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Abstract

For locally advanced cervical cancer, the standard therapeutic approach involves concomitant chemoradiation therapy,
supplemented by a brachytherapy boost. Moreover, an external beam radiotherapy (RT) boost should be considered for
treating gross lymph node (LN) volumes. Two boost approaches exist with Volumetric Intensity Modulated Arc Therapy
(VMAT): Sequential (SEQ) and Simultaneous Integrated Boost (SIB). This study undertakes a comprehensive dosimetric
and radiobiological comparison between these two boost strategies. The study encompassed ten patients who underwent
RT for cervical cancer with node-positive disease. Two sets of treatment plans were generated for each patient: SIB-VMAT
and SEQ-VMAT. Dosimetric as well as radiobiological parameters including tumour control probability (TCP) and normal
tissue complication probability (NTCP) were compared. Both techniques were analyzed for two different levels of LN
involvement — only pelvic LNs and pelvic with para-aortic LNs. Statistical analysis was performed using SPSS software
version 25.0. SIB-VMAT exhibited superior target coverage, yielding improved doses to the planning target volume
(PTV) and gross tumour volume (GTV). Notably, SIB-VMAT plans displayed markedly superior dose conformity. While
SEQ-VMAT displayed favorable organ sparing for femoral heads, SIB-VMAT appeared as the more efficient approach
for mitigating bladder and bowel doses. TCP was significantly higher with SIB-VMAT, suggesting a higher likelihood
of successful tumour control. Conversely, no statistically significant difference in NTCP was observed between the two
techniques. This study’s findings underscore the advantages of SIB-VMAT over SEQ-VMAT in terms of improved target
coverage, dose conformity, and tumour control probability. In particular, SIB-VMAT demonstrated potential benefits for
cases involving para-aortic nodes. It is concluded that SIB-VMAT should be the preferred approach in all cases of locally
advanced cervical cancer.
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Introduction

Cervical cancer is the fourth most common malignancy in
women and also the fourth most common cause of death
from cancer in women worldwide (Sung et al. 2021). For
locally advanced diseases, concomitant Cisplatin-based
chemoradiation therapy is considered the standard of care
with a brachytherapy boost to the local disease (Green et al.
2001; Hsu et al. 2015; Shrivastava et al. 2018). Additionally,
an external beam radiotherapy (EBRT) boost should be given
to nodal volumes in patients with lymph node (LN) involve-
ment (Bacorro et al. 2018; Wujanto et al. 2019; Kim et al.
2020). Administration of this boost dose to involved LNs is
associated with increased normal tissue toxicity because of
a larger irradiated volume exposed to higher radiotherapy
(RT) doses. This toxicity is further augmented due to the
use of concomitant chemotherapy during RT. Therefore, an
intensity-modulated technique such as Volumetric Intensity
Modulated Arc therapy (VMAT) is favored as it allows for
dose intensification while mitigating normal tissue toxicity
(Gaffney et al. 2011; Knapp et al. 2019). There are two pos-
sible ways of nodal boost during EBRT: Sequential (SEQ)
or Simultaneous Integrated Boost (SIB). A sequential boost
can be delivered to gross nodes which allows dose inten-
sification with low treatment-related toxicities (Shewalkar
et al. 2022). This modality was always considered to be an
acceptable option keeping in mind the concern for normal
tissue tolerance. Nevertheless, SEQ-RT increases the total
treatment time, particularly if a boost is delivered before
brachytherapy which could potentially worsen local tumour
control (Tanderup et al. 2016; Lin et al. 2017; Hong et al.
2017). On the other hand, the non-homogeneous irradia-
tion of the tumour and lymph nodes to different doses with
SIB delivers the initial and boost doses together in a smaller
number of fractions and, thus, in a shorter overall treatment
time (OTT). However, SIB with increased dose per fraction
to involved LN raises theoretical concerns of amplified tox-
icity (Jensen et al. 2021). Thus, a comprehensive analysis
of these two techniques taking into account dosimetric and
radiobiological considerations could provide true insight.

