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Optimized conformal total body irradiation (OC-TBI) is a highly conformal image guided
method for irradiating the whole human body while sparing the selected organs at risk
(OARs) (lungs, kidneys, lens). This study investigated the safety and feasibility of pediatric
OC-TBI with the helical TomoTherapy (TomoTherapy) and volumetric modulated arc
(VMAT) modalities and their implementation in routine clinical practice. This is the first
study comparing the TomoTherapy and VMAT modalities in terms of treatment planning,
dose delivery accuracy, and toxicity for OC-TBI in a single-center setting. The OC-TBI
method with standardized dosimetric criteria was developed and implemented with
TomoTherapy. The same OC-TBI approach was applied for VMAT. Standardized
treatment steps, namely, positioning and immobilization, contouring, treatment planning
strategy, plan evaluation, quality assurance, visualization and treatment delivery
procedure were implemented for 157 patients treated with TomoTherapy and 52
patients treated with VMAT. Both modalities showed acceptable quality of the planned
target volume dose coverage with simultaneous OARs sparing. The homogeneity of target
irradiation was superior for TomoTherapy. Overall assessment of the OC-TBI dose
delivery was performed for 30 patients treated with VMAT and 30 patients treated with
TomoTherapy. The planned and delivered (sum of doses for all fractions) doses were
compared for the two modalities in groups of patients with different heights. The near
maximum dose values of the lungs and kidneys showed the most significant variation
between the planned and delivered doses for both modalities. Differences in the patient
size did not result in statistically significant differences for most of the investigated
parameters in either the TomoTherapy or VMAT modality. TomoTherapy-based OC-TBI
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showed lower variations between planned and delivered doses, was less time-consuming
and was easier to implement in routine practice than VMAT. We did not observe significant
differences in acute and subacute toxicity between TomoTherapy and VMAT groups. The
late toxicity from kidneys and lungs was not found during the 2.3 years follow up period.
The study demonstrates that both modalities are feasible, safe and show acceptable
toxicity. The standardized approaches allowed us to implement pediatric OC-TBI in
routine clinical practice.
Keywords: pediatric, TBI, TMLI, VMAT, TomoTherapy, dose delivery, robustness, standardization
INTRODUCTION

Total body irradiation (TBI) is used in the treatment of
hematological malignancies as part of conditioning regimens
before hematopoietic stem cell transplantation (HSCT).
Conventional TBI at extended source-surface distances has
been established and demonstrated to be a reliable method, but
its use is limited by its high toxicity (1–3).

There are methods of optimized TBI with a relatively short
source-to-surface distance and intensity modulation (4, 5). They
make it possible to use more homogeneous targeted irradiation
than conventional TBI by reducing the dose to the organs at risk
(OARs), but such methods are still not considered conformal.

The first optimized conformal TBI and total marrow
irradiation (TMI) methods were tested using helical
TomoTherapy (6–8) and later with a standard linac (9, 10). A
benefit with regard to dose distribution and selective OAR dose
sparing was demonstrated by other authors in an adult cohort
(11–13) and by Gruen et al. in a pediatric cohort (14).

Currently, much attention is given to total marrow irradiation
(TMI) and total marrow and lymphoid irradiation (TMLI) (15).
TMI and TMLI show promise with respect to the toxicity profile
because targeted irradiation enables reduction of the dose to the
OARs and the feasibility of possible dose escalation to improve
disease control in refractory and relapsed patients (15–17).

Potentially, TMI and TMLI could increase the relapse rate
caused by underdosages to nontargeted regions. Kim et al.
investigated extramedullary relapse in adult patients treated
with TMLI and did not find an association of its incidence
with lower dose regions (18). However, the application of TMI
and TMLI as standard treatment approaches for pediatric
patients with leukemia requires additional research to ensure
safety, quality, clinical outcomes, toxicity, and feasibility.

Pediatric TBI approaches are quite different among clinics and
depend on technical capacities and individual establishment (19,
20). There are no common practical recommendations for OC-TBI
treatment planning and preparation. The main task for our
department was to develop an optimized conformal total body
irradiation (OC-TBI) method with sparing of the selected organs at
risk (OARs) (lungs, kidneys, and lenses) and implement it in clinical
practice. The development and implementation of the
TomoTherapy-based OC-TBI method was carried out by our
Center between 2014 and 2017. The rationale was to provide OC-
TBI as close as possible to conventional TBI, which is used as
2

standard treatment of care and assumes impartial lung shielding
with better outcomes at lung doses <8 Gy (19–21). To achieve this
we prescribed a minimum dose of 6 Gy to lungs. There is no direct
clinical evidence of the minimum dose requirement for TBI
treatment, but studies have shown that fractionated conventional
TBI <9–10 Gy results in increased nonengraftment and disease
relapse (22, 23). Prescription of a minimum dose up to 9–10 Gy
would negatively affect lung and kidney sparing in treatment
plan optimization.

