer-related death in women
worldwide (2), nearly 90% of cervical cancer deaths occur in
developing countries, with India and China accounting for 35%
of the total cervical cancer burden (3).

Radiotherapy, alone or in combination with surgery or
chemotherapy, is the main treatment for cervical cancer (4).
Almost 80% of patients with cervical cancer undergo radiation
therapy as part of their treatment (5). The aim of radiotherapy is
to irradiate malignant tumors via ionizing radiation, and the
cumulative effect of the irradiation dose destroys tumor cells (6).
However, during the process of radiotherapy, although tumor
cells are killed, the surrounding normal tissues are also damaged,
which causes a series of toxic side effects.

Exposure to ionizing radiation during radiotherapy of the
abdominopelvic region is associated with the development of
treatment-limiting untoward symptoms. The consequences of
damaging healthy cells can result in a series of adverse reactions
ranging from acute radiation toxicity to organ damage and
secondary cancers (7). Approximately 84% of patients undergo
some form of acute radiation toxicity during radiation therapy for
cervical cancer (7). The most common symptoms are
hematological toxicity, gastrointestinal mucositis, diarrhea,
nausea, and vomiting, which may lead to treatment interruptions,
increased healthcare costs, and impaired quality of life (QOL) in
patients undergoing irradiation. These adverse reactions are
attributed to various factors, such as therapeutic, environmental,
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and genetic factors. In recent years, studies have explored how the
time of day of radiotherapy administration affects radiation therapy
outcomes to determine whether chrono-modulation may be
beneficial (6-8).

The circadian rhythm is governed by an internal timing system
that is regulated at the transcriptional level, creating networks of
genes that oscillate on a 24-hour cycle (8). The cell cycle,
proliferation, and cell death are closely intertwined with the
circadian rhythm. Several recent studies have provided
compelling evidence on the association between the circadian
cycle and cancer; similar to healthy cells, tumor cells are
rhythmic (9, 10), and their growth depends on circadian rhythms
(11). It has been reported that each phase of the cell cycle
corresponds to a different degree of radiosensitivity (12). Cells in
or near mitosis (G2 and M phases) have the highest radiosensitivity,
whereas cells in the S and G1 phases are less radiosensitive. Tumor
cells also show time rhythms in metabolism and proliferation,
which differ from those of healthy tissue cells. According to the
different sensitivities of cells to radiation during different mitosis
cycles, studies have investigated the time law of radiation sensitivity
of tumor tissue and healthy tissue cells (12, 13). In line with
circadian rhythm regularity, selecting a specific time to apply
radiation therapy to tumors can significantly improve the efficacy
of tumor radiation therapy (12, 13).

Chronoradiotherapy involves selecting the optimal
radiotherapy time according to the body’s rhythm changes. It is
aimed at protecting normal tissues as much as possible while killing
tumor cells to the greatest extent to attenuate toxicity and increase
efficiency. Radiotherapy can achieve a good curative effect, but the
dose is roughly the maximum that the body can tolerate, which
significantly limits the treatment of tumors. Therefore, ways in
which to further improve the curative effect and minimize
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radiotoxicity is an important topic that requires urgent study. In
this study, we investigated the radiation effects, radiotoxicity, and
QOL in inoperable cervical cancer patients irradiated at different
times of the day. Although chronoradiotherapy may be offered to
cervical cancer patients as a new method, its efficacy and toxicity
must be established. Current prospective randomized clinical data
are lacking, and the use of chronoradiotherapy for the treatment of
cervical carcinoma has not yet been established. Therefore, we
conducted a multicenter prospective randomized study to assess
the effectiveness of chronoradiotherapy in cervical cancer patients
and to explore the relationship between the severity of acute
gastrointestinal mucositis and the time of radiation in patients
with carcinoma of the cervix.

Materials and methods
Study design

This was a multicenter randomized controlled trial (RCT)
comparing morning radiotherapy (9:00-11:00 AM) with

10.3389/fonc.2022.1021453

evening radiotherapy (7:00-9:00 PM) for cervical cancer
patients undergoing radiotherapy. The study was registered
with the Chinese Clinical Trial Registry (ref. Chi-CTR-
2100047140) and was conducted from November 2021 to June
2022 at eight cancer center hospitals in the cities and provinces
of Tianjin, Chongqing, Hubei, Shanxi, Shandong, Shaanxi, and
Hebei. The Tianjin Medical University Cancer Institute and the
Hospital Institutional Review Board approved the study protocol
(approval number: bc2020185), and all caregivers provided
informed consent. A total of 114 patients were registered
during this period and were included in the study.

Study participants

Patients were eligible if they fulfilled the inclusion and
exclusion criteria. The inclusion criteria were as follows: 1)
aged between 18 and 65 years; 2) cervical cancer patients with
Federation International of Gynecology and Obstetrics (FIGO)
stage IIB-IVA tumors confirmed by pathological biopsy to be
nonmetastatic cervical cell carcinoma (see Table 1 for details)

TABLE 1 2018 Federation International of Gynecology and Obstetrics (FIGO) Staging System for uterine cervical cancer.

Stage Description

I Carcinoma is strictly confined to the cervix (extension to the uterine corpus should be disregarded)

1A Invasive carcinoma that can be diagnosed only with microscopy, with maximum depth of invasion < 5 mm

IA1 Stromal invasion < 3 mm in depth

1A2 Stromal invasion > 3 mm and < 5 mm in depth

1B Invasive carcinoma confined to the uterine cervix, with measured deepest invasion > 5 mm

IB1* Tumor measures < 2 cm in greatest dimension

1B2* Tumor measures > 2 cm and < 4 cm in greatest dimension

1B3* Tumor measures > 4 cm in greatest dimension

I Carcinoma invades beyond the uterus but has not extended onto the lower third of the vagina or to the pelvic wall

IIA Limited to the upper two-thirds of the vagina without parametrial involvement

1IA1 Tumor measures < 4 cm in greatest dimension

1IA2 Tumor measures > 4 cm in greatest dimension

1B With parametrial involvement but not up to the pelvic wall

111 Carcinoma involves the lower third of the vagina and/or extends to the pelvic wall and/or causes hydronephrosis or nonfunctioning kidney and/or involves
pelvic and/or para-aortic lymph nodes

JUIV: Involves the lower third of the vagina, with no extension to the pelvic wall

1B Extension to the pelvic wall and/or hydronephrosis or nonfunctioning kidney from tumor

IIIC*  Involvement of pelvic and/or para-aortic lymph nodes, irrespective of tumor size and extentf

TIC1*  Pelvic lymph node metastasis only

IIIC2*  Para-aortic lymph node metastasis

v Carcinoma has extended beyond the true pelvis or has involved (biopsy-proven) the mucosa of the bladder or rectum

IVA Spread to adjacent pelvic organs
VB Spread to distant organs

Pathologic analysis, where available, can be used to supplement clinical findings for all stages. FIGO, International Federation of Gynecology and Obstetrics (adapted, under a CC BY license,

from reference 1)
*New stages from the 2009 FIGO system.

tStage IIIC should be annotated with r (radiology) or p (pathologic analysis) to indicate the method used to allocate this stage. Imaging modality or pathologic technique should also be

documented.
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(14); 3) a Karnofsky Performance Status (KPS) score of = 70
points; 4) patients participated voluntarily and provided written
informed consent.

The exclusion criteria were as follows: 1) clinically significant
diseases (e.g., second primary tumor, severe infection, acute and
chronic intestinal diseases or hemorrhoids, mental diseases, and
systemic immune diseases) that might interfere with the primary
endpoint assessment; 2) patients who had undergone major
surgery within the 14 days before enrollment; 3) patients with
serious liver, kidney, or another organ dysfunction.

Randomization, allocation concealment,
and blinding

Randomization was performed before the beginning of the
intervention using a random number table technique to ensure
an equal number of participants in each group. The random
allocation sequence was produced using the Statistical Analysis
Software (SAS), version 9.4 (SAS Institute, Inc., Cary, NC, USA).
Eight sets of random sequences with a sample size of 114 cases
were generated by a computer, randomly grouped in a 1:1 ratio,
and each center was divided into two sets of random sequences.
After the participants provided informed consent and
underwent baseline assessments, they were randomly assigned
to receive either morning radiotherapy (i.e., the morning
radiotherapy group [MG]) or evening radiotherapy (ie., the
evening radiotherapy group [EG]). Allocation concealment was
assured by using sequentially numbered, opaque, sealed, and
stapled envelopes that were distributed to the participants by the
project manager. To avoid the disclosure of group assignment,
aluminum foil was used to keep the envelope invisible, even
under intense light. The group assignment (intervention or
control group) was replaced by group A or B, so that the
research assistant who collected and entered the study data
into a database remained blinded to group allocation
throughout the study.