Consequently, the present study was carried out includ-
ing a dosimetric and radiobiological comparison of single-
phase SIB-VMAT with two-phases SEQ-VMAT in terms of
target coverage, dose to the organs at risk (OARs), tumour
control probability (TCP), and normal tissue complication
probability (NTCP). The second objective of the present
study was to compare these two treatment strategies in dif-
ferent clinical scenarios of only pelvic LNs involvement or
pelvic LNs with para-aortic LN involvement.
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Materials and methods

The study included ten patients who received radiation ther-
apy between January 2022and December 2022. A written,
informed consent was taken from each patient enrolled in
the study. The study was approved by the institute’s ethical
committee before its commencement.

Patient selection

The study included histologically confirmed cervical cancer
patients who underwent definitive chemo-radiation therapy.
Patients with FIGO stage IIIC, as detected in fluorodeoxy-
glucose (FDG) based Positron Emission Tomography-Com-
puted tomography (PET-CT), were included. Five of the ten
patients included in this study had pelvic LNs only while the
remaining five had pelvic LNs with para-aortic LN).

Treatment planning

All patients underwent CT imaging in the supine position
with a custom thermoplastic immobilization cast. Con-
stant bowel and bladder filling protocols were followed at
the time of the procedure. CT images were acquired with a
3 mm slice thickness and were transferred to the treatment
planning system. Clinical target volumes (CTVs) were con-
toured as CTV nodal (CTV 1) and CTV primary (CTV 2 and
3) (Bansal et al. 2013). CTV 1 included involved nodes and
relevant draining nodal groups (common iliac, internal iliac,
external iliac, obturator, and presacral). CTV 2 included the
uterine corpus, the entire cervix, and the vagina depending
upon the vaginal involvement, whereas CTV 3 encompassed
the parametrium. Appropriate internal target volume (ITV)
and planning target volume (PTV) margins were generated.
Additionally, para-aortic LN CTV was contoured according
to the guidelines by Keenan et al. for delineation of para-
aortic lymph node region in cervical cancer (Keenan et al.
2018). Positron emission tomography (PET) avid LNs were
contoured with a 1-centimeter isotropic expansion to gener-
ate boost volumes. Dose constraints for targets and OARs
were given as per the EMBRACE II protocol (Potter et al.
2018). Two sets of plans were generated for each patient -
SIB-VMAT and SEQ-VMAT.

For the SIB plans, the prescribed dose was 50.4 Gy to
the pelvis (primary tumour, uterus, and the parametrium and
elective nodal volume) and 58.8 Gy to the FDG-avid nodes.
These doses were delivered in 28 fractions over 5.6 weeks.
For the SEQ-VMAT plans, the prescribed dose was 50.4 Gy
to the pelvis in 28 fractions (primary tumour, uterus, and the
parametrium) followed by a boost of 9 Gy in five fractions
to the involved LN. Plans were optimized to achieve ade-
quate target coverage with maximal sparing of the OARs.
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Dosimetric and radiobiological analysis

For both SIB-VMAT and SEQ-VMAT plans, dose-volume
histograms (DVHs) were generated for the target volumes
and OARs. The DVHs were analyzed for the following
parameters: mean dose, maximum dose, minimum dose,
D95(Dose received by 95% of the PTV), and V95(Volume
of PTV receiving 95% of the prescribed dose) for the targets
along with the dose constraints met in the case of OARs.
The Conformity Index (CI) for the target volume was cal-
culated using Paddick’s conformity index (Paddick et al.
2000) formula as follows:

CIPaddick=TV2RI/ TV x VRL

Where TVRI is the target volume covered by reference
isodose line, and VRI is the volume of reference isodose
line.

Also, the Homogeneity Index (HI) for either plan was
calculated according to ICRU Report 83 (ICRU 2010) as
follows:

HI = (D2 — D98)/ DP.

Where D2 and D98 are the doses to 2% and 98% volume
of PTV, and DP is the prescribed dose.