Furthermore, the same approach has been applied for VMAT
(since 2017). One of the important tasks was to provide the
possibility to perform similar OC-TBI treatment for our patients
using both modalities. This is the first study comparing the
TomoTherapy and VMAT modalities in terms of treatment
planning, dose delivery accuracy, and safety for OC-TBI in a
single-center setting. The results of this study can be useful for
clinics considering the possibility of implementing OC-TBI on
an ongoing basis, given the different equipment used for this
purpose and a detailed description of the methods.
MATERIALS AND METHODS

Patient Characteristics
Between July 2014 and July 2021, OC-TBI was implemented for a
total of 341 pediatric patients who received HSCT, 279 of whom
underwent helical TomoTherapy Hi-Art system (Accuray Inc.,
Sunnyvale, CA, USA) and 62 of whom underwent Elekta VMAT.
Standardized treatment steps, namely, positioning and
immobilization, contouring, treatment planning strategy, plan
evaluation, quality assurance, visualization and treatment delivery
procedure, were implemented for 157 patients treated with
TomoTherapy and 52 patients treated with VMAT from June 2017
to May 2021. Patient age in the standardized group varied from 3 to
21 years (median—10.4 years old). Twenty patients were treated
under general anesthesia. Anesthesia was delivered according to age.
We also used general anesthesia in some cases with unsatisfactory
patient psychological and performance status. The median age of
patients receiving TBI under general anesthesia was 4.8 years.

We followed up patients for acute toxicity (nausea/vomiting/
diarrhea, headache) during radiation therapy, subacute toxicity
(IP) up to the 100th day after HSCT and late toxicity in the lungs
and kidneys for at least 100 days after HSCT in accordance with
the RTOG/EORTC scale (24).
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Standardized Immobilization and
CT Simulation
Standard CT imaging preceded whole body immobilization in
the supine position using a vacuum mattress with rigid
attachments to the couch with head fixation using pillows and
thermoplastic masks (Elekta, UK, Crawley). The hands and arms
of the patient were placed as close as possible to the body to
minimize the lateral distance and improve the target dose
homogeneity for the TomoTherapy plan with helical delivery
and to maximize the body volume within the field of view of the
Megavoltage Computed Tomography (MVCT) or Cone Beam
Computed Tomography (CBCT) imaging. The body of the
patient was set up tightly into the mattress, and the feet rested
firmly on the mattress as described by Haraldsson et al. (25).
Longitudinal laser lines were marked along the entire body to
facilitate reproducibility of the patient setup.

CT images were obtained using a LightSpeed RT16 Computer
Tomography (General Electric, Boston, USA) scanner. Images
were acquired in free breathing with a slice thickness of 5 mm
using 120 kV X-ray tube voltage and the largest available field of
view (FOV) of 65 cm.

Images for patients with heights greater than 115 cm were
obtained using two scans carried out in opposite directions to
overcome the limitations of the treatment length for both the
TomoTherapy and Elekta treatment units. The first scan
included the upper body up to the knees in the head-first
supine position of the patients. The second scan started from
the tips of the feet to the pelvis in a feet-first supine position
using a vacuum mattress rotated by 180°. Scan overlap was
needed to perform image registration and manage junction dose.
The fiducial junction markers were placed on the midsection of
the patient to enable control of the junction area.

Dose Prescription
A dose of 12 Gy was given twice daily in 6 fractions or once daily
in 4 fractions as part of the HSCT conditioning regimens. The
planned target volume (PTV) included the whole body with a 3-
mm inside margin and excluded the lungs, kidneys, and lenses.

The dose to the lung was prescribed at V8 <40% (that is, the
volume of each lung receiving 8 Gy was not to exceed 40% of the
whole lung volume) with a minimum dose of at least 6 Gy. The
mean kidney dose was prescribed at <8 Gy.

Dose constraints to the eye lens were not prescribed, but effort
was made to reduce the dose to these organs while maintaining the
coverage of 95% of the prescribed dose in the adjacent PTV. For this
aim, the PTV area near the eye was additionally contoured and used
as a separate target when optimizing the plan.

Treatment Plan Calculation Strategy
TomoTherapy Optimized Conformal Total Body
Irradiation Calculation Strategy
General OC-TBI Treatment Planning Strategy
for TomoTherapy
OC-TBI plans for TomoTherapy were created using the non-
Volo TomoTherapy 4.5 (Accuray Inc., Sunnyvale, CA, USA)
treatment planning system (TPS) and treatment planning
Frontiers in Oncology | www.frontiersin.org 3
software using Helical dose delivery without the TomoEdge
option. In the OC-TBI method, the OARs underwent dose
reduction and minimum dose prescription simultaneously.
Even though the lungs and kidneys were not included in the
PTV, they were nonetheless used as part of the target during the
dose optimization process.

Patient Size-Dependent OC-TBI Treatment Planning
Strategy for TomoTherapy
Helical TomoTherapy delivery is associated with peripheral dose
heterogeneity, which depends on plan modulation (26, 27). To
reduce this effect, we chose TomoTherapy plan parameters
depending on the size of the patient. For patients with height
<115 cm, we used a field width of 2.5 cm, pitch of 0.43 and
modulation factor of 1.9. For patients with height >115 cm and
with right to left PTV size <17 cm, we used a field width of 5 cm,
pitch of 0.43, and modulation factor of 1.9. For patients with
height >115 cm and right to left PTV size >17 cm, we used a field
width of 5 cm, pitch = 0.287 and modulation factor = 2.6.

Junction Between Upper and Lower Body Management for
TomoTherapy-Based OC-TBI Treatment Planning
For patients with height >115 cm separate series of images were
acquired for the upper and lower bodies, dose calculations were
carried out independently for the two series (Figure 1A).

Our version of the TomoTherapy TPS does not allow image
fusion and dose optimization of the lower body based on the
upper body dose distribution. There is no possibility to
compensate for possible deviations of the upper-body junction
from the prescribed gradient while optimizing the lower body
dose. The optimization of the junction area therefore would
require ensuring a precisely prescribed dose gradient. For this
reason, we use a nonoptimized method with an offset between
the PTVs (28, 29).