Radiotherapy regimen

Both the MG and EG were treated with a uniform treatment
combining external beam irradiation and high dose-rate (HDR)
brachytherapy, without low dose-rate (LDR) brachytherapy. The
external irradiation area has a large area to primarily address the
problem of lymph node metastasis in the abdomen and pelvis.
We used high-energy 6 MV and above X-rays for irradiation,
and the irradiation dose was (50.4 Gy, 5-6 weeks, 28 fractions).
HDR brachytherapy with iridium 192 HDR at a dose rate of
12-70/h, was initiated when the external radiation dose
reached 30 Gy, and short-range radiation was added (30 Gy,
five fractions). The samples in the MG received radiotherapy
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from 9:00 to 11:00 AM, whereas those in the EG received
radiotherapy from 7:00 to 9:00 PM. In addition to
radiotherapy, patients received a cisplatin chemotherapy
regimen, (25 mg/m?2 intravenously Guttae for 4-6 weeks). All
the samples of this study in both groups received
chemotherapy over the same time period, which was
from 9:00 to 11:00 AM. We assessed the QOL of samples at
baseline and the end of treatment. In addition, patients
recorded any complaints of discomfort in a booklet we
developed during this period to improve the compliance rate
of patients.

Interventions

Before enrollment, patients in both groups received unified
dietary guidance and radiotherapy-related health education. One
day before radiotherapy, patients underwent blood tests,
imaging examinations, such as chest X-ray, pelvic ultrasound,
and electrocardiogram, and other baseline assessments. During
radiation therapy, blood tests and radiotoxicity were assessed
weekly by a trained observer blinded to group assignment. In
addition, during radiotherapy, patients were instructed to use a
uniform douche for vaginal douches twice per week. For
radiotherapy-related symptoms, such as diarrhea and enteritis,
we provided standardized treatments in strict accordance with
the requirements of the protocol and maintained a complete
record of the course of treatments. Finally, patients were
evaluated for efficacy on the day following the final
radiotherapy session (i.e., the day after the final brachytherapy).

Outcome measures

All outcomes were measured at baseline before the treatment
and at the end of treatment. The curative effect of radiotherapy
was evaluated according to the Response Evaluation Criteria in
Solid Tumors (RECIST) 1.1 (see Table 2 for details) (15).
Toxicity was assessed using the Radiation Therapy Oncology
Group’s common toxicity criteria (16). Myelosuppression was
assessed using the myelosuppression grading of the World
Health Organization. The Functional Assessment of Cancer
Therapy-Cervix scale (17) was used to assess the QOL of
patients during radiotherapy. Other radiation-related adverse
reactions, such as pain, vomiting, sadness, and insomnia, were
assessed using the M.D. Anderson Symptom Inventory
(MDASI) (18). The case collection period was from August
2021 to December 2021. A trained observer assessed the results
of patient assessments and completed unified case report forms,
which included general information and relevant assessment
results if patients visited the hospital for surveillance as
an outpatient.
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Sample size calculation

Before conducting the study, we calculated the approximate
sample size considering the incidence of diarrhea in the two
groups of chronoradiotherapy in relevant literature using the
Power Analysis and Sample Size software version 15.0 (NCSS,
Inc., USA). sample size calculation software: MG: 87.39%, EG:
68.18%, B = 0.1, test efficiency 1 - § = 80%, o. = 0.05, N1 = N2 =
47, a total of 94 cases. Accounting for a 10% dropout rate, we
determined that a minimum sample size of 104 cases would be
required with N1 = N2 = 52, respectively.

Statistical analysis

The data were analyzed using the Statistical Product and Service
Solution version 21.0 (IBM Institute, Inc., Stanford, CA, USA). The
count data are expressed as frequencies and percentages. Data that
conformed to a normal distribution are described as means + standard
deviations, and those that were not normally distributed are described
as medians and interquartile ranges. Baseline characteristics in the
control and intervention groups were analyzed to assess whether there
were between-group differences. To assess differences in mean scores
between the intervention and control groups, we used a parametric
test (t-test) for scores with a normal distribution and a non-parametric
test (Mann-Whitney U test) for scores with non-normal distribution.
Chi-square analysis was used to compare differences between the two
groups after radiotherapy. Statistical significance was defined as a two-
sided p < 0.05. Excel (Microsoft Office Home and Student 2019) was
used for the analysis.

Results
Patients
Between November 2021 and June 2022, this study initially

included 120 patients. However, three cases were excluded
because they did not meet the inclusion criteria, and three

TABLE 2 Response Evaluation Criteria in Solid Tumors (RECIST 1.1).

10.3389/fonc.2022.1021453

cases dropped out of the study before the follow-up. Finally,
114 cases were included, which comprised 61 patients in the MG
and 53 patients in the EG (Figure 1). All patients were
pathologically diagnosed with cervical cancer with clinical
stage IIB-IVA and had no indication for surgery. All the
samples in this study had the same circadian rhythm sleeping
at night and doing daily activities on daytime. Before the
intervention, there were no statistical differences between the
groups in terms of baseline characteristics, including general
demographic, disease, or social data (p < 0.05). The baseline
characteristics of MG and EG are shown in Table 3.

Efficacy of radiotherapy

The complete remission (CR) rate was 49.2%, and the partial
remission (PR) rate was 44.3% in the MG. The CR rate was
64.2% and the PR rate was 32.1% in the EG. The total effective
rates (PR + CR) of the MG and EG were 93.5% and 96.3%,
respectively. The CR rate of the EG was slightly higher than that
of the MG, although further analysis showed that there was no
significant difference in the CR rate between the two groups (p >
0.05). The results are described in Table 4.

Radiotherapy toxicity, symptoms, and
related QOL outcomes

In this study, the main toxic reactions were radioactive
gastrointestinal reactions and myelosuppression, and the
toxicity levels were 0, I, II, III, and IV. There were significant
differences in the incidence of myelosuppression and intestinal
reaction between the MG and EG (p < 0.05). The MDASI score
of the MG was slightly higher than that of the EG (21.64 + 7.916
vs. 18.53 + 4.098, p < 0.05). In terms of QOL, physical activity,
functional status, and overall QOL of the MG were significantly
poorer than those of the EG (p < 0.05). No other measures
showed a significant difference between the groups. The results
are described in Tables 5-7.

Grade Efficacy evaluation criteria
CR Disappearance of all pleural and non-pleural disease (including pleural thickening considered to represent tumor).
PR Summed measurement decrease by at least 30% from the baseline scan summed measurement, which must be confirmed at a subsequent follow-up scan at

least 4 weeks later (at which time the summed measurement must not exceed 70% of the baseline scan summed measurement).

SD Summed measurement increase by at least 20% from the nadir of the summed measurements from all prior scans (up to and including the baseline scan), even

if the summed measurement is < 70% of the baseline scan summed measurement; classification as PD also requires an absolute summed measurement increase

of at least 5 mm over the nadir summed measurement. An unequivocal new non-pleural lesion or an unequivocal new focus of pleural thickening that exceeds
the minimum measurable size (and represents either a pleural tumor mass physically distinct from that associated with existing measurement sites or a region
of a previously existing pleural tumor mass that would now unequivocally qualify as a measurement site) would be considered progressive disease.

PD A decrease in the summed measurement that does not qualify as PR, or an increase in the summed measurement that does not qualify as PD.

CR, complete remission; PR, partial remission; SD, stable disease; PD, progression of disease.
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« Exclude from analysis (0=0) +  Exclude from analysis (n=0)
FIGURE 1

The CONSORT chart of the study

Discussion

Radiotherapy toxicity

In nature, from simple single-celled organisms to complex
mammals and humans, there are certain periodic life activities.
Circadian rhythm is a special internal timing mechanism with a
24-hour cycle that is produced by the body, and it can self-
regulate and change from day to night (19). The growth of
normal human tissues and cells is precisely regulated by the
circadian rhythm. Studies have shown that the cell cycle,
proliferation, and cell death are closely related to the circadian
clock; thus, the disruption of the circadian rhythm is likely
involved in cancer development and progression (20).
Radiotherapy remains the main treatment for cervical cancer
at present (2). Basic research results have confirmed that the
sensitivity of different cells to radiation varies significantly
depending on its cycle, and each stage of the cell cycle
corresponds to different degrees of radiation sensitivity (21,
22). The sensitivity of cells to radiation varies with the cell
cycle; therefore, selecting an appropriate radiotherapy time is
crucial. Radiotherapy aimed at the sensitive period of tumor cells
while avoiding the sensitive period of healthy tissues can achieve
the maximum killing effect on cancer cells and minimize damage
to healthy cells (22).