The TCP and NTCP were calculated by an in-house
program named RBMODELV1 developed in MATLAB
(2016b) software (Patel et al. 2022). It is designed for

Table 1 Radiobiological parameters used for calculation of tumour
control probability (TCP) and normal tissue complication probability
(NTCP), for Poisson and Lyman-Kutcher-Burman (LKB) model. PTV
- planning target volume

Volumes Radiobiological ~ References Parameter
parameters description

PTV Poisson model Okunieff et Y is the slope of
Y50=2.70 al. 1995 the dose-response
TCDs,=26.35%, curve
o/B=10

Bladder LKB model Chang et al. TDjsj (tolerance
n=0.5,m=0.11, 2016 dose) is the uni-
TD;,=80%, form dose given to
ao/f=3 the entire organ that

results in a 50%
complication risk

Rectum LKB model Chang etal. ‘n’is a parameter
n=0.09, m=0.13 2016 that describes the
, magnitude of the
TD5,=76.9%, volume effect
o/f=3

Bowel LKB model Chang et al. ‘m’is a measure
n=0.09, m=0.3, 2016 of the slope of the
TDs,=5%%, sigmoid curve
a/fp=4

Kidney LKB model Chang etal. TCDs, (tumour
n=0.7,0/f=2, 2016 control dose)is
m=0.1, the uniform dose
TDs,=28% given to the entire

organ that results
in a 50% tumour
control probability

Windows-based computers and includes a menu-driven
user interface. The framework of the application is sim-
ple: The programme accepts cumulative DVH files in .txt
format. The model parameters need to be entered manu-
ally from the database provided with the software. TCP or
NTCP calculations are performed based on input param-
eter values for different radiobiological models embedded
into the application. In the present study, TCP was calcu-
lated by the Poisson model (Tucker et al. 1990) and NTCP
by the Lyman-Kutcher-Burman (LKB) model (Kutcher et
al. 1991). The biological parameters used for the calcula-
tions were taken from published literature and are shown in
Table 1. The radiobiological models employed are briefly
discussed below.

Poisson TCP model.

This model is based on Poisson statistics and generally
relies on the assumption that tumour control requires the
killing of all tumour clonogens. Poisson statistics predict
the probability of this occurrence as:

TCP=exp (—N p(D)).

Where N is the initial number of clonogens, and p(D) is
the cell survival fraction after exposure to dose D.

It is assumed that cell survival can be described by sin-
gle-hit mechanics:

p (D)=exp (~aD)

This equation can be reformulated by including two
parameters: 750 and D50, describing normalized slope and
dose at a 50% probability of control.

Lyman-Kutcher-Burman NTCP model.

Lyman’s model includes a sigmoid dose-response (SDR)
curve of NTCP as a function of dose (D) to a uniformly
irradiated fractional reference volume (V,.¢) (Kutcher et al.
1991). In that model, NTCP can be expressed as:

t

1 —t?
NTCP = \/Qﬂ_/cxp[ 9 ] .dtWhere,t =

-0

[D —TD50/5 (v)]
m.TD50/5 (v)

The SDR curve is described by three parameters: n, m, and
TD50; n determines the dose-volume dependence of tissue
and thus accounts for differences in tissue architecture; m
controls the slope of the dose-response curve (in the case
of homogeneous irradiation); and 7D50 represents the dose
at which there is a 50% chance of complication, and thus
determines the position of the dose-response curve.
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Table 2 Patient and treatment characteristics. PTV — planning target
volume; IIIC1 — pelvic nodes only; ITIIC2 - pelvic and para-aortic nodes

Characteristics Value
Age
Median 50 years
Range 43-64
years
Tumour Stage
HIC1 4 (40%)
1Ic2 4 (40%)
IVA 2 (20%)
Location of Boost Volume
Pelvic only 5 (50%)
Pelvic and Para-aortic 5 (50%)
Target Volumes
Median PTV Volume 1972.25 cc
PTV Volume Range 1617.5-
Median Boost Volume 22242 cc
Boost Volume Range 137.4 cc
35—
459.9 cc
Target Doses
Dose to Pelvis 50.4 Gy
Dose to Para-aortic Chain (in I1IC2) 50.4 Gy
Boost Dose to Gross Node 58.8
-59.4 Gy
Immobilization Abdom-
ino-pelvic
Thermo-
plasticCast

Statistical analysis

Statistical analysis was performed using the SPSS soft-
ware, version 25.0. Test for normality was done for all the
parameters to be compared using the Shapiro-Wilk test. The
paired-t test was used to analyze all the normally-distrib-
uted parameters whereas the Wilcon signed rank test was
applied to compare all the parameters having non-normal

distributions. A p-value of less than 0.05 was interpreted as
statistical significance.

