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Abstract

optimal dose distribution in the overlap region.

Objective: To assess the effects of various treatment planning parameters to identify the optimal gap distance for
precise two-segment total body irradiation (TBI) using helical tomotherapy (HT) with fixed jaw mode.

Methods and materials: Data of a treatment plan for 8 acute leukemia patients (height range: 109-130 cm) were
analyzed. All patients underwent total-body computed tomography (CT) with 5-mm slice thickness. A lead wire,
placed at 10 cm above the patella, was used to mark the boundary between the two segments. Target volumes and
organs at risk were delineated using a Varian Eclipse 10.0 physician’'s workstation. Different distances between the lead
wire and the boundary of the two targets were used. CT images were transferred to the HT workstation to design the
treatment plans, by adjusting parameters, including the field width (FW; 2.5 cm, and 5 cm), pitch (0.287 and 0.430),
modulation factor (1.8). The plans were superimposed to analyze the dose distributions in the overlap region when
varying target gap distances, FWs, pitches to determine the optimal combinations.

Results: The pitch did not affect the dose distribution in the overlap region. The dose distribution in the overlap
region was mostly homogeneous when the target gap distance was equal to the FW. Increased FW diminished the
effect of the target gap distance on the heterogeneous index of the overlap region.

Conclusions: In two-segment TBI treatments by HT with Helix mode, a gap distance equal to the FW may achieve
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Background

Total body irradiation (TBI) is a radiation therapy tech-
nique that forms an important component of the pre-
treatment of patients for hematopoietic stem cell or
bone marrow transplantation [1-4]. TBI in conjunction
with chemotherapy serves as the preparative regimen to
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avoid immunologic rejection of transplanted donor blood
stem cells or bone marrow, by suppressing the immune
system of recipients before transplantation. Moreover, it
can eradicate residual disease cells in patients and empty
space in the spinal cord, thereby increasing the success
rate of bone marrow and stem cell transplantation [2,
4-7].

Helical tomotherapy (HT) is an intensity modulated
radiation therapy (IMRT) applied using megavoltage
computed tomography (MVCT), which can deliver radia-
tion in a slice-by-slice pattern, rather than as vertical
beams, as generated in linear accelerator (LINAC)-based

©The Author(s) 2020. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13014-020-01698-x&domain=pdf

Wang et al. Radiat Oncol (2020) 15:257

radiation therapy [4, 8]. HT-based IMRT differs from
conventional LINAC-based IMRT in some respects.
Firstly, HT delivers a narrow pencil beam modulated by
its unique pneumatic multileaf collimator [4]. A rotating
gantry delivers radiation while the patient table simul-
taneously moves. Consequently, it can achieve a highly
conformal dose distribution for complex clinical targets

Superior field

Lead wire

Patella

Inferior field

Fig. 1 Schematic illustration of total body irradiation in the overlap
region. The lead wire was placed at a point 10 cm above the patella.
The gap distance contained the distance between the superior field
and lead wire (n1) and another distance between the inferior field
and lead wire (h2)

Table 1 Patient characteristics
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while protecting organs at risk (OARs) [7]. Secondly, a
large radiation field (135 cm x 40 cm) is preferred for TBI
treatment via HT [8]. For a patient less than 135 c¢cm in
height, HT can achieve treatment using a single radia-
tion field (i.e., single-segment TBI); however, for patients
with a height exceeding 135 cm, TBI is split into a supe-
rior field and an inferior field (i.e., two-segment TBI) [9,
10]. The distance between these two fields is defined as
the gap distance. The gap distance from the boundary of
the superior/inferior fields to the marker line (at a point
10 cm above the patella) may affect the dose distribution
of the overlap region, including an area of 3 cm above
and below the marker line (Fig. 1). Therefore, using an
optimal distance can avoid dosimetric hot or cold spots
in the overlap region, reducing the chances of radiation-
related complications and treatment failure [11].