In this study, we implemented chronoradiotherapy under
the condition of ethical review. For observations of acute
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radiation adverse reactions, we found that the incidence of
radiation enteritis in the morning was higher than that in the
evening (above grade II: 32.8% vs. 11.3%, p < 0.05). Diarrhea in
the MG was more serious than that in the EG, and the diarrhea
of grade II and above was significantly more serious in the MG
than in the EG (above grade II: 21.3% vs. 13.2%, p < 0.05).
Additionally, the degree of myelosuppression was more severe in
the EG than in the MG (above grade II: 22.9% vs. 41.5%, p <
0.05). Chang et al. (23) randomly divided 67 patients into MG
(9:00-11:00 AM) and EG (9:00-11:00 PM) groups, and results
showed that the incidence of grade III-IV diarrhea in the MG
and EG was 12.5% and 6.1%, respectively. In the EG, the
incidence of serious hematological toxicity was significantly
higher than that in the MG, which is consistent with our
results. A systematic Cochrane review in 2018 included two
RCTs with a total sample size of 294 patients treated with
radiotherapy for cervical cancer (24). Results showed that the
incidence of grade I-II diarrhea in cancer patients was lower in
the EG than in MG.

Diarrhea caused by radiotherapy in the pelvic region is
mainly caused by intestinal crypt cell apoptosis (25). In a
study of the intestinal crypt in mice, an obvious circadian
rhythm was observed in the number of apoptotic cells in the
intestinal crypt during the administration of radiotherapy at
different times, which indicated that radiotherapy-induced
apoptosis occurs in a time-dependent manner (26, 27). Studies
on the effects of radiation therapy on mice have shown that the
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TABLE 3 Baseline characteristics of patients.

10.3389/fonc.2022.1021453

Characteristic Morning Evening t/x’ p
Group (n = 61) Group (n = 53)

Age (years) 56.85 + 9.80 55.72 £ 9.55 0.625% 0.533
Weight (kg) 62.47 + 12.00 62.77 + 8.65 0.154* 0.427
Height (cm) 156.11 + 19.03 160.26 + 5.30 1.535% 0.193
Body surface area (m?) 1.61 £ 0.14 1.64 £ 0.11 1.19° 0.072
Blood pressure (mmHg) 94.23 £ 12.19 92.74 £12.26 0.651° 0.519
Body temperature (°C) 36.30 + 0.20 36.29 + 0.22 0.194* 0.303
Pulse (time) 79.72 £ 10.08 79.55 + 8.82 0.097% 0.062
Breath 18.87 + 1.638 18.58 + 1.865 0.866" 0.329
Job category
Retired 9 (14.8) 5(94) 3.543° 0.471
Staff 9 (14.8) 6 (11.3)
Peasant 19 (31.1) 23 (43.4)
Freelancer 3(4.9) 5(9.4)
Unemployed 21 (344) 14 (26.4)
Educational level
Primary and below 24 (39.3) 17 (32.1) 4.019° 0.547
Junior high school 26 (42.6) 20 (37.7)
High school 5(8.2) 11 (20.8)
Technical secondary school 2(3.3) 1(1.9)
College
Junior college 3(4.9) 3(5.7)
Bachelor’s degree or above 1(1.6) 1(1.8)
Marital status
Unmarried 1(1.6) 0 (0) 2.020° 0.364
Married 60 (98.4) 52 (98.1)
Remarried 0 (0) 1(1.9)
Divorced 0 (0) 0 (0)
Other 0 (0) 0(0)
Per capita monthly household income (yuan)
< 3000
3000-5000 14 (23.0) 8 (15.1) 2.289" 0.515
5001-10000 30 (49.2) 28 (52.8)
> 10000 14 (23.0) 16 (30.2)

3(4.9) 1(1.9)
Medical payment method
Worker health 12 (19.7) 7 (13.2) 2.433° 0.488
Residents of social security 35 (57.4) 35 (66.0)
At own expense 0 (0) 10 (1.9)
new rural cooperative medical system 14 (23.0) 10 (18.9)
Fertility history
Yes 60 (98.4) 52 (98.1) 0.010° 0.92
No 1(1.6) 1(1.9)
FIGO staging
1B 31 (50.8) 30 (56.6) 6.488" 0.166
1A 5(8.2) 4(7.5)
111B 8 (13.1) 2(3.8)
1IC 14 (23.0) 17 (32.1)
IVA 3 (49) 0 (0)

(Continued)
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TABLE 3 Continued
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Characteristic Morning Evening t/x’ p
Group (n = 61) Group (n = 53)

Pathological classification

Squamous carcinoma 56 (91.8) 47 (88.7) 0.317° 0.537

Adenocarcinoma 5(8.2) 6 (11.3)

Past medical history

No 45 (73.8) 36 (67.9) 2.074° 0.557

Hypertension 11 (18.0) 8 (15.1)

Diabetes 1(1.6) 2(3.8)

Heart disease 4 (6.6) 7 (13.2)

KPS

70 3 (4.9) 3 (5.7) 0.836" 0.405

80 16 (26.2) 15 (28.3)

90 22 (36.1) 23 (43.4)

100 20 (32.8) 12 (22.6)

*t-test; "X test.

FIGO, Federation International of Gynecology and Obstetrics; KPS, Karnofsky Performance Status.

TABLE 4 Radiotherapy efficacy and efficacy rate.

Group CR (%) PR (%) SD (%) PD (%) X P

MG 30 (49.2) 27 (44.3) 3 (4.9) 1(1.6) 3.177 0.365

EG 34 (64.2) 17 (32.1) 2 (3.7) 0 (0)

CR, complete remission; PR, partial remission; SD, stable disease; PD, progression of disease.

TABLE 5 Radiotherapy toxicity.

Group Number Grade 0 Grade 1 Grade 2 Grade 3 Grade 4 ¥ P

Radiation enteritis (%)

MG 61 17 (27.9) 24 (39.3) 17 (27.9) 3 (4.9) 0 (0) 11.026 0.012

EG 53 29 (54.7) 18 (34.0) 5 (9.4) 1(1.9) 0 (0)

Diarrhea (%)

MG 61 21 (34.4) 27 (44.3) 8 (13.1) 4 (6.6) 1(1.6) 10.141 0.038

EG 53 33 (62.3) 13 (24.5) 6 (11.3) 1(1.9) 0 (0)

Radiocystitis (%)

MG 61 45 (73.8) 9 (14.8) 5(8.2) 2 (3.3) 0 (0) 1.350 0.717

EG 53 39 (73.6) 5(9.4) 7 (13.2) 2 (3.8) 0 (0)

Nausea/vomiting (%)

MG 61 20 (32.8) 20 (32.8) 14 (23.0) 6(9.8) 1(1.6) 5.199 0.267

EG 53 26 (49.6) 15 (28.3) 10 (18.9) 1(1.9) 1(1.9)

Radiodermatitis (%)

MG 61 45 (73.8) 8 (13.1) 7 (11.5) 1(1.6) 0 (0) 3.643 0.303

EG 53 41 (77.4) 10 (18.9) 2(3.8) 0 (0) 0 (0)

Myelosuppression (%)

MG 61 24 (39.3) 23 (27.7) 13 (21.3) 1(L6) 0 (0) 10.462 0.033

EG 53 14 (26.4) 17 (32.1) 12 (22.6) 9 (17.0) 1(1.9)

MG, morning radiotherapy group; EG, evening radiotherapy group.
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TABLE 6 M.D. Anderson Symptom Inventory scores.

10.3389/fonc.2022.1021453

Group Number Average score (mean + standard deviation) t P
MG 61 21.64 + 7.916 2,576 0.002
EG 53 18.53 £ 4.098

MG, morning radiotherapy group; EG, evening radiotherapy group.

TABLE 7 Quality of life (QOL) scores.

Dimension MG (mean + standard deviation)
Physical activity 13.11 + 4.53
Family status 15.13 £ 5.83
Emotional status 7.18 £ 3.55
Functional status 14.03 + 2.65
Additional 13.80 + 5.49
Total QOL score 63.26 + 8.68

MG, morning radiotherapy group; EG, evening radiotherapy group; QOL, quality of life.

induction of apoptosis peaks between 9:00 AM and 11:00 AM
and troughs between 7:00 PM and 9:00 PM. Therefore, the
occurrence of toxic reactions, such as diarrhea and mucositis, is
more serious in the morning than in the evening (13).
Myelosuppression and hematological toxicity are more serious
in the evening after radiotherapy, which may be because
proliferation and apoptosis of bone marrow cells exhibit
circadian rhythm changes; indeed, apoptosis in the evening
group was significantly higher than that in the morning group
(28, 29).