Results

The dosimetric analysis compared two EBRT techniques,
SIB-VMAT and SEQ-VMAT, for ten patients of cervi-
cal cancer with involved LN in terms of target coverage,
OARs sparing, and radiobiology. The patient and treatment
characteristics are shown in Table 2. The comparison of the
two techniques showed that SIB-VMAT exhibited superior
target coverage compared to SEQ-VMAT although both
techniques achieved the pre-specified target volume cover-
age. Specifically, SIB-VMAT plans achieved significantly
higher mean percentages of the PTV receiving at least 95%
prescribed dose (V95) and gross tumour volume receiving
at least 100% (V100) of the prescribed dose. SIB-VMAT
plans also demonstrated significantly better dose confor-
mity over SEQ-VMAT plans. In contrast, the HI was better
for SEQ-VMAT as compared to SIB-VMAT (0.09 vs. 0.19,
p<0.01). Table 3 shows the comparison of the two planning
techniques in terms of planning targets achieved.

In terms of OAR sparing, SIB-VMAT plans demonstrated
notable advantages over SEQ-VMAT plans as shown in
Table 4. The bladder and bowel received significantly lower
mean doses (Dmean) in SIB-VMAT plans. SIB-VMAT also
resulted in lower volumes of the bladder and bowel receiv-
ing specific dose thresholds (V40 and V30). However, SEQ-
VMAT plans outperformed SIB-VMAT plans in achieving
lower doses to the femoral heads.

Additionally, radiobiological parameters were analyzed
to assess TCP and NTCP. The TCP was significantly higher
in SIB-VMAT plans, indicating a potentially higher likeli-
hood of tumour control with this technique. However, there

Table 3 Dosimetric analysis by treatment technique for target volume. PTV V95— Volume of Planning Target Volume receiving 95% of the
prescribed dose; PTV V110— Volume of Planning Target Volume receiving 110% of the prescribed dose; GTV V100— Volume of Gross Tumour
Volume receiving 100% of the prescribed dose; CI - conformity index; RTOG — Radiation Therapy Oncology Group; HI — homogeneity index;

IIC1 — pelvic nodes only; IIIC2 - pelvic and para-aortic nodes

Variable Technique Combined 1IC1 Ic2
Mean p-value Mean p-value Mean p-value

PTV V95 (%) SIB-VMAT 99.41 0.03 99.37 0.23 99.46 0.08
SEQ-VMAT 98.87 99.08 98.65

PTV V110 (%) SIB-VMAT 19.45 <0.01 17.33 0.25 21.58 <0.01
SEQ-VMAT 33.35 26.01 40.68

GTV V100 (%) SIB-VMAT 99.68 0.01 99.99 0.11 99.38 0.04
SEQ-VMAT 98.18 99.71 96.65

CI (RTOG) SIB-VMAT 1.06 0.03 1.06 0.16 1.06 0.07
SEQ-VMAT 1.07 1.07 1.08

CI (Paddick) SIB-VMAT 0.92 0.02 0.92 0.22 0.92 0.04
SEQ-VMAT 0.91 0.91 0.90

HI SIB-VMAT 0.19 <0.01 0.28 0.04 0.09 0.04
SEQ-VMAT 0.09 0.09 0.09
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Table4 Dosimetric analysis by treatment technique for organs at risk. IIIC1 —pelvic nodes only; IIIC2 - pelvic and para-aortic nodes; Dmean = Mean
Dose; V40 — Volume receiving 40 Gy; V30 — Volume receiving 30 Gy; D2cc — Dose received by 2 cc; PD — prescribed dose; Dmax - Maximum

Dose; cc- cubic centimeters

Variable Technique Combined 1IC1 1ic2
Mean p-value Mean p-value Mean p-value

Bladder Dmean (Gy) SIB-VMAT 47.25 <0.01 47.73 0.08 46.77 0.04
SEQ-VMAT 48.94 49.32 48.56

Bladder V40 (%) SIB-VMAT 77.45 <0.01. 78.78 0.04 76.13 0.04
SEQ-VMAT 79.41 80.59 78.22

Bladder V30 (%) SIB-VMAT 87.15 <0.01 88.64 0.04 85.66 0.04
SEQ-VMAT 92.15 93.24 91.06

Bladder D2cc (% of PD) SIB-VMAT 114.14 0.11 109.67 0.04 118.61 0.89
SEQ-VMAT 115.88 112.94 118.82