In the case of TomoTherapy, the dose decrease at the edge of
the field in the longitudinal direction was found to be quite
smooth due to helical dose delivery (Figure 1 A).

During plan optimization, a contour offset was maintained
between the upper and lower PTVs, while the dose distribution
in the junction area was set to satisfy a uniform 90–120% of the
prescribed dose. The dimension of the offset depends on the field
width, pitch, modulation factor, optimization of the selected plan
and CT slice thickness; our typical value is 5.5 cm. The external
software MIM Maestro™ (MIM Software Inc., Cleveland, OH,
USA) with the image fusion option was used to ensure that the
dose in the junction area was maintained within the
prescribed dose.

Additional Property Providing TomoTherapy Plan
Robustness to Possible Patient Positioning Errors
The concept of a virtual bolus was used to ensure that the
treatment plan was less sensitive to patient positioning errors. To
accomplish this, we created an additional structure, PTV + 1 cm,
and optimized it as the target. Since the PTV was created using a
negative 3 mm margin from the skin surface, the virtual bolus
involved in the optimization was a shell around the PTV,
consisting of a 3 mm thick skin layer and a 7 mm thick air
layer. Fifty percent of the structure volume of PTV + 1 cm was
March 2022 | Volume 12 | Article 785917
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prescribed a dose of 6 Gy. The prescription of a half dose to the
virtual bolus allowed the optimizer to not create an excess fluence
but one closer to that generated the PTV.

VMAT OC-TBI Calculation Strategy
General Treatment Planning Strategy for
VMAT-Based OC-TBI
All VMAT-based plans were created using the multi-isocenter
technique (30–34). Treatment plan optimization was performed
using Monaco 5.11 treatment planning software (Elekta Inc., UK,
Crawley) and the Monte Carlo algorithm with a statistical
uncertainty of 3% per plan. A voxel size of 5 mm was chosen
for the optimization stage. The final dose was recalculated with a
3 mm voxel size and statistical uncertainty of 1%.

Simultaneous optimization of all beams was carried out only
for smaller patients, as presented in Table 1. In cases of taller
patients, the PTV was split into several subsections and
calculated one by one using the bias dose option.

We used coplanar 360° VMAT dose delivery on an Elekta
Synergy treatment unit equipped with an Agility collimator
(Elekta Inc., UK, Crawley). The gantry was moved clockwise
and counterclockwise, with positions of the isocenters differing
from each other only in the longitudinal coordinate. The energy
of the photon beams was set to 6 and 10 MeV. The collimator
position was set to 90°, as described by Nalichowski et al. (35).
The collimator jaws were selected in accordance with the
individual anatomy of the patient to ensure coverage of the
subregions of the corresponding patient, consisting of the areas
of the head and neck, lungs, abdomen, and pelvis as described by
Frontiers in Oncology | www.frontiersin.org 4
Mancosu et al. (36). When irradiating the lower extremities, we
used a static position for the gantry and several beams with
intensity modulation and 90° rotation of the treatment couch.

Treatment Planning Strategy in Relation to Patient Size for
VMAT-Based OC-TBI
To obtain a desired dose distribution, we developed three
different treatment planning strategies depending on patient
height. We used anteroposterior–posteroanterior IMRT beams
for the pelvis and lower extremities for large patients, which
significantly helped reduce the MU/fraction ratio and decrease
the fraction time. The VMAT-based OC-TBI treatment planning
strategies are presented in Table 1.

Management of Junction Between Upper and Lower Body
for VMAT-Based OC-TBI
For the VMAT plan, we use gradient junction optimization
described previously (37). In the junction area of the upper
body, the PTV was divided into 5 sequential volumes (thickness
2 cm) with dose value prescriptions of 11, 9, 6, 3, and 1 Gy in the
crania-caudal direction. Following rigid image registration,
identical structures were created for the lower-body image
series. Next, the bias dose option was used to prescribe dose
values of 1, 3, 6, 9, and 11 Gy and obtain a total dose of 12 Gy for
each sequential volume (Figure 1B).

Additional Properties Providing VMAT Plan Robustness to
Possible Patient Positioning Errors
The treatment beams were positioned to cover the whole PTV
with overlap along the longitudinal axis from 2 to 4 cm at the
A B

FIGURE 1 | OC-TBI dose distribution and dose profile in junction area between upper and lower body for (А) TomoTherapy and (B) VMAT.
March 2022 | Volume 12 | Article 785917
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isocenter level, thereby providing the ability to automatically
optimize the dose to the PTV, namely, the overlapped areas.
Those areas were selected in a manner to eliminate or minimize
intersection with the organs at risk.

To increase the plan robustness in relation to patient
positioning, we used the Monaco 5.11 (Elekta Inc., UK,
Crawley) Auto-Flash option with a 1 cm margin. After
applying the Auto-Flash Option, an extension of the dose
outside the body surface is created, so even under inhalation
motion, irradiation of the superficial tissues can still be
guaranteed (38).

Standard Criteria for the Treatment Plan
Evaluation and Comparison of OC-TBI
Using TomoTherapy and VMAT
For the PTV and OARs, we established target dose values that we
attempted to meet during the plan optimization step with the
TomoTherapy treatment planning station (see Table 2).
However, the plans were considered acceptable in terms of the
deviation from the target values, which were defined as
acceptable values for balancing planning time and plan
complexity (Table 2).