Radiotherapy effect

Before radiotherapy, there were no significant differences in
general demographic, disease, or social data between the two
groups of patients. In this study, RECIST 1.1 was used to
evaluate the efficacy of radiotherapy in patients with cervical
cancer. After radiotherapy, the total effective rates (CR + PR) of
the MG and EG were similar (93.5% vs. 96.3%, p > 0.05).
Moreover, no significant differences in treatment response or
disease progression were found between the MG and EG.

The results of this study are consistent with the report of Chang
et al. (23) on the treatment of patients with cervical cancer by
chronoradiotherapy. Chang et al. (23) randomized 67 cervical
cancer patients to evaluate the efficacy of radiotherapy delivered
using RECIST 1.1 in the morning and evening. Results showed that
the effects were similar in the MG and the EG, and the total effective
rates (CR + PR) were 100%, which was consistent with the results of
our study. However, Guo et al. (30) evaluated the short-term
efficacy of chronoradiotherapy using RECIST 1.1 in 25 cervical
cancer patients and found that the effective rates of the MG and EG
were 61.5% and 80.0%, respectively, which were significantly
different. This finding is inconsistent with the results of our
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EG (mean * standard deviation) t P
14.53 + 2.55 7.189 0.047
16.34 + 4.23 1.249 0.214
7.49 + 3.47 0.470 0.639
15.15 + 3.10 2.075 0.040
14.64 + 5.73 0.797 0.427
68.15 + 10.04 2789 0.006

study. Possible reasons for this discrepancy are our sample size
was too small, affecting the statistical analyses; or the efficacy of
chronoradiotherapy was evaluated after the treatment, and the
tumors of some patients regressed, which may have affected the
evaluation results. Therefore, we plan to follow up patients over a
longer period to evaluate long-term efficacy.

General condition of symptoms and QOL

The results of this study showed that the MDASI score in the
MG was significantly higher than that in the EG (21.64 + 7.916 vs.
18.53 + 4.098, p < 0.05). Cervical cancer patients experience
different degrees of symptoms during radiotherapy, including
fatigue, nausea, vomiting, diarrhea, and pain (31). This may be
because, during radiotherapy for cervical cancer, the deep
penetration of radiation and the numerous organs in the pelvic
cavity with similar anatomical positions results in normal tissues
and organs being affected by radiation, inducing a series of
corresponding symptoms and reactions (32). The MDASI scores
were slightly higher in the MG than in the EG, which may be
attributed to the higher incidence of radiation enteritis and diarrhea
in the MG. Most patients experience nausea, vomiting, loss of
appetite, pain, fatigue, and other symptoms (2, 33), which seriously
affect the daily lives and QOL of patients, which may explain the
higher total MDASI score in the MG than in the EG.

In terms of QOL, the total QOL score in the MG (63.26 + 8.68)
was lower than that in the EG (68.15 + 10.04). In addition, the scores of
physical activity and functional activity in the MG were also slightly
lower than those in the EG. A previous study (34, 35) on the
application of chronoradiation in patients with head and neck
cancer found that the QOL score of the EG was higher than that of
the MG during the first and second weeks after the start of
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radiotherapy, although the difference was not significant. The
discrepancy between the results of the two studies may be due
to the different biological rhythms and time points of
radiosensitivity between the two cancer types. Patients with cervical
cancer have a higher incidence of gastrointestinal reactions in the
morning, whereas head and neck cancer patients have a higher
incidence of oral mucosa in the evening. Alternatively, the time
points for the QOL life assessments may have been inconsistent
between the two studies.

Limitations

In this study, the sample size was small, and the observation
time for efficacy was short. We only examined the short-term
efficacy of radiotherapy. Thus, further longitudinal
investigations of the long-term efficacy and toxicity of
radiotherapy are needed.

Conclusion

This multicenter randomized controlled trial focused on the
short-term efficacy and side effects of chronoradiotherapy in
patients with cervical cancer. We verified that the efficacy of
radiotherapy was similar irrespective of whether it was
administered in the morning or the evening. However, toxicity
and side effects differed depending on the time of radiotherapy
administration. That is, more severe hematologic toxicity and
greater bone marrow suppression were observed in the EG,
whereas more severe gastrointestinal toxicity was observed in the
MG. Post-radiation assessment revealed that the overall severity
of symptoms in the MG was greater than that in the EG;
moreover, the QOL of the MG was lower than that of the EG.
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Aim: In this study, a not yet commercially available fully-automated
lexicographic optimization (LO) planning algorithm, called mCycle (Elekta AB,
Stockholm, Sweden), was validated for cervical cancer.

Material and methods: Twenty-four mono-institutional consecutive treatment
plans (50 Gy/25 fx) delivered between November 2019 and April 2022 were
retrospectively selected. The automatic re-planning was performed by mCycle,
implemented in the Monaco TPS research version (v5.59.13), in which the LO and
Multicriterial Optimization (MCO) are coupled with Monte Carlo calculation.
mCycle optimization follows an a priori assigned priority list, the so-called Wish
List (WL), representing a dialogue between the radiation oncologist and the
planner, setting hard constraints and following objectives. The WL was tuned on
a patient subset according to the institution’s clinical protocol to obtain an optimal
plan in a single optimization. This robust WL was then used to automatically re-
plan the remaining patients. Manual plans (MP) and mCycle plans (mCP) were
compared in terms of dose distributions, complexity (modulation complexity
score, MCS), and delivery accuracy (perpendicular diode matrices, gamma
analysis-passing ratio, PR). Their clinical acceptability was assessed through the
blind choice of two radiation oncologists. Finally, a global quality score index (SI)
was defined to gather into a single number the plan evaluation process.

Results: The WL tuning requested four patients. The 20 automated re-planning
tasks took three working days. The median optimization and calculation time
can be estimated at 4 h and just over 1 h per MP and mCP, respectively. The
dose comparison showed a comparable organ-at-risk spare. The planning
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target volume coverage increased (Vgsy: MP 98.0% [95.6-99.3]; mCP 99.2%
[89.7-99.9], p >0.05). A significant increase has been registered in MCS (MP
0.29 [0.24-0.34]; mCP 0.26 [0.23-0.30], p <0.05) without affecting delivery
accuracy (PR (3%/3mm): MP 97.0% [92.7-99.2]; mCP 97.1% [95.0-98.6],
p >0.05). In the blind choice, all mCP results were clinically acceptable and
chosen over MP in more than 75% of cases. The median Sl score was 0.69
[0.41-0.84] and 0.73 [0.51-0.82] for MP and mCP, respectively (p >0.05).

Conclusions: mCycle plans were comparable to clinical manual plans, more
complex but accurately deliverable and registering a similar SI. Automated

plans outperformed manual plans in blinded clinical choice.
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1 Introduction

Recent studies focused on the implementation and
commissioning of automatic tools in the typical radiotherapy
workflow steps (1-3). The main characteristic of these tools is
their mimicking of human planners’ interactions with the
treatment planning system (TPS). Three paradigms have been
exploited in commercially available auto-planning solutions:
knowledge-based planning (KBP), protocol-based algorithms,
and multicriterial optimization (MCO). The KBP (e.g.,
RapidPlan in Eclipse TPS, Varian Medical Systems, Palo Alto,
California) is based on a library of clinically accepted, high-
quality plans. KBP suggests how good a plan could be by
comparing the new patient’s anatomy with the plan library, as
a planner would learn from experienced colleagues’ suggestions
(4). Protocol-based algorithms (e.g., Autoplanning in Pinnacle’
TPS, Philips Medical Systems, Fitchburg, Wisconsin)
automatically repeat a known sequence of inverse planning
actions, simulating the planner’s presence at the TPS (5). On
the other hand, the MCO sequentially tries to get an organ at risk
(OAR) spared as well as possible without compromising the
target coverage by substituting the planner in the typical trial-