Rectum Dmean (Gy) SIB-VMAT 50.97 0.39 50.58 0.08 51.36 0.89
SEQ-VMAT 50.49 49.72 51.26

Rectum V40 (%) SIB-VMAT 94.30 0.67 92.34 0.69 96.27 1.00
SEQ-VMAT 96.65 96.49 96.81

Rectum V30 (%) SIB-VMAT 97.19 0.92 95.61 0.14 98.77 0.18
SEQ-VMAT 99.16 99.88 98.44

Rectum D2cc (% of PD) SIB-VMAT 106.36 0.86 104.73 0.35 107.98 0.72
SEQ-VMAT 106.14 103.32 108.96

Bowel Dmean (Gy) SIB-VMAT 28.86 0.02 28.34 0.23 29.37 0.04
SEQ-VMAT 29.97 28.95 30.98

Bowel V30 (cc) SIB-VMAT 739.36 <0.01 699.03 0.14 779.69 0.04
SEQ-VMAT 836.14 747.41 924.88

Bowel V40 (cc) SIB-VMAT 434.68 <0.01 365.41 0.08 503.95 0.04
SEQ-VMAT 485.61 387.31 583.92

Kidneys Dmean (Gy) SIB-VMAT 13.56 0.10 - - 13.56 0.10
SEQ-VMAT 12.99 - 12.99

Spinal Cord Dmax (Gy) SIB-VMAT 35.73 0.14 - - 35.73 0.14
SEQ-VMAT 36.81 - 36.81

Bone Marrow V20 (%) SIB-VMAT 72.84 0.96 77.35 0.14 68.33 0.35
SEQ-VMAT 76.68 76.38 76.97

Femur Dmax (Gy) SIB-VMAT 50.53 0.01 51.03 0.04 50.02 0.14
SEQ-VMAT 48.30 47.99 48.60

Femur V20 (%) SIB-VMAT 43.63 0.05 43.37 0.23 43.88 0.08
SEQ-VMAT 39.42 40.20 38.64

were no statistically significant differences in the NTCP for ~ Discussion

OARs between the two techniques, suggesting similar risks
of radiation-induced toxicities despite a higher percentage
of NTCP observed in SEQ-VMAT plans (Table 5).

Further subset comparative analyses were performed for
patients with different nodal station involvement as shown
in Tables 3, 4 and 5. For patients with pelvic nodes only
(IIIC1), there were no significant differences in the mean
percentages of target coverage for GTV or PTV between
the two techniques. In contrast, better bladder preservation
along with a higher TCP was noted with SIB-VMAT plans.
SIB-VMAT demonstrated a trend towards better target cov-
erage and significantly better bladder and bowel preserva-
tion with SIB-VMAT plans for patients with both pelvic and
para-aortic nodes (I1IC2).

This is one of the few studies that address a critical issue of
nodal boost in locally advanced cervical cancers (LACCs)
incorporating physical as well as radiobiological endpoints.
To the best of the authors’ knowledge, this is the only study
that has compared the dose distribution and radiobiological
parameters in two different clinical scenarios based on the
involvement of pelvic and/or para-aortic LNs.

While analyzing all ten patients together, SIB-VMAT
was observed to have been superior to SEQ-VMAT in terms
of doses achieved in PTV V95 (99.4% vs. 98.9%, p=0.03)
and GTV V100 (99.7% vs. 98.2%, p=0.01) with lesser
areas of high dose region in PTV i.e., V110 (19.5 vs. 33.3%,
p<0.01) along with a better CI (Table 3). In contrast to
these findings, a significantly better homogeneity index was
attained with SEQ-VMAT planning (0.19 vs. 0.09, p<0.01;
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Table 5 Tumour control probability (TCP) and normal tissue complication probability (NTCP) analysis by treatment technique. IIIC1 — pelvic

nodes only; IIIC2 - pelvic and para-aortic nodes

Variable Technique Combined 1IIC1 11C2
Mean p-value Mean p-value Mean p-value

TCP (%) SIB-VMAT 82.10 <0.01 82.29 0.04 81.90 0.04
SEQ-VMAT 80.64 81.25 80.02

NTCP Bladder (%) SIB-VMAT 35.76 0.07 35.27 0.23 36.24 0.23
SEQ-VMAT 36.67 36.39 36.95

NTCP Rectum (%) SIB-VMAT 42.61 0.24 41.12 0.69 44.10 0.23
SEQ-VMAT 43.66 41.39 45.94