The effects of the gap distance in TBI has not been
reported previously. Gruen et al. used HT to pretreat
pediatric and adult patients prior to stem cell transplan-
tation [10]. They adopted the following treatment param-
eters: a field width (FW) of 5 cm and a distance of 2 cm
from the marker line to both the superior and inferior
field boundary (i.e., a gap distance of 4 cm). In another
TBI study, Salz et al. used a FW of 5 cm, and a gap dis-
tance of 2 cm, by placing the marker line 1 cm from the
boundaries of both the superior and inferior fields [12].
However, there is no established standard for parameter
configurations. This study evaluated the effects of various
parameters (target gap distances, FW, pitch, modulation
factor) on the dose distribution in the overlap regions, to
establish optimal parameters in HT-TBL

Methods

Patient selection

This retrospective study included 8 patients (6 males
and 2 females) with acute leukemia who required TBI
pretreatment for bone marrow transplantation. Patient
details are shown in Table 1.

Patient no. Age (years) Gender Diagnosis Body height (cm) Body
weight
(kg)

1 8 M All 125.0 29

2 6 M AML 109 19.1

3 10 F All recurrence 122 304

4 7 M ALL 1145 227

5 1" M AML 1285 341

6 8 F AML 116 24.8

7 10 M ALL 130 33

8 9 M ALL 1275 285
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Immobilization and CT scanning

All patients were immobilized by using a single body
board, a head/neck thermoplastic mask, a thermo-
plastic mask for the abdomen, and a vacuum cushion.
Before the CT scan, a lead-wire was placed at 10 cm
above the patella, as the marker of the patient’s body
surface, to split the radiation field into a superior and
an inferior field. Patients then underwent CT (120 kV,
SOMATOM Definition AS, Siemens, Erlangen, Ger-
many) scanning from the cranium to the toes, using a
slice thickness of 5 mm. These CT image sets were pre-
pared for delineation of target volumes and OARs.

Contouring and planning

For each patient, the target volumes were delineated
using the planning system on the Varian Eclipse phy-
sician’s workstation, version 10.0. Superior and inferior
field data sets were created using different parameters;
these contained the outer body contour (distance of
3 mm to the surface), clinical target volume (CTV),
and the OARs (lens, lungs, etc.) [7-9, 12]. The distance
between the lower boundary of the superior field and
the lead-wire was equal to the distance between the
lead wire and the upper boundary of the inferior field
(h; =h,; Fig. 1). Distances of 0.5 cm, 1 cm, 1.5 cm, 2 cm,
2.5 cm, or 3 cm (h;=h,=0.5cm, 1 ¢cm, 1.5 cm, 2 cm,
2.5 ¢cm or 3 cm), resulting in gap distances of 1 cm,
2 c¢m, 3 ¢cm, 4 cm, 5 ¢cm, and 6 cm, respectively, were
used. The overlap region covered an area of 3 cm above
and below the lead-wire. The delineated target volumes
and CT images were then transferred to the HT plan-
ning station for treatment planning.

The prescription dose of 12 Gy was given to each
patient in 2-Gy fractions twice a day, on 3 consecutive
days [2], at an interval of at least 8 h between fractions.
Different plans were designed for different radiation
fields. At least 95% of the target area should receive
the prescribed dose in the HT plan. Lungs dose were
suppressed to an average dose (Dmean) not exceeding
10 Gy and a minimum dose (Dmin) of less than 8 Gy
[10]. All plans were finished by two senior physicists
using TomoHelical technology. The effects of variation
in FW (1, 2.5, and 5 cm) and pitch (0.287, 0.43) were
investigated. The modulation factor was constant at 1.8.

Assessment and statistical analysis

The mean, maximum, and minimum dose as well as the
heterogeneous index (HI) were evaluated in the overlap
region. The HI was calculated as HI=D,/Dgyg, where D,
was the minimum dose in 2% of the target volume and
Dyg was the minimum dose in 95% of the target volume.
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All analyses were performed in SPSS software, ver-
sion 19.0 (IBM Corp., Armonk, NY). The results are
showed as mean=+standard deviation (x+s). Graphs
were drawn in OriginLab 8.0 (OriginLab Corp., North-
ampton, MA).