Abbreviations: LO, lexicographic optimization; MCO, multicriterial
optimization; WL, wish list; MP, manual plans; mCP, mCycle plans; SI,
scoring index; OAR, organ-at-risk; PTV, planning target volume; TPS,
treatment planning system; KBP, knowledge-based planning; VMAT,
volumetric-modulated arc therapy; CTV, clinical target volume; CP, control
points; FMO, Fluence matrix optimization; SSO, segment shape optimization;
SWO, segment weight optimization; CC, clinical constraint; PC, planning
constraint; FP, first pass; SP, second pass; PGDSSO, pseudo-gradient descent
segment shape optimizer; MUs, monitor units; MCS, modulation complexity

score; ROs, radiation oncologists.
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and-error procedure. In particular, the MCO looks for optimal
solutions belonging to the so-called Pareto’s surface, meaning
that a plan cannot be further improved on any objective without
degrading the results on at least one of the others. This surface
navigation is done by the TPS in the a priori MCO, proposing
only one planning solution respecting the listed requests (e.g.,
Monaco TPS, Elekta AB, Stockholm, Sweden). In the a-
posteriori approach, the user can navigate between the
generated multiple plans to choose the plan that best meets
the clinical requests (e.g., Eclipse TPS, Varian, and Raystation
TPS, RaySearch Laboratories AB, Stockholm, Sweden).
Together with the MCO, lexicographic optimization (LO)
can be listed as a hierarchical optimization approach. LO is
based on the imitation of the plan discussion process between
radiation oncologists and planners, characterized by given
clinical dose constraints, distribution evaluation, and
compromise between conflicting planning goals (6). To do so,
the given planning criteria are subdivided into constraints,
which cannot be violated, and prioritized objectives with an
assigned relevance order. Compared to MCO, in the LO
sequential iterations, the obtained objective results are turned
into constraints so that the following iterations cannot invalidate
what has already been reached. The set of constraints, objectives,
and priorities is called a Wish List (WL). The LO was first
introduced and implemented at the Erasmus MC Cancer
Institute of Rotterdam in the iCycle software (7). It is now
implemented in the research version of Monaco TPS v5.59
combined with the a priori MCO as a research-available tool
for photon beams and called mCycle (Elekta AB, Stockholm,
Sweden). Although iCycle and mCycle are conceptually similar,
their implementation is strongly different. The Rotterdam
workflow is composed of two steps in the iCycle optimizer and
in Monaco TPS, respectively. It starts with a fluence map
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optimization (FMO) in the iCycle multicriterial optimizer. The
obtained distribution is the input to define a patient-specific
Monaco template, which is subsequently used for final plan
generation with the Monaco TPS. On the other hand, mCycle is
completely embedded in the Monaco environment and no
passages are needed. mCycle automated planning starts with a
wish-list driven multicriterial FMO but the FMO dose
distribution is directly input for a multi-criterial optimization
of MLC segments answering again to the WL. The WL is defined
by translating the physician’s main and secondary planning
requests into a sequence of clinical (CC) and planning
constraints (PC) and the following objectives. Usually, CC are
the inviolable clinical requests (e.g., spinal cord maximum dose),
and they are assigned a higher weight than PC. Objectives get
weighted proportionally to their priority in the WL. Each
constraint and objective must be translated into one or more
cost functions associated with the contoured structures.

A completely new code has been written to embed this
approach in the Monaco environment with a different
mathematical solver, a different patient model, the typical
Monaco cost functions, and a Monte Carlo Algorithm
(XVMC) (8). The published experiences are mainly focused on
iCycle application in several anatomic sites, while applications of
the novel mCycle are reported only for head and neck, prostate
and rectal cancer volumetric-modulated arc therapy (VMAT)
treatment planning (8, 9), and prostate treatment on an MR-
Linac (10). This is the first feasibility study of mCycle
implementation for cervical cancer treatment. This pelvic
anatomic site was chosen to study the possibility of reducing
planner workload. Cervical cancer treatments are characterized
by large and irregular-shaped targets that pose challenges to the
generation of high-quality plans (11). They cover more than 10%
of VMAT plans at our institution, contributing to the annual
workload almost as much as prostate cancer treatments. This
feasibility study thoroughly investigates mCycle performances to
produce a plan quality at least comparable to accepted clinical
manual plans obtained with clinical Monaco a priori MCO. The
analysis included a comparison of plan dose distributions,
complexity, delivery accuracy, and clinical acceptability. A
plan quality score was introduced to globally assess manual
and automatic plans, as suggested by previous studies claiming
how powerful these indexes are to discern plan quality (12).

2 Materials and methods
2.1 Patient population

This retrospective planning study included a mono-
institutional consecutive cohort of 24 cervical cancer patients

previously treated with the VMAT technique between
November 2019 and April 2022. All patients were treated at
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an Elekta VersaHD linear accelerator equipped with the Agility
Multileaf Collimator (MLC, 160 leaves, 5 mm thickness, up to
6.5 cm/s, MU calibration 1 MU = 1 cGy). The main inclusion
criterion was a prescription dose of 50 Gy in 25 fractions. To
cover all the possible scenarios, the selected population included
9 patients who had undergone surgery and 15 patients who had
not. This challenged the mCycle algorithm to manage different
target volumes. The presence of a mono- or bilateral femoral
prosthesis was considered an exclusion criterion. All patients
underwent a CT simulation with a 3 mm slice thickness in the
supine position, with rectum- and bladder-specific preparation
instructions before the simulation and each treatment fraction.
The originally segmented structure sets included clinical target
volumes, CTVs (cervix, uterus if present, proximal vagina, and
pelvic nodes), and OARs (rectum, bladder, small bowel, and
femoral heads). These structure sets were used in the automatic
re-optimization and the following data analysis. According to
the institutional protocol, the planning target volume (PTV) was
defined as the isotropic 7-mm expansion of the CTV. All
patient-related information was deeply anonymized before
conducting the research. The institutional review board denied
the need for written informed consent from the participants as
there was no impact on treatment and the applied patient data in
this retrospective dosimetric planning study.

2.2 Manual treatment planning

All manual plans were generated with the clinical a priori
MCO of the Monaco TPS (version 5.51.10). A 6-MV coplanar
dual 330°-arc was optimized with up to 150 control points (CP),
a minimum segment width of 1.0 cm, and highly smoothed
fluence. A 3-mm dose grid and a 1%-statistical uncertainty per
Monte Carlo calculation have been used. The manual
optimization used the so-called MCO-constrained modality:
the the PTV-related requests will be satisfied after the
fulfillment of OAR cost functions because PTV and OAR cost
functions were handled as first-order objectives and first-order
constraints, respectively. The main limitation of this approach is
the strong dependence on how the cost functions are manually
defined, ie., the defined parameters are manually modified,
iteration by iteration, to modulate the PTV-OAR compromise
in search of the best clinical plan. In MP, both Fluence Matrix
Optimization (FMO, phase 1) and Segment Shape and Segment
Weight Optimization (SSO and SWO, phase 2) phases have been
performed with MCO. A final re-normalization of the dose
distribution to reach the minimum PTV coverage or to fulfill the
small bowel constraint was allowed. The minimum target
coverage of Vgse, >95% was requested with a Djo, <107%.
Institutional OAR tolerance doses were rectum Dsgo, <44.7 Gy,
bladder Dsgg, <57.3 Gy, small bowel V56, <195 cm?®, femoral
heads D5, <44.7 Gy (13-16). If it was not possible to respect the
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protocol constraints, minor or major deviations were discussed
and accepted by the approving clinician.

2.3 mCycle auto-planning

As previously described, in mCycle, constraints and
prioritized objectives are managed by the planner through the
mCycle WL, which represents a dialogue between the radiation
oncologist and the planner. The WL has to be tuned accordingly
to the institution’s clinical protocol to obtain an optimal clinical
plan in a single optimization process. As described by Hussein
et al. (3), the tuning process is a multi-step iterative method on a
subset of patients in which the current WL is evaluated in terms
of the optimized plans. From a practical standpoint, the creation
of a WL starts from a robust template of the manual planning
process, following these simple guidelines:

a. Identifying what the prescriptions are, whose violation
would prevent the acceptance of the plans and indicate
them as WL CC;

b. Identifying those prescriptions that are normally
inserted to determine dose gradients and indicating
them as WL PC;

c. If the priority is a minimal target coverage (for example,
95% of the prescription dose to 95% of the volume),
assign this prescription as the first priority-objective

d. Assign all subsequent priorities to the OARs according
to the clinical relevance discussed with the radiation
oncologist;

e. If there is still room for optimization, assign lower-order
priorities to ask again for certain OAR sparing or target
coverage.

The user then iteratively acts on the type of cost function,
their priority order, and their related goals. This iterative process
continues on until the results satisfy the defined clinical protocol
for a subset of patients without incurring the cost of not
accurately delivering plans.

The WL is used in a two-pass automated lexicographic MCO
during mCycle fluence optimization. During the first pass (EP),
the fluence is optimized to sequentially get, for each defined cost
function, a value lower than the requested goal. The obtained
value is then used to constrain its cost function in the following
second pass (SP). In the SP, all the objectives that were below
their goal in the FP are further optimized till they reach their
lowest possible value or till a specified “sufficient value” is
reached. On the other hand, the objectives that were higher
than their goal after the FP are constrained to the value reached
during the FP. This sequential definition of new constrained
values allows for the avoidance of repetitive manual
interventions on the cost function parameters and for
achieving the clinically desired plan in only one optimization.
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The obtained optimized fluence map distribution is input for
the following multi-criterial optimization of MLC segments
using the new Pseudo-Gradient Descent Segment Shape
Optimizer (PGDSSO), which, again, deals with the WL.
Starting from the collection of beamlets and for each segment,
it computes the benefit of including or excluding the i-th beamlet
with an optimization method similar to gradient descent.