The majority of patients were treated using TomoTherapy. To
ensure consistent results, the same plan acceptance criteria
(Table 2) were applied for the VMAT plans.

Standardized treatment entailing standardized positioning/
immobilization, contouring, treatment planning strategies, plan
evaluation, quality assurance, visualization and treatment delivery
procedures was implemented for 157 patients treated with
TomoTherapy and 52 patients treated with VMAT. The comparison
of planned doses for the above two groups of patients was performed
using the metrics presented in Table 2 as the mean ± s.d.

The two modalities were compared using the mean dose (D
mean) to the OARs, the near maximum dose D2max and near
minimum D98min dose to the whole body PTV and Ribs volumes
Frontiers in Oncology | www.frontiersin.org 5
and the homogeneity index (HI), which describes the degree of
uniformity of the target irradiation:

HI = D2max−D98min
D50%

· 100%, where D50% is the median of the
absorbed dose.

Individual Quality Assurance Procedures
for OC-TBI Treatment Plans
The individual quality assurance procedures included dosimetry
checks for each treatment plan.

For the OC-TBI treatment plans, absolute dose
measurements were performed using ionization chambers
(ExtraDIN Chambers, A1SL), an 8-channel electrometer
(TomoElectrometer) and a tissue-equivalent phantom (Cheese
Phantom) provided by Accuray Inc. (Sunnyvale, CA, USA).
Measurements were carried out by placing the ionization
chambers at four selected locations: two corresponding to the
OARs, and the other two to the target area. The maximum
permissible deviation of the measured dose from the calculated
dose was less than 3%. In-house software was used for additional
quality assurance. Exit detector data from the onboard MVCT
imaging system were obtained during the Static Couch quality
assurance procedure, a procedure in which irradiation is
performed in the absence of a phantom and movement of the
couch while maintaining the movement of the gantry and
collimator. The received signal is recorded by onboard
detectors. Obtained data was compared with a sinogram from
the TPS (39). The 2D-gamma index was used for data
comparison of the selected treatment plan (40).

For the VMAT-based plans, individual quality assurance
procedures included composite measurements (41) of the two-
dimensional dose distributions using an array of MatriXX
Evolution ionization chambers (IBA Dosimetry, Belgium) with
applied angular correction (42).

The 3%/3 mm Gamma criterion was assessed with a 95%
passing rate for both modalities.
TABLE 2 | Acceptance criteria of OC-TBI plans for TomoTherapy.

Structure Target value Acceptable value

PTV Mean dose (12 Gy) ± 2% Mean dose (12 Gy) ± 5%
D98% >11.4 Gy D95% >11.4 Gy
D2% <13 Gy D5% <13 Gy

Ribs D95% >10 Gy D90% >10 Gy
Lung R, V6 >99% V6 >90%
Lung L V8 <40% V8 <40%
Kidney R, Kidney L Dmean < 8 Gy
March 2022 | Vo
TABLE 1 | Patient size-dependent treatment planning strategies for VMAT-based OC-TBI.

Height of the
patient, cm

Head Chest Abdomen Pelvis Upper legs Lower legs Number of
isocenters

<105 One plan for whole body 4
VMAT VMAT VMAT VMAT

105–145 upper body Plan lower body Plan 6
VMAT VMAT VMAT VMAT VMAT VMAT

>145 upper body Plan lower-body plan 9
VMAT VMAT VMAT 2 IMRT fields (10 and 170 Gantry angles) with couch

rotated to 90°
2 AP-PA fields

IMRT
2 AP-PA fields

IMRT
lume
 12 | Article 785917
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Pretreatment Visualization With MVCT
and CBCT
Imaging procedures based on MVCT or CBCT were performed
before each treatment session to verify the position of the patient.
A single long MVCT scan included a large volume from the head
up to the pelvic bones. For the lower body, an additional two
scans were performed for the knees and foot regions. Only the
first registration of the knee was applied, and averaging was not
performed. If necessary, the position of the patient was corrected,
and the scanning process was repeated.

In the case of a VMAT modality, CBCT registration was
performed in the first treatment isocenter (head area) with
translational shift applied to the current position of the patient.
Next, several scans corresponding to the planned isocenters were
carried out one after the other without application of registration
results. The distance between isocenters was strictly controlled;
the movement from one isocenter to another was carried out
exclusively by moving the treatment couch in the longitudinal
direction. Treatment began only after visualization of all planned
positions was finished. If the results of image registration were
unsatisfactory with respect to PTV or OAR positioning, the
patient setup was manually adjusted, and all scans were repeated.

Overall Assessment of Treatment
Delivery Accuracy
For the VMAT treatment, several CBCTs corresponding to the
planned isocenter positions were available. The translational
shifts obtained during pretreatment visualization were applied
to all CBCTs. Hounsfield unit to electron density (HU to ED)
conversions were applied to the CBCT images in accordance
with the predefined HU to ED calibration curves for each CBCT
scanning protocol and the size of the patient. As a result, the
impact of scatter contamination during CBCT image acquisition
to HU was normalized, and original CBCTs were transformed
into ED series (electron density series). Head, chest, abdomen,
pelvis, and legs ED series were used to construct a single
combined CBCT series of the full body. The combined CBCT
series were masked with the planning CT to assure full image
coverage at the FOV and generate the full CBCT if needed.

For TomoTherapy treatment, it is possible to select a
scanning area with the required length from head to pelvis.
However, the TomoTherapy MVCT scanner has an FOV of 40
cm, so the area outside the MVCT imaging diameter was masked
with the planning CT to obtain full MVCT.