Results

The superior/inferior HT plans with different gap dis-
tances (1 cm, 2 cm, 3 ¢cm, 4 cm, 5 cm, and 6 cm) and
differences in other parameters (FW and pitch) were
superimposed on the physician’s workstation. The mean
dose, maximum, and minimum dose, and the HI of the
overlap region were collected and analyzed in Table 2.

Field width of 5 cm

As shown in Fig. 2, the mean, maximum, and the mini-
mum dose of the overlap region decreased as the gap dis-
tance increased, when the FW was 5 cm. Varying pitch
(0.43/0.287) did not have an effect on the dose distribu-
tion of the overlap region. When the gap distance was
5 cm, the three curves nearly overlapped. All doses at this
point were closest to the prescription dose. The mini-
mum dose of the overlap region was higher than the pre-
scription dose when the gap distance was less than 5 cm;
the overlap region was therefore a hot spot. In contrast,
the size of cold spots increased when the target gap dis-
tance exceeded 5 cm. Therefore, a gap distance of 5 cm
was optimal for a FW of 5 cm.

Field width of 2.5

If the FW was 2.5 c¢m, the optimal gap distance was 2 cm.
Similar to the overlap region observed with a FW of
5 cm, there were hot or cold spots if the gap distance was
more or less than 2 cm, respectively (Fig. 3a). Pitch did
not have an effect on the dose distribution with a FW of
2.5cm.

Heterogeneous index

The HI is used to describe the dose-distribution hetero-
geneity in a target volume. An HI of 1.0 means a perfect
treatment plan, with homogeneous dose distributions;
however, HI values always exceed 1. Pitch values did not
affect the quality of the dose distribution in the overlap
region according to HI analysis (Fig. 4). HI values were
lower (range 1.1-1.5) at varying target gap distances in
the overlap region when the FW was set at 5 cm. Notably,
the value of HI at a FW of 5 cm was 1.04£0.09 when the
target gap distance was 5 cm, indicating an optimal treat-
ment plan with a homogeneous dose distribution in the
overlap region. However, the HI value increased gradu-
ally when the target gap distance deviated from 5 cm. A
gap distance of 2 cm yielded an HI value of 1.094+0.03
when FW was at 2.5 cm.
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Table 2 Mean dose, maximum dose, minimum dose, and heterogeneous index (HI) of the overlap region (=h1+h2,

and h1=h2)
Other parameters Target gap distance
Tcm 2cm 3cm 4cm 5cm 6 cm
Pitch=0.287 FW=25cm Mean dose (Gy) 15.04+0.08 13.21£0.13 11.39£0.13 9.58+0.16 779+0.13 6.00+£0.13
Max dose (Gy) 18.25£0.20 13.744+0.17 1285£0.15 12.784£0.21 1265£0.13 11.69£0.16
Min dose (Gy) 12.72£0.11 12.67+£0.09 9.03+0.19 468+0.24 213+027 1444015
HI 1434020 1.08£0.17 142£0.19 2.73£0.24 594+£0.27 8.12+0.16
FW=5cm Mean dose (Gy) 19.534+0.27 17.98£0.42 16.344+0.13 14.524+0.26 12.734£0.25 10.99£0.19
Max dose (Gy) 22104035 19.82+£053 17.55+0.15 15.13£0.30 13.02+£0.21 1251£0.19
Min dose (Gy) 16.324£0.23 15.094£0.24 13.98£0.15 13.10+0.06 125240.28 10.37£0.17
HI 1354035 1.314+053 1.26+0.15 1.15+£03 1.044+0.28 1.21£0.19
Pitch=043 FW=25cm Mean dose (Gy) 149640.10 13.21+0.16 11454015 9.52+0.17 792+0.22 6.02£0.19
Max dose (Gy) 1843+£0.33 13.72+£0.20 1265+0.23 1259+£022 12.64+0.18 11.55+£0.26
Min dose (Gy) 12.704£0.10 12.634+0.07 9.22+0.28 4694018 2.26£0.26 1.37£0.23
HI 145+0.33 1.09+£0.2 137+£0.28 268+£022 559+0.26 843+0.26
FW=5cm Mean dose (Gy) 19.32£031 1793+£0.18 16.27 £0.26 14.55+£032 12.72+£030 10.95+0.27
Max dose (Gy) 21.89£0.46 19.78+£0.25 17454036 15.16£0.39 13.04£0.26 1249£0.17
Min dose (Gy) 16.17+£0.21 15.00+£0.24 13.89+0.18 13.07+£0.18 1248+032 1026 £0.38
HI 1.35+£046 132+£0.25 1.26+£0.36 1.16£0.39 1.04+£0.32 122+£0.38