The WL definition requires initial tweaking using a subset of
CTs and structure sets to get robust WL-producing automatic
plans at least comparable to the retrospectively selected manual
plans. To avoid any bias, the patients used to tune the WL have
been excluded from the following analysis. The tuned WL has
been exploited to automatically re-plan the final selection of
treatment plans. The same arc configuration has been used with
a 6-MV coplanar dual 330°-arc with up to 150 CP, 1-cm
minimum segment width, highly smoothed fluence, 3-mm
dose grid, and 3%-statistical uncertainty per CP in the Monte
Carlo calculation. No further WL changes were allowed in this
test phase. The only accepted manual intervention on the
mCycle plans (mCP) was limited to minimal fine-tuning to
obtain the minimum clinical acceptability, namely a second
optimization reducing the minimum segment width to
0.75 cm or, as in MP, a final re-normalization of the dose
distribution to reach the minimum PTV coverage or to fulfill the
small bowel constraint. As indicated before, this normalization
step is often done in the clinical manual routine to obtain minor
adjustments in dose distributions, being careful to not invalidate
plan deliverability (i.e., losing segments with a low number of
monitor units (MU)).

2.4 Plan comparison

2.4.1 Dosimetric comparison

To guarantee an unbiased comparison, all plans were
recalculated using a statistical uncertainty of 0.5%. The MP
and mCP PTV coverages have been compared in terms of the
PTV Vigo%> Voswus and Diy. The dose distributions have been
compared in terms of the conformality index (Clyse, and Clsgy,),
defined by the ratio between the total volume covered by the
specified dose (95% and 50% of the prescription dose) and the
volume of the PTV. The analyzed OAR metrics were the mean
doses (Dean), the rectum and bladder Do, the bowel Vysgy,
and the femoral heads Ds,.

2.4.2 Plan complexity and delivery accuracy

The two planning modes have also been analyzed in terms of
the total number of monitor units (MU) and segments.
Furthermore, the plan complexity has been quantified through
the modulation complexity score (MCS), as defined by
McNiven (17).

The plan delivery has been evaluated in terms of the
agreement between the calculated and measured dose
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distributions, tested by performing a gamma analysis (y). All
plans have been recalculated on the CT scan of the Delta*"
phantom (ScandiDos, Uppsala, Sweden) using a 2-mm grid and
a 0.5% statistical uncertainty. All plans, including MP, were
delivered on the phantom on the same day to avoid daily
delivery variations. The local y has been performed
with Scandidos software (version 1.00.0180). As established in
the institutional QA protocol for conventional treatment plans,
the gamma passing rate has been evaluated with a 3%/3 mm
criteria (PR_33) neglecting any pixel registering a dose lower
than 8% of the maximum dose (threshold). For sake of
completeness, the 2%/2 mm criteria (PR_22), maximum
gamma value (Ypax), mean gamma value (Ypean), and
confidence interval (Ycr = Ymean + 1.5 standard deviation) have
been evaluated (18).

2.4.3 Physicians’ blind choice

To clinically evaluate the mCycle results, two senior
radiation oncologists (ROs) performed an independent, blind
choice between MP and mCP, based on dose distribution, dose-
volume histograms, and clinical objectives. All patients were
anonymized and no information about the planning technique
was given. Cohen’s kappa coefficient (k) has been used to
measure inter-rater reliability.

2.4.4 Plan quality score

The basic concept of a plan quality score was first introduced
by Nelms (19), and it was here adapted to gather into a single
number the plan evaluation process of our clinical team. The
scoring index (SI) was defined as the quadratic mean of four sub-
metrics representing target coverage, OAR-sparing, plan
delivery accuracy, and plan complexity, each one of them
ranging from 0 to 1 (Figure 1). The target coverage and OAR
sparing sub-metrics are composed of the evaluated dose metrics
as indicated in Figure 1. For each sub-metric, the score is
proportional to the constraint fulfillment. For example, the
PTV Djy has a null score if it is higher than 107% as
requested by the clinical protocol. The score increases as the
PTV D,y decreases.

2.5 Statistical analysis

Firstly, the normality test of Shapiro-Wilk has been
performed on each sample of comparison metrics to establish
whether to conduct the parametric t-test or the nonparametric
Wilcoxon rank-sum test. The Bonferroni correction for multiple
tests has been applied and the selected significance level has been
set at 5% (p = 0.05). The variances of the two groups have also
been compared with Bartlett’s test and Levene’s test (5) for
normal and non-normal distributions, respectively. All statistical
tests have been performed using Rstudio (2021.09.0).
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3 Results
3.1 WL tweaking and automatic planning

The WL definition requested a tweak on four patients in five
working days, acting on cost functions, their priority order, and
their related goals. If a double PTV was present (PTV uterus and
PTV pelvis), the PTV requests were simply doubled and kept
both as first-priority objectives.

The final WL is presented in Table 1. The fulfillment of the
bowel bag (CC), which violation implies plan rejection most of
the time, is followed by dose gradient requests (PC). Finally, the
objectives sequence asks for PTV coverage (first priority) and the
iterative research of OAR doses as low as possible (following
lower priorities).

The following automatic re-planning for the remaining 20
test patients took three working days. Excluding the contouring
and the plan finalizing process, the median optimization and
Monte Carlo calculation time can be estimated at 4 h and just
over 1 h per MP and mCP, respectively. The manual fine-tuning
was limited to six out of 20 plans (30%). A small re-
normalization has been applied to get the minimum
acceptable coverage or to satisfy the bowel constraint. In two
cases, the re-normalization did not allow us to fulfill the clinical
protocol bowel request and a re-optimization with a 0.75-cm
minimum segment width was needed.

3.2 Plan comparison

3.2.1 Dosimetric comparison

The selected patients registered a median PTV of 1,073.7
cm?® [608.4-1,453.9]. The MP and mCP dose results and their
box-and-whisker plots are reported in Table 2 and Figure 2.
Statistically significant differences resulted in median values of
target metrics, even if the significance remained only in Dj,
once the multiple-tests correction is applied. Furthermore, the
variance test showed a statistically significant difference for the
PTV Clos, with an associated mCP distribution larger than
the MP one.

On the other hand, results in OAR sparing showed
comparable performances in all considered metrics. A slight
decrease in OAR metrics can be observed in mCP, but it did not
register statistical significance. It is worth noticing the mCP high
repeatability of the bowel V4sg, with an extremely narrow
boxplot just below the constraint.

The dose distributions for a representative patient are
graphically reported in Figure 3. This shows a slight increase
in the PTV coverage and a significant improvement in rectum
and bladder sparing. The bowel Vy5 ¢, respected the clinical
constraints in both plans, but it is worth noticing the greater
extent of the low doses in mCP than in MP.

frontiersin.org


https://doi.org/10.3389/fonc.2022.1041839
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Trivellato et al. 10.3389/fonc.2022.1041839

PTV coverage
0.3 PTV Dyy, + 0.7 PTV Vggy,

1 1

0.8 08
206 206
S &% 0.4 S % 04
0.2 0.2
0 0

100% 105% 110% 90% 95% 100%
PTV Dy, [GyY] PTV Vesy, [GY]

OAR sparing
0.45 Bowel V,5¢, + 0.35 Rectum Dggy, + 0.1 Bladder Dggy,+ 0.05 RFH Dsy, + 0.05 LFH Dsy,

1 1
0.8 0.8
0.6 206

8
04 n 04
0.2 0.2
0 0

Score

90% 92% 94% 96% 98% 100%102% 90% 92% 94% 96% 98% 100%102%
Bowel Vy56,[%C] Rectum Dsge, [%C]
1 e—o 1
08 0.8
206 206
] 3
®? 04 » 04
0.2 0.2
0 S 0 !
60% 70% 80% 90% 100% 94%  96%  98% 100% 102%
Bladder D5y, [%C] Femoral Heads Dsq, [%C]
Plan delivery accuracy Plan Complexity
1 1
08 0.8
206 206
3 8
»n 04 »n 04
0.2 0.2
0 0
90% 95% 100% 0 02 04 06 08 1
PR_33[%] MCS

FIGURE 1

Scoring index components and definition. The weighting of target coverage and OAR sparing index components are reported in the formulae.
Abbreviations: PTV, planning target volume; OAR, organ-at-risk; Dy, dose received by the # % of contoured volume; V4, volume receiving more
than # Gy; RFH, right femoral head; LFH, left femoral head; PR_33, 3%/3 mm gamma passing ratio; MCS, modulation complexity score.