One third of the patients were scanned outside the FOV of the
arms. Full MVCTs and CBCTs were used as primary series
during deformable image registration (DIR), while the planning
CTs were the secondary series. In this manner, the planning CTs
were deformed to match the geometry of daily images, and
synthetic CTs were obtained.

The procedures for processing, contouring, registering and
deforming images were carried out using automated workflows
of the MIM Maestro software. An overview of the data
preprocessing is presented in Figure 2.

Synthetic CTs and original DICOM RT plan files were used to
recalculate daily fractional dose. Dose calculations were performed
Frontiers in Oncology | www.frontiersin.org 6
using Monaco 5.11 for the VMAT plans and the MIM SureCalc®

MonteCarlo Plan verification module for the TomoTherapy plans.
The Monte Carlo algorithm with an uncertainty of 1% was used in
both cases.

The delivered doses (the sum of doses for all fractions) were
compared to the planned dose by analyzing the dose-volume
histograms (DVH) in terms of mean dose, near minimum
(D98min) and near maximum (D2max) doses, 90% (D90%) and
95% (D95%) doses of an OAR structure, and the volumes of
structures covered by 6 Gy (V6), 8 Gy (V8) and 10 Gy (V10). To
assess dose delivery, the PTV was divided into several
subvolumes. Both skeletal and regional PTV (head, chest, neck
and shoulders, abdomen) dose variations were considered.

Overall assessment of the OC-TBI delivery accuracy was
performed for each individual treatment fraction for 60
patients, 30 of whom were treated with VMAT and 30 with
TomoTherapy, and for patients of different heights [≤130 cm
(small) versus >130 cm (large)].

Statistical Analysis
Statistical analysis was performed using IBM SPSS Statistics
(USA) software. Two hundred and nine patients who received
OC-TBI and underwent allogenic HSCT were included in the
final analysis. Toxicity difference between 157 patients treated
with TomoTherapy and 52 patients treated with VMAT was
assessed with a chi-square test for independence. Comparison of
planned doses for above patients groups and also the statistical
analysis of delivered dose for 30 VMAT and 30 TomoTherapy
patients was performed using unpaired two-sample t-tests at the
5% significance level. The normality of quantitative data was
analyzed using Shapiro–Wilk test. To test the hypothesis of
equality of variances we used F-test of equality of variances.
The graphs of percentage difference between delivered (sum of
all fractions) and planned doses were presented as a Box plot.
RESULTS

Comparison of the OC-TBI Treatment
Planning Results for Two Groups of
Patients Treated by TomoTherapy
and VMAT
A comparison of the DVH data for the OC-TBI treatment plans
of the two patient groups (TomoTherapy and VMAT) who
received standardized treatment is presented in Tables 3 and 4.

A comparison of the averaged dose-volume histograms between
the two groups of patients who received standardized OC-TBI with
TomoTherapy (n = 157) and VMAT (n = 52) is shown in Figure 3.

Individual Quality Assurance Procedures
for OC-TBI Treatment Plans
For the VMAT treatment plans, the results of composite dose
verification with applied angular sensitivity correction, the
percentages of the points meeting the 2%/2 mm and 3%/3 mm
Gamma criteria, were 92.1 ± 1.7% (s.d.) and 99.2 ± 1.6%
(s.d.), respectively.
March 2022 | Volume 12 | Article 785917
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The TomoTherapy-based plans showed satisfactory results in
dosimetry assessment. In 96% of the cases, the measured dose
was within 3% of the calculated value from the TPS. Comparison
of the exit detector data with a sinogram from the TPS indicated
that the percentage of points meeting the 3%/3 mm Gamma
criterion were 95.3 ± 1.9% (s.d.).
Frontiers in Oncology | www.frontiersin.org 7
Overall Assessment of Treatment Delivery
Accuracy for VMAT- and TomoTherapy-
Based OC-TBI
The percentage dose difference between the delivered (sum of all
fractions) and planned 95% dose (D95%) for the following six
subregions of the PTV is shown in Figure 4: a) skeleton (Bones),
TABLE 3 | OC-TBI treatment plan comparison for the two groups of patients who received standardized treatment.

Structure Modality D2max D90% D95% D98 min Dmean HI

PTV VMAT 13.31 ± 0.23 11.77 ± 0.14 11.39 ± 0.21 10.71 ± 0.33 12.29 ± 0.09 0.21 ± 0.05
Tomo 12.86 ± 0.40 11.83 ± 0.10 11.65 ± 0.15 11.13 ± 0.33 12.09 ± 0.15 0.14 ± 0.04
p <0.01 <0.05 <0.01 <0.01 <0.01 <0.01

Ribs VMAT 12.63 ± 0.22 10.68 ± 0.25 10.34 ± 0.26 9.98 ± 0.28 11.64 ± 0.20 0.42 ± 0.05
Tomo 12.06 ± 0.52 10.62 ± 0.40 10.33 ± 0.40 10.02 ± 0.39 11.33 ± 0.44 0.36 ± 0.04
p <0.01 0.27 0.92 0.44 <0.01 <0.01
March 2
022 | Volume 12 | Ar
TomoTherapy group, n = 157 and VMAT group, n = 52. The following metrics are presented for the OC-TBI plans for target structures PTV and Ribs: D2max, D90%, D95%, D98 min, Dmean,
V10 values and HI (the homogeneity index).
A B

FIGURE 2 | Overview of the data preprocessing for synthetic CT creation using predeveloped workflows in MIM Maestro™ software. (A) for VMAT (B) for
TomoTherapy.
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b)PTV head, c) PTV_Neck&Shoulders, d) PTV_Chest, e)
PTV_Abdomen, and f) Ribs. A comparison of the TomoTherapy
and VMAT OC-TBI plans for patients with height ≤130 cm (small,
n = 30) and height >130 cm (large, n = 30) is also presented.