NTCP Kidney (%) SIB-VMAT 25.26 0.69 - - 25.26 0.69
SEQ-VMAT 25.44 - 25.44

NTCP Bowel (%) SIB-VMAT 17.60 0.11 16.22 0.23 18.98 0.35
SEQ-VMAT 18.28 17.02 19.54

Table 3). A plausible explanation for this finding could
be the overlap of dose distributions from the plans of two
sequential phases when the HI was being calculated for the
plan sum in SEQ-VMAT plans. In plan sum, average dose
distributions of two plans were observed where the presence
of hot spots and cold spots changed the final dose distribu-
tion resulting in a more homogeneous dose as compared to
SIB plans.

While analyzing the subset of IIIC1 and IIIC2 separately,
SIB-VMAT was found to be more advantageous in patients
of IIIC2, having pelvic and para-aortic nodes as compared
to IIIC1, pelvic nodes alone (Table 3). This finding under-
scores the superiority of SIB-VMAT in larger volume dis-
eases where it is challenging to achieve optimum doses
along with meeting normal tissue constraints. It was also
observed that the mean and volumetric doses of the bladder
were lesser in IIIC2 as compared to IIIC1 cases, for both
SIB-VMAT and SEQ-VMAT (Table 4). This was observed
due to the fact that nodal boost volume (high dose volume)
was nearer to the bladder in patients with pelvic nodes
alone. Theoretically, another situation whereby multiple
pelvic nodes are present could also lead to increased blad-
der doses. However, there was no significant difference in
rectal and bone marrow sparing among both techniques and
in both subsets of patients. This finding was in contrast to
the finding by Feng et al., where they observed significantly
superior sparing of the rectum (Feng et al. 2016). Interest-
ingly, better sparing of the femoral head was observed with
SEQ-VMAT. The femur was a non-overlapping structure
with PTV as compared to the bladder, rectum, and bowel.
Consequently, in sequential planning, where both the PTV
and OARs underwent dual optimization, planners gained
an added degree of freedom for optimizing femur dosage.
Typically, it is observed that, in scenarios involving non-
overlapping structures, the optimization algorithm can more
effectively restrict dosage against overlapping structures
(Hussein et al. 2018).
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In their study, Guerrero et al. performed a dosimetric
and radiobiological analysis on data from a single patient to
explore the possibility of SIB-IMRT to replace conventional
two-phase treatment in patients of LACC where brachyther-
apy was not feasible (Guerrero et al. 2005). The proposed
SIB-IMRT with 45 Gy to pelvic nodes and three different
SIB prescription doses of 60 Gy or 70 Gy or 80 Gy in 25
fractions to the GTV provided significant sparing to normal
structures including the bladder, rectum, and small bowel,
leading to smaller irradiated volumes and lower equivalent
uniform doses for these organs compared to conventional
whole pelvic irradiation with high-dose-rate brachytherapy.
The target coverage ranged from 94 to 95.5% and it was
inferior to that of the present study (more than 95% for all
the patients). However, in the present study, two techniques
of VMAT-based nodal boost were compared which is more
appropriate in the current practice wherein there is an incli-
nation towards the incorporation of advanced conformal
radiation in the treatment of gynecological malignancies.

Sukhikh et al. compared in their study SIB-VMAT and
SEQ-VMAT with respect to the dose delivered to the tumour
and to OARs, expected TCP, and NTCP (Sukhikh et al.
2020) They found that both techniques allowed good cover-
age of the target and high-quality dose delivery with better
OAR sparing with SIB-VMAT. The SIB-VMAT plans also
offered the advantage of OTT shortening by a week com-
pared to SEQ-VMAT plans. Their results also demonstrated
that SIB-VMAT and SEQ-VMAT treatment plans had com-
parable TCP when considering TCD50 values in the range
of 60 to 70 Gy. The study concluded that SIB-VMAT was
an effective and feasible technique for the radical treatment
of LACC, especially in cases where brachytherapy is not
feasible or not preferred by patients.