3.2.2 Complexity and delivery accuracy The mCP registered a MU slight increase and a statistically
comparison significant MCS decrease (p <0.001). On the other hand, a

Plan complexity and delivery results and their box-and- decrease in the number of segments has been registered thanks
whiskers plots are reported in Table 3 and Figure 4, respectively. to the novel PGDSSO. A significant narrowing of data variance is
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registered for the MCS and number of segments. The
increased complexity had no effect on plan delivery accuracy,
as shown by the gamma passing ratios reported in Table 3 with
their p-values.

3.2.3 Blind choice results
Out of 20 patients, all manual and automated plans
were considered clinically acceptable. Only two MPs presented

10.3389/fonc.2022.1041839

3.2.4 Plan scoring

The target coverage, OAR sparing, plan delivery accuracy, and
plan complexity median scores for MP and mCP were 0.90, 0.79,
0.75, 0.20, and 1.00, 0.81, 0.80, and 0.20, respectively. The median
ST was 0.69 [0.41-0.84] and 0.73 [0.51-0.82] for MP and mCP,
respectively. On a single patient-basis, the mCP median score
variation with respect to MP was 5.8% [-17.0% to +72.0%]. No
statistically significant difference was registered between the single

a major deviation from the protocol criteria due to metrics and the SI distributions. All data are listed in Table 4.
unfavorable anatomy.

Other minor deviations in OAR constraints were clinically
accepted (2 MP and 3 mCP). The ROs chose the mCP over the
MP in 75.0% and 80.0% of cases, with a moderate agreement
(k = 0.51). The preferred MP plans registered a slightly better

OAR spare with lower PTV coverage.

4 Discussion

To the knowledge of the authors, this work is the first
feasibility study of mCycle implementation in the VMAT

TABLE 1 mCycle wish-list for auto-planning of cervical cancer (50 Gy in 25 fractions).

Clinical Constraints

Structure Cost Function Shrink margin (cm) Limit
(parameter)

PTV Quadratic Overdose (52 Gy) / <0.02 Gy

Bowel bag Overdose DVH (45 Gy) / <195.0 cm®

External Maximum Dose / 53.4 Gy
Planning Constraints

Structure Cost Function Shrink margin (cm) Limit
(parameter values)

External Quadratic Overdose (50 Gy) 0.0 <0.1 Gy

External Quadratic Overdose (45 Gy) 0.3 <0.2 Gy

External Quadratic Overdose (40 Gy) 0.6 <0.2 Gy

External Quadratic Overdose (35 Gy) 0.9 <0.2 Gy

External Quadratic Overdose (25 Gy) 2.5 <0.3 Gy
Objectives
Priority Structure Cost Function Shrink margin (cm) Goal value (sufficient)

(parameter values)

1 PTV Target EUD (0.5) 50.0 Gy
1 PTV Target Penalty (99%) 50.0 Gy
2 Rectum Parallel (40 Gy, k = 3) 0.3 <30.0%
2 Bladder Parallel (40 Gy, k = 3) 0.3 <33.5%
3 Rectum Serial (k = 15) <46.0 Gy
3 Bowel bag Parallel (40 Gy, k = 3) 0.3 <20.0%
3 Bowel bag Serial (k = 15) <43.0 Gy
3 Bladder Serial (k = 15) <47.0 Gy
4 Bowel bag Overdose DVH (45 Gy) <14.0% (7.0%)
4 Right femoral head Serial (k = 15) <38.0 Gy
4 Left femoral head Serial (k = 15) <38.0 Gy
5 External Conformality <0.75
6 Right femoral head Serial (k=1) <30.0 Gy
6 Left femoral head Serial (k = 1) <30.0 Gy
7 Rectum Serial (k=1) <30.0 Gy
8 Bladder Serial (k = 1) <35.0 Gy

Priority: order list according to which the objectives (cost functions) are optimized. Shrink margin: creates a buffer zone between the PTV and overlapping structures to avoid conflict
between the applied cost functions of each of the structures. PTV, planning target volume; DVH, dose volume histogram; EUD, equivalent uniform dose.
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TABLE 2 Comparison of original manual plans and mCycle plans in terms of PTV and OAR dose metrics.

DOSE METRICS MP mCP

PTV
Vioos (%) @ 63.3 [54.2-80.3] 72.4 [43.3-87.7]
Vosus (%) @ 98.0 [95.6-99.3] 99.2 [89.7-99.9]
Dyy, (%) @ 103.6 [103.0-105.5) 104.3 [103.4-105.2]
Closy, 12 [1.1-1.3] 1.2 [1.0-1.4]
Cls 4.2 [3.6-5.0] 4.2 [3.5-5.3]

Bowel

Vis Gy (cm3) @

179.2 [56.5-414.0]

188.3 [92.6-209.0]

Dinean (Gy) 25.0 [19.3-31.7] 26.7 [20.8-30.8]
Rectum

Dsoy (Gy) 41.7 [30.2-47.0] 40.3 [31.4-45.8]

Dimean (Gy) 39.1 [29.7-44.0] 37.7 [30.4-42.1]
Bladder

Dsgy (Gy) @ 42.0 [28.8-47.4] 41.6 [26.7-48.1]

Dinean (Gy) 39.7 [30.9-45.4] 38.4 [30.3-43.1]
Left femoral head

Dsy, (Gy) ¥ 40.9 [33.9-49.0] 41.3 [30.5-48.9]

Dinean (Gy) 30.1 [25.8-37.2] 29.0 [20.9-38.4]
Right femoral head

Dsy; (Gy) ¥ 42.3 [34.0-49.8] 413 [32.8-47.9]

Dpnean (Gy) 30.5 [23.2-37.8] 28.4 [19.8-34.3]

Wilcoxon or t test

10.3389/fonc.2022.1041839

Levene’s or Bartlett’s test

0.040/1.000 0.597
0.004/0.108 0.391
0.001/0.027 0.066
0.218/1.000 0.018
0.379/1.000 0.376
0.344/1.000 0.080
0.142/1.000 0.518
0.713/1.000 0.430
0.404/1.000 0.273
0.583/1.000 0.631
0.293/1.000 0.661
0.872/1.000 0.239
0.186/1.000 0.060
0.734/1.000 0.973
0.126/1.000 0.416

MP, manual plans; mCP, mCycle plans; PTV, planning target volume; V, volume receiving more than # Gy; D, dose received by the # % of contoured volume; Cl,s,, conformality index of

the #% of the prescription dose; Dyyean, mean dose; @ Gaussian distribution;

, not normal distribution. In Wilcoxon and t test column, non-corrected and Bonferroni-corrected p-values

are reported (p-value/corrected p value). Bold: Statistical significance (p <0.05). Median values and ranges are reported.

planning of cervical cancer treatment. This novel tool differs
from iCycle by exploiting Monaco cost functions, a new
mathematical solver, and a new patient model, providing a
single solution in which LO and MCO are coupled with
Monte Carlo calculation. This qualitative and quantitative
comparison with the clinically accepted plans generated by
experienced medical physicists included a quantitative scoring
of global plan quality. Results proved the mCycle capability to
generate plans at least comparable to manual plans with a
strongly limited manual plan fine-tuning. The number of
patients needed to tune the WL is not defined in the
literature, but the presented results are in line with Bijman
et al’s (8) experience on other anatomic sites. Furthermore,
the automatic re-planning took only three working days
to obtain 20 clinically acceptable and deliverable mCP,
showing how mCycle would strongly reduce planners’
workload in the clinical routine of cervical treatment
planning. In terms of dosimetric comparison, mCP was
comparable to MP obtaining a target coverage increase. The
registered increase of the PTV Do showed statistical
significance, although not clinically relevant and respecting
the institutional protocol. These results were obtained with a
very narrow distribution of bowel-sparing results, proving
the strength and repeatability of LO when a clinical constraint
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is given. It is worth noticing that the blind choice revealed
that slightly lower OAR doses or a smaller low dose extent in
MP, as shown in Figure 3, was preferred to the extremely high
target coverage of the opposing mCP. The analysis of plan
complexity and delivery accuracy proved that mCycle
generates more complex plans even if the implementation of a
new segment shape optimization led to a lower number of
segments. The newer PGDSSO is faster and more efficient in
merging similar segments than the previous algorithm (used
in the MP), thus resulting in a lower global number of segments
while keeping the modulation degree as high as needed by the
plan. Nevertheless, the gamma analysis results showed that
the accuracy of plan delivery was preserved and guaranteed.
These results are limited to the available sample size, which
was strongly dependent on the inclusion criteria. Further
investigations will be needed to confirm these results on a
larger dataset (20).