A full data comparison between the delivered doses and
planned dose to PTV subregions in terms of near maximum
D2max, 90% (D90%), 95% (D95%), near minimum D98 min of a
structure, and mean dose for the TomoTherapy and VMAT OC-
TBI modalities and for different patient heights [≤130 cm (small)
and >130 cm (large)] are presented in Supplementary Table 1.

The VMAT and TomoTherapy percentage dose differences
for the OARs between the delivered (sum of all fractions) and
planned dose are displayed in Figure 5.
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A full data comparison between the delivered doses (sum of
doses for all fractions) and planned doses to the OARs in terms
of mean, near maximum D2max, and near minimum D98 min dose
of a structure and 90% volumes of structures covered by 6 Gy
(V6), 8 Gy (V8), and 10 Gy (V10) for the TomoTherapy and
VMAT OC-TBI modalities and for different patient heights
[≤130 cm (small) and >130 cm (large)] are presented in
Supplementary Table 2.

The averaged planned and delivered DVHs for the lung and
ribs for both TomoTherapy and VMAT OC-TBI are displayed in
Figure 6. The blue line represents the resulting delivered lung
dose, the dark blue line represents the original lung planned dose,
the orange line represents the resulting delivered rib dose and the
FIGURE 3 | Comparison of averaged dose-volume histograms between the standardized OC-TBI for TomoTherapy (n = 157, Tomo, solid lines) and VMAT (n = 52,
VMAT, dotted lines) plans.
TABLE 4 | OC-TBI treatment plan comparison for the two groups of patients who received standardized treatment.

Structure Modality Dmean D2max D98 min V6 V8 V10

Kidney_L VMAT 7.40 ± 0.28 9.80 ± 0.32 5.41 ± 0.35 83.84 ± 7.76 34.60 ± 7.01 1.78 ± 1.50
Tomo 7.64 ± 0.34 11.12 ± 0.71 5.85 ± 0.57 83.78 ± 11.05 36.11 ± 7.70 10.22 ± 5.50
p <0.01 <0.01 <0.01 0.97 0.26 <0.01

Kidney_R VMAT 7.48 ± 0.25 9.86 ± 0.31 5.54 ± 0.34 86.43 ± 7.11 36.43 ± 6.52 1.99 ± 1.61
Tomo 7.64 ± 0.34 11.12 ± 0.69 5.84 ± 0.56 84.03 ± 10.96 35.95 ± 7.83 10.25 ± 5.30
p <0.01 <0.01 <0.01 0.08 0.79 <0.01

Lung_L VMAT 7.72 ± 0.12 11.28 ± 0.29 5.32 ± 0.23 86.04 ± 4.17 38.81 ± 2.79 11.88 ± 1.98
Tomo 7.85 ± 0.15 11.58 ± 0.39 6.12 ± 0.18 98.73 ± 2.35 37.55 ± 3.82 13.43 ± 3.62
p <0.01 <0.01 <0.01 <0.01 <0.05 <0.01

Lung_R VMAT 7.67 ± 0.12 11.30 ± 0.26 5.19 ± 0.27 83.28 ± 4.86 38.45 ± 2.66 12.26 ± 2.04
Tomo 7.80 ± 0.15 11.55 ± 0.34 6.11 ± 0.22 98.45 ± 2.91 36.52 ± 3.96 12.84 ± 3.23
p <0.01 <0.01 <0.01 <0.01 <0.01 0.17

Lens_L VMAT 6.15 ± 0.43
Tomo 6.05 ± 0.74
p 1.34

Lens_R VMAT 6.33 ± 0.53
Tomo 5.99 ± 0.76
p 0.74
March
 2022 | Volume 12 | A
TomoTherapy group, n = 157 and VMAT group, n = 52. For the OC-TBI plans, the metrics Dmean, D2max, D98 min, V6, V8, V10 values are presented for the organ at risk structures Lung_L
Lung_R, Kidney_L and Kidney_R and the mean doses for the Lens_L and Lens_R structures.
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dark red line represents the original planned rib dose; the dotted
lines represent the standard deviations.

Toxicity Assessment
The results of acute toxicity during radiation therapy are
presented in Table 5.

Subacute toxicity (IP) up to the 100th day after HSCT was not
observed. The median follow up period was 2.3 years. The late
toxicity from kidneys and lungs was not found during the follow
up period.
DISCUSSION

OC-TBI Clinical Implementation
The introduction of a standardized OC-TBI treatment
significantly reduces the treatment preparation time and results
in an overall more straightforward implementation of OC-TBI
procedures in routine practice. This has enabled us to perform
OC-TBI for three patients per week in a busy radiotherapy
department setting, ensuring continuity of the radiation
treatment course for patients, despite possible equipment
technical malfunctions. A prerequisite for the successful
implementation of OC-TBI is good communication and
collaboration within the team of radiation therapists,
hematologists, and medical physicists.
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During pretreatment imaging, the user has access to various
settings for the scanning protocols. In this case, the quality of the
resulting image trades off with the speed of the scanning process
and the imaging dose applied to the patient. We used fast scan
protocols with bone registration for both CBCT and MVCT. The
CBCT image feature has better soft tissue contrast and image
resolution than MVCT, but separate scans are required for each
isocenter position. MVCT does not have limitations related to
the maximum length of the scan area. Zuro et al. (16) showed the
advantage of whole-body imaging over partial body imaging in
reducing overall patient positioning error.