Feng et al. investigated the dosimetric parameters of
SIB-IMRT compared to SEQ-IMRT in patients with LACC
and PET-avid lymph involvement (Feng et al. 2016). The
study included a total of ten patients who received either
SIB-IMRT or SEQ-IMRT. They found that SIB-IMRT
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provided comparable target coverage to SEQ-IMRT while
significantly reducing the volumes of doses higher than the
prescribed dose to the PTV. SIB-IMRT also demonstrated
improved sparing of OARs, particularly for high doses to
small volumes of the rectum and small bowel. Despite the
higher fractional dose delivered by SIB-IMRT, the equiva-
lent biological doses (EQD2) to OARs were comparable to
those of SEQ-IMRT. The study concluded that SIB-IMRT
planning is a promising approach for boosting PET-avid
nodal targets in LACC, providing improved OAR sparing
and comparable target coverage without increasing toxicity.
However, this study did not take into account any radiobio-
logical endpoints while comparing these two techniques.

In the study by Jensen et al., 83 patients of gynecological
cancers with gross nodal disease treated with SIB at 2.25 Gy
per fraction to PET avid LNs were retrospectively reviewed.
At a median follow-up of 12.6 months, nodal control was
97.6% in the SIB field area while 90.4% in the non-SIB field
area (p=0.01) with a 100% gross nodal control rate in pri-
mary cervical cancer patients. Cervical cancer patients in
the definitive setting had a 2-year progression-free survival
and overall survival of 67% and 72%, respectively. No acute
or late grade >3 genitourinary toxicity was seen. Acute and
late grade >3 gastrointestinal toxicity rates were 7.2% and
12.0%, respectively. It was concluded that dose-escalated
SIB to PET avid lymphadenopathy results in excellent local
control with acceptable toxicity (Jensen et al. 2021). The
results of these and other studies are summarized in Table 6.

The results of the multi-centered EMBRACE 1I study
accentuated the use of SIB across all the patients of cervix
cancer and assessed its clinical outcomes (Potter et al. 2018).
However, the present study adds to the available literature
by providing a new perspective on choosing the optimum
treatment technique for an individual patient based on the
region of nodal disease— pelvic and/or para-aortic, while
comparing the benefits as well as demerits of the two plan-
ning techniques. The major strength of the present study lies
in the fact that both the techniques of nodal boost were com-
prehensively analyzed considering dosimetric and radiobio-
logical parameters.

SIB-VMAT offers the advantage of decreased OTT, but
it raises theoretical concerns of increased normal tissue tox-
icity given the increased dose per fraction. In this sense,
radiobiologically it is a double-edged sword (Jensen et al.
2021). Therefore, any comparison should include both dosi-
metric and radiobiological parameters to provide a complete
picture of this technique, as was done in the present study. It
was found here that SIB-VMAT outperformed SEQ-VMAT
in the majority of dosimetric parameters analyzed, and it
was found to achieve higher TCP (82% vs. 80%, p<0.01)
with no difference in NTCP. In addition, the present study
also tried to identify the better technique in the context of
different clinical scenarios involving pelvic nodes alone or
with para-aortic nodes. The result of this novel comparison
was that SIB-VMAT performed better in IIIC2 patients in
terms of GTV V100 and PTV V110 with improved CI; also,

Table 6 Review of Literature. N — number of investigated patients; fr — fractions; PTV — planning target volume; OARs — organs at risk; TCP -
tumour control probability; NTCP - normal tissue complication probability; 3D-CRT- three dimensional conformal radiotherapy