The mCycle capability to mimic manual planning has thus
been verified in an anatomic site only investigated in a few other
auto-planning experiences reported in the literature. Hussein
etal. (21) and Tinoco et al. (22) have reported the KBP capability
to produce IMRT and VMAT treatment plans with comparable
OAR sparing and better conformity than the original clinically
accepted plans. Sharfo et al. investigated IMRT versus VMAT
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strategies for cervical cancer with their in-house Erasmus-iCycle
optimizer (23) and demonstrated that the plan quality of
automatically generated plans was superior to manually-

generated plans (24).
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Comparing this mCycle implementation with the published
results on KBP (11, 21, 22, 25, 26) the main difference can be
identified in the KBP need for a model optimization based on a

high-quality plan library (21). As claimed by Cilla (5), KBP
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Box-and-whisker plots of computed dosimetric metrics for manual plans and mCycle plans. The box is delimited by the first (25%) and the third
(75%) quartiles, and the bold line represents the median value. The whiskers point to the minimum and maximum data without counting boxplot
outliers that in case there exist are represented with circles. An outlier is defined as a value exceeding the 1.5 interquartile range [1.5 (third—first
quartile)]. MP, manual plans; mCP, mCycle plans; PTV, planning target volume; V4, volume receiving more than # Gy; Dy, dose received by the
# % of contoured volume; Cly, conformality index of the # dose; Dyean, mean dose.
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FIGURE 3
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Dose distribution comparison of a manual plan (MP) and a mCycle plan (mCP). The isodose color legend is reported while the contoured
structures are CTV (red), PTV (purple), rectum (blue), bladder (orange), bowel (cyan), right femoral head (yellow), left femoral head (green), and

patient (pink). The DVH curves are reported as solid lines for mCP and dotted lines for MP.

TABLE 3 Comparison of original manual plans and mCycle plans in terms of plan complexity and plan delivery. Median values and ranges

are reported.

PLAN COMPLEXITY
mcst

MU @

Segments @

PLAN DELIVERY ACCURACY
PR (3%/3 mm) (%)

PR (2%/2 mm) (%)
Ymean )

()

Ymax

Ycr @

MP
029 [0.24-0.34]
751.2 [644.1-875.2]
211 [134-257]
MP
97.0 [92.7-99.2]
89.2 [79.2-96.7]
033 [0.24-0.45]
2.01 [1.67-3.44]
0.75 [0.57-0.98]

mCP
0.26 [0.23-0.30]
783.5 [721.2-985.1]
148 [133-196]
mCP
97.1 [95.0-98.6]
90.3 [84.3-96.1]
0.32 [0.22-0.39]
2.62 [1.58-3.92]
0.75 [0.55-0.97]

Wilcoxon or t test
<0.001/0.002
0.086/1.000
0.001/0.027
Wilcoxon or t test
0.441/1.000
0.331/1.000
0.498/1.000
0.079/1.000
0.911/1.000

Levene’s or Bartlett’s test
0.047
0.188
<0.001
Levene’s or Bartlett’s test
0.018
0.031
0.055
0.190
0.274

MP, manual plans; mCP, mCycle plans; MCS, modulation complexity score; MU, monitor units; PR, gamma passing ratio; Ymean, Mmean gamma index value; Y.y, maximum gamma index

value; ycj, gamma confidence interval; ¥, Gaussian distribution;

@)

(p-value/corrected p-value). Bold: Statistical significance (p <0.05).
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FIGURE 4

Box-and-whisker plots of computed complexity and delivery metrics for manual plans (MP) and mCycle plans (mCP). The box is delimited by
the first (25%) and the third (75%) quartiles, and the bold line represents the median value. The whiskers point to the minimum and maximum
data without counting boxplot outliers that in case there exist are represented with circles. An outlier is defined as a value exceeding the 1.5
interquartile range (1.5 (third—first quartile)). Abbreviations: MP, manual plans; mCP, mCycle plans; MU, monitor units; MCS, modulation
complexity score; PR_33, 3%/3 mm gamma passing ratio; PR_22, 2%/2 mm gamma passing ratio; ymean, Mean gamma index value; ymax,

maximum gamma index value; yc;,, gamma confidence interval.

mainly depends on the model strength, i.e., on the original plan
quality and the correct identification of plan outliers. On the
other hand, mCycle asks for a WL optimization, which appears
very simple and intuitive, resembling a template optimization
that can be easily learned by any Monaco user. Furthermore, if a
new clinical protocol is introduced, KBP needs a new database of
high-quality manually generated plans. On the contrary, mCycle

and the Autoplanning of Pinnacle allow implementing
automatic plan generation only adapting the WL or the
Pinnacle technique, respectively, using the very first patients’
CT scans and structures.

In this context of protocol updates, a single dose prescription
WL can be considered to be a limitation. In fact, lymph node
boosts are often included in external beam radiotherapy. Despite

TABLE 4 Comparison of plan scoring index and its sub-metrics for plans and mCycle plans. Median values and ranges are reported.

SUBMETRIC* MP
Target coverage 0.90 [0.57-1.00]
OAR sparing 0.79 [0.32-1.00]

0.75 [0.30-1.00]
0.20 [0.20-0.30]
0.69 [0.41-0.84]

Plan delivery accuracy
Plan complexity
SCORE INDEX

mCP Wilcoxon Levene’s test
1.00 [0.30-1.00] 0.013/0.195 0.722
0.81 [0.05-1.00] 0.507/1.000 0.135
0.80 [0.60-0.90] 0.466/1.000 0.002
0.20 [0.20-0.20] 0.004/0.060 0.003
0.73 [0.51-0.82] 0.159/1.000 0.302

*All metrics showed a not normal distribution. Abbreviations: MP, manual plans; mCP, mCycle plans. Non-corrected and Bonferroni-corrected p-values are reported (p-value/corrected p-

value). Bold: Statistical significance (p <0.05).
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the capabilities of mCycle to deal with multiple dose
prescriptions, in the current study, we only dealt with a single
dose prescription. As it has already been demonstrated by other
authors in head and neck cases (9) or prostate with simultaneous
boost (10), multiple prescriptions are easily handled by mCycle
WL exploiting the LO capability to spare OAR as much as
possible without affecting a higher dose target coverage: the PTV
coverage request should be doubled and differentiated for the
PTV boost, and the goal values of OAR cost functions coherently
adapted. This would lead to fine-tune the presented WL on a
different subset.

Furthermore, three considerations on the WL optimization
can be done. As already mentioned, even if mCP were all defined
as clinically acceptable, their extremely wide target coverage was
sometimes ranked lower than a slightly better OAR sparing in
MP. Secondly, the planner’s manual intervention has been
reduced to a very small number of clicks, but 10% of mCP
asked for a second optimization. Finally, the compared manual
plans were obtained in the clinical routine by expert planners
with limited available time, while Sharfo et al. proved an LO plan
quality superior to manual plans even when generated by an
expert planner without time pressure (24).

These considerations led to a further investigation into the
possible WL tuning to explore the possibility of further sparing
the surrounding OARs without any manual intervention and
challenging a planning expert with no planning time limits. To
do so, the LO gives the possibility to introduce multiple requests
and priority levels, while the presented WL is now very
straightforward. Further studies are ongoing to investigate the
possibility to tune a second more complex WL highly
demanding on OAR sparing, increasing the plan complexity,
and, of course, the risk to affect plan deliverability. Having two
WLs, it would be possible to choose the preferred compromise
between dose distribution and plan complexity for each patient.

The RATING guidelines for treatment planning studies were
used by three authors (PC, MCD, and BB) to independently
score this study (27). The RATING scores were 93%, 89%,
and 94%.

5 Conclusions

This is the first retrospective feasibility study on mCycle
planning for cervical cancer treatment. The presented results
showed that mCycle is an effective tool to generate automatic,
high-quality VMAT treatment plans according to the cervical
treatment institutional protocol. In fact, this comprehensive
dosimetric and clinical evaluation showed that mCycle plans
were comparable to clinical manual plans at the dosimetric
comparison, more complex but equally deliverable. In
addition, they registered a slightly higher global quality score.
Furthermore, the needed planning time has been reduced by
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nearly a quarter. Finally, automated plans outperformed manual
plans in blinded clinical scoring. As soon as it becomes
commercially available, its implementation into the clinical
routine will lead to reduced planning workload and dosimetric
and clinical advantages. Future studies will broaden its use to

other anatomic sites.
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