Due to its technical features, the Elekta treatment unit used in
VMAT treatment is less capable of irradiation of long targets
than TomoTherapy. The development of the OC-TBI technique
using VMAT required additional effort in treatment planning
and also the physical and technical provision of quality assurance
procedures. In our department, we use OC-TBI with VMAT as a
backup modality to irradiate patients without potential
interruption from technical issues. No patients are specifically
selected for VMAT.

VMAT-based OC-TBI plans have a high number of Monitor
Units. On average, one VMAT field accounts for 838 [670; 1,058]
Monitor Units for the head or pelvis region and 1,760 [1,296;
2,276] MU for the chest or abdomen, which is caused by a high
degree of plan modulation due to sparing of the organs at risk.
Despite this fact, the results of a composite dose verification of
A B C

D E F

FIGURE 4 | Regional percentage dose differences between delivered (sum of all fraction) and planned 95% (D95%) doses for the TomoTherapy and VMAT OC-TBI
plans for the following six PTV subregions for small (height ≤130 cm, n = 30) and large patients (height >130 cm) patients: (A) skeleton (Bones), (B) PTV head,
(C) PTV_Neck&Shoulders, (D) PTV_Chest, (E) PTV_Abdomen, and (F) Ribs.
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the VMAT treatment plans appeared to be satisfactory. The
requirement to use multiple overlapping fields in VMAT-based
OC-TBI plans can lead to additional uncertainties regarding the
actual delivered dose in the area of beam overlap. The feasibility
and safety of the VMAT method had been previously
demonstrated (24, 30, 31).
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In the case of OC-TBI or TMLI, whole-body structures must be
contoured. Automation of the contouring procedures is highly
advantageous and ensures a reduction in the duration of the
procedure. For VMAT, a significant number of additional
structures is required for dose control in the area of beam overlap
and junctions. Initially, we spent at least 1 h contouring structures for
A B

FIGURE 6 | Averaged delivered (sum of all fractions) and planned Lungs and Ribs DVH for the 30 (A) TomoTherapy and (B) 30 VMAT OC-TBI plans. Blue line
represents the resulting delivered lung dose, dark blue represents the original lung planned dose, and orange line represents the resulting delivered rib dose and dark
red represents the original planned rib dose; dotted lines represent standard deviations.
A B C

D E F

FIGURE 5 | Percentage difference between delivered (sum of all fractions) and planned doses for the OARs for different patient heights [≤130 cm (small) and >130
cm (large)]: (A) Lungs in terms of Dmean, (B) Lungs in terms of V8, (C) Lungs in terms of D2max, (D) Kidneys in terms of Dmean, (E) Kidneys in terms of D2max, (F)
Lens in terms of Dmean for TomoTherapy and VMAT OC-TBI plans.
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TomoTherapy (25 structures) and 2 h for VMAT (38 structures).
After introducing semiautomated contouring methods, namely,
preconfigured workflows, using MIM Maestro™ software (MIM
Software Inc., Clevland, OH, USA), the duration of the contouring
process was reduced up to 10–15 min for both modalities.

The time required for full calculation of the treatment plan using
TomoTherapy 4.5 Non-VoLO™ Systems ranges from 2 to 5 h per
patient, depending on the size of the patient. We used 200–250
iterations in the background without staff involvement. Together
with the initial beamlet calculation, this took up to 4.5 h and then up
to approximately 50 iterations with the participation of the planner.
Template-based planning speeds up the process and reduces the
dose calculation time involving staff up to 40 min.

The treatment planning speed depends not only on the size of
the patient but also on the hardware configuration of the TPS.
Using our HP 840 workstation with 256 GB of RAM required up
to 4 h to calculate the full dose of VMAT-based OC-TBI. Using
plan templates reduced the required time involving staff to
approximately 2 h per plan.

The dose delivery time depends on patient height and is
approximately the same for both modalities—on average 30 min
(from 16 to 50 min)—but the total treatment time is different,
approximately up to 60 min for TomoTherapy versus up to 90
min for VMAT. Applying surface scanning systems and recent
advances in imaging equipment may reduce the total fraction
time, making it practical for routine application (25).

Comparison of the OC-TBI Treatment
Planning Results Between TomoTherapy
and VMAT
When applying the OC-TBI approach initially developed for
TomoTherapy to the VMAT modality, we experienced
challenges in meeting certain dose constraint criteria.

Meeting the acceptance criteria of V8 <40% for the lungs was
only possible if another plan acceptance criterion related to the 6
Gy lung coverage was violated. Thus, the near minimum dose to
the lungs is approximately 6 Gy for TomoTherapy and 5 Gy for
the VMAT plans. The lung volume receiving a dose of 8 Gy did
not exceed 40% for either case, but its mean dose differed slightly.
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The average dose to the kidneys was similar for TomoTherapy
and the VMAT, while the volume of kidneys that received the
near maximum dose was 13.1% lower for the VMAT plans due to
the smoother achieved dose gradient.

Both methods showed acceptable quality in the PTV dose
coverage while maintaining OAR sparing, but the mean PTV
dose was 1.6% higher in the VMAT plans. The uniformity of
PTV irradiation was superior for TomoTherapy, as evidenced by
the lower HI values for TomoTherapy relative to VMAT.