Study N  Planning Prescribed dose PTV coverage Sparing of OARs TCP/
technique NTCP
Present Study 10 SIB-VMaT 50.4 Gy/58.8 Gy in 28 fr Better V95 and V110 Significantly better with Signifi-
SEQ-VMAT 50.4 Gy/9 Gy in 28-33 fr with SIB SIB for bladder, and bowel cantly
better
TCP
with SIB
Guerrero et al. 1 SIB-IMRT 45 Gy/25 fr to Whole Pelvis The target coverage -
(2005) Target Volume with SIB of ranged from 94-95.5%
60 Gy/70Gy/80 Gy in 25 fr with SIB-IMRT
Feng et al. 10 SIB-IMRT 45 Gy/55 Gy in 25 fr Comparable with better ~ Significantly better with -
(2016) SEQ-IMRT 45 Gy/5.4-10.8 Gy in 28-33 fr conformity in SIB SIB for rectum, bladder,
and bowel
Sukhikh et al. 6 SIB-VMAT 50 Gy/82.5 Gy in 25 fr Comparable with SIB SIB-VMAT provided lower
(2020) SEQ-VMAT 50 Gy/30 Gy in 31 fr and SEQ levels of irradiation of
OARs than SEQ-VMAT
Jensen et al. 83 SIB-IMRT 50.4 Gy/63 Gy in 28 fr Optimum Target No Grade 3 bladder 100%
2021 Coverage toxicity nodal
control
rate
clinically
Boyle et al. 10 SIB-IMRT 45 Gy/55 Gy in 25 fr Better with SIB (Dose  Better with SIB for rectum,
(2014) SEQ-IMRT 45 Gy/10 Gy in 25-30 fr escalated by 6 Gy) bladder, and bowel
Figueredo 15 SIB-IMRT 45 Gy/54-55.8 Gy/59.4 Gy in 25 fr Comparable with better Significantly better with -
Negron et al. SEQ- 3DCRT 45 Gy/54-55.8 Gy/59.4 Gy in 33 fr Cl in SIB SIB for rectum, bladder,
(2022) and bowel
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the doses to the bladder and small bowel were reduced.
Consequently, an important conclusion drawn from this
finding is that SIB-VMAT should be the preferred approach
in all cases of LACC.

In terms of radiobiological endpoints, both techniques
offer efficient sparing of the surrounding OARs thereby
decreasing the chances of acute as well as late complica-
tions (Knapp et al. 2019). There was no significant differ-
ence in the NTCP observed for the bladder, rectum, kidney,
or bowel among the two techniques. For SIB-VMAT plans,
the calculated NTCP for the bladder and rectum were 35.8%
and 42.6% respectively. The NTCP predicted for the bladder
and rectum in the current study was validated by the find-
ings of clinical studies. In a recent study, Jayatilakebanda et
al. prospectively evaluated high-dose SIB in node-positive
cervical cancer patients and observed late genitourinary
complications in 35% of the patients who were treated with
chemoradiotherapy (Jayatilakebanda et al. 2021). Similarly,
rectal toxicities were observed in 43.9% and bladder toxici-
ties in 39% of the cervical cancer patients treated with high-
dose SIB-VMAT in a prospective study of 41 patients by
Perumareddy et al. (Perumareddy et al. 2023). These com-
plication rates corresponded with the NTCP predicted by the
model employed in the current study. However, the NTCP
predicted by this model did not agree with the complication
rates observed in clinical studies. While the model used in
the present study predicted an NTCP of 17.6% for SIB and
18.3% for the upper gastrointestinal system (Table 5), these
complications were actually in the range of 38.5-75.6%
in prospective clinical studies (Perumareddy et al. 2023;
Cihoric et al. 2014).

Although the number of cases studied was rather low
in the present study (i.e., ten) a comprehensive statistical
approach was adopted to find out any significant differ-
ences between SIB-VMAT and SEQ-VMAT. The paired-t
test was used to analyze all the parameters with normal dis-
tributions whereas the Wilcoxon signed-rank test was used
for variables with non-normal distributions. These tests are
appropriate and robust; and can be used in small sample
sizes without compromising the statistical significance. To
overcome the potential differences in doses achieved due to
multiple planners, a single medical physicist performed a
duplicate set of planning for all the patients. Also, the suit-
ability of plans was determined by a single radiation oncolo-
gist to avoid inter-observer bias.

The main limitation of the present study is the retrospec-
tive design with a relatively small number of patients. Data
regarding brachytherapy were not included in the analysis
as simply combining the results of both brachytherapy and
VMAT was considered scientifically inappropriate. Radio-
biologically both these treatment modalities are entirely dif-
ferent and simple dose addition is unjustifiable.

@ Springer

The present study confirmed the superiority of SIB-
VMAT over SEQ-VMAT in node-positive cervical cancer.
It paves the way for a future prospective clinical study con-
sidering tumour regression and adaptive RT along with vol-
ume-based image-guided brachytherapy to further escalate
dose alongside decreasing NTCP.

Conclusion

SIB-VMAT was advantageous over SEQ-VMAT in terms
of target coverage, dose conformity, and TCP. Notably, SIB-
VMAT showed potential benefits for cases involving para-
aortic nodes. It is concluded that SIB-VMAT should be the
preferred approach in all cases of LACC.
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