Overall Assessment of Treatment Delivery
Accuracy for VMAT- and TomoTherapy-
Based OC-TBI
Pretreatment visualizations (MVCT or CBCT) were used to
correct patient position prior to treatment. However, the
anatomical changes of the patient between fractions and
positioning errors affect dose delivery during the treatment
course. Accurate knowledge of the delivered dose to the OARs
and to the target could prove advantageous in the future analysis
of treatment outcomes.

Pediatric patients have a significant range in body size. We
evaluated whether our OC-TBI methods provide sufficient plan
robustness when applied to patients of varying sizes. Differences
in the patient size did not result in significant differences for most
parameters in either TomoTherapy- or VMAT-based OC-TBI.

However, differences between TomoTherapy and VMAT
delivery were observed. In general, TomoTherapy-based OC-TBI
treatment plans were more robust and less affected by variations in
daily patient positioning (Figure 6, Supplementary Table 2). The
percentage difference between planned and delivered doses (sum of
all fractions) in the D2max value for both the lungs and kidneys
showed higher values for VMAT than for TomoTherapy. Thus, the
D2max percentage difference between the delivered (sum of all
fractions) and planned dose in the right kidneys (large height
group) was 2.4 [1.1; 3.7] % for TomoTherapy versus 15.1 [12.4;
17.8] % for VMAT plans. This might have been caused by the
features of VMAT OC-TBI treatment plans, which had higher
mean PTV doses and contained hotspots in the abdomen/pelvic
junction area (Figure 1). Given that the planned D2max dose in the
TABLE 5 | The results of acute toxicity during radiation therapy in TomoTherapy and VMAT patients.

Toxicity criteria (RTOG) TomoTherapy Vmat P-value

Number of pts 157 52
Nausea and vomit

Grade 0–1 104 (66%) 33 (63%) 0.71
Grade 2–3 54 (34%) 19 (37%)

Headache
Grade 0–1 103 (65%) 36 (69%) 0.63
Grade 2–3 54 (35%) 16 (31%)

Parotitis
No clinical symptoms 63 (51%) 27 (52%) 0.14
1 Grade clinical symptoms 94 (59%) 25 (49%)

Enteritis
No clinical symptoms 97 (62%) 30 (57%) 0.87
Grade 1 47 (30%) 17 (33%)
Grade 2 13 (8%) 5 (10%)
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kidneys was lower for VMAT than for TomoTherapy (9.8 versus
11.1 Gy), the absolute values of the delivered dose looked acceptable
(11.3 vs. 11.4 Gy).

The parts of the lungs receiving doses in excess of 8 Gy included
a high dose gradient and were susceptible to dose delivery variations
(Figure 6). These areas were characterized by an approximately
10% excess of the delivered dose relative to the planned dose for
both TomoTherapy and VMAT. At the same time, the near
minimum lung doses were less subject to changes. These results
are consistent with the report of Zuro (16). Nevertheless, the mean
delivered dose to the lungs increased by an average of less than 5.4%
relative to the planned dose.

In relation to the mean dose to the PTV and its subregions,
both modalities showed consistent results. The average
percentage difference between delivered and planned mean
doses to the PTV subregions was within 1% (Supplementary
Table 1). The variation between planned and delivered values of
D95% coverage for the Head, Neck and Shoulders, Abdomen and
Bones PTV subregions remained within 5% for both the
TomoTherapy and VMAT modalities (Figure 4), which
indicates the reliability of dose delivery to these regions.

Figure 6 shows that TomoTherapy plans were more robust
with respect to D95% for rib dose coverage. We observed higher
percentage variations in the Ribs D95% for the VMAT plans
[−11.5 (−15.7, −7.3) %] than for TomoTherapy [−1.7 (−3.3, −0.1)
%] in the large height patient group. This could be caused by the
steeper dose gradient in the chest area for the TomoTherapy
planning dose distribution relative to VMAT.

Our method of estimating the delivered dose has limitations.
We do not receive images during or after the treatment. If the
patient changes his position during the treatment, we cannot
consider this. An important advantage of OC-TBI is the ability to
treat pediatric patients in the supine position, which is the most
comfortable for the patient and provides good reproducibility of
the patient setup and high accuracy of the dose delivery

Conclusions and Future Direction
The study demonstrates that both the TomoTherapy and VMAT
modalities are feasible, safe and provide acceptable toxicity in
pediatric OC-TBI.

Our previous results also demonstrated that OC-TBI appears
to be a promising technique for the treatment of pediatric patients
(43, 44). Applying a standardization approach allowed us to
homogeneously implement pediatric OC-TBI in routine clinical
practice. OC-TBI is a technically complex, resource-intensive
treatment modality, and its implementation requires automation
and standardization at all stages of pretreatment preparation.

Despite of the detected planned and delivered dose difference
between TomoTherapy and VMAT there were no significant
Frontiers in Oncology | www.frontiersin.org 12
differences in acute and subacute toxicity. The developed
standardized OC-TBI with accurate dose delivery assessment may
give thepossibility to investigate the correlationbetween thedelivered
dose and the clinical outcomes. Automation of the pretreatment
processes and application of fast semiautomatic planning or
knowledge-based planning optimization solutions will help increase
the availability of TBI/TMLI treatment techniques formore patients.

The accumulation of new clinical data and potential
advantages of OAR sparing combined with possible target dose
escalation could open new possibilities for the transition from
OC-TBI to new, more targeted approaches for certain cohorts of
pediatric patients.
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