—l— Mean dose(Pitch=0.43)
—@— Mean dose(Pitch=0.287)
—A— Max dose(Pitch=0.43)
—W— Max dose(Pitch=0.287)
—— Min dose(Pitch=0.43)
—p— Min dose(Pitch=0.287)
FW=5 cm

The dose distribution of the overlap region (Gy)

1 ' I ! I ' I ! I ' I !
1 2 3 4 5 6
The target gap distance (cm)

Fig. 2 The mean dose, the maximum dose, and the minimum dose of the overlap region varied with different target gap distances. The field width
(FW) is 5 cm and pitch are 0.43/0.287. *prescription dose
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—ill— Dose mean(Pitch=0.43)
20 —@— Dose mean(Pitch)=0.287
. —&— Dose max(Pitch=0.43)
18 - —¥— Dose max(Pitch)=0.287)
| —— Dose min(Pitch=0.43)
16 4 P Dose min(Pitch)=0.287)
Feild Width=2.5 cm

0 T : T ' T E T r T Y T A
1 2 3 4 5 6
The target gap distance (cm)

Fig. 3 The mean dose, the maximum dose, and the minimum dose of the overlap region varied with the different target gap distances of 2.5 cm.
Pitch is 0.43/0.287. *prescription dose

The dose distribution of the overlap region (Gy)

5cm(Pitch=0.43)
5cm(Pitch=0.287)
2.5cm(Pitch=0.43)
2 5cm(Pitch=0.287)

& FW
—@— FW
1 —A— FW
- Fw

0 T T T T T T T T T
1 2 3 4 5 6
The target gap distance (cm)

Fig. 4 Comparison of heterogeneous index (HI) with different field widths (FW) and pitch in the overlap region for the choice of the optimal target
gap distance
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Discussion

Various TBI treatment strategies have been widely
applied clinically to eliminate malignant cells and prevent
graft rejection while reducing the risk of complications
and preserving function and quality of life. Some radio-
sensitive OARs limit the application of high dose radia-
tion, because of radiation-induced complications, such as
radioactive pneumonia, radiation nephropathy, or blind-
ness. At present, available data suggest that the dose to
the kidney should be limited to 12 Gy to prevent protein-
uria, glomerular filtration rate decrease, and other renal
inadequacy symptoms from occurring post-radiotherapy
[13]. The total TBI dose was 12 Gy (in 6 fractions) in this
study, and thus only lens and lungs were considered as
critical dose-limiting structures requiring protection
[10]. Our center has completed TBI in many patients and
have delivered a lower dose to the lens and lungs, result-
ing in fewer side-effects.

The HT planning system only allows superimposition
of treatment plans that were generated on the same CT
set. Thus, the 8 patients chosen for this study were about
120 cm tall and actually received single-segment TBI,
rather than two-segment TBI. In the study, the delinea-
tion of the planning target volume was performed on a
set of CT images covering the whole body of the patient.
We used “overlap region” to associate plan design. There
may thus be a small difference as compared with actual,
clinical two-segment TBI; this small error can be reduced
by an MVCT scan [8]. In an earlier study, radiation
oncologists used two-segment TBI [14]. However, they
performed their study with an FW of 5 cm only, while the
influence of changes in planning parameters (FW, pitch,
etc.) was not investigated. In contrast, we studied and
analyzed all planning parameters and therefore present
more comprehensive conclusions.

When the treatment plan is designed using differ-
ent gap distances, the dose to lungs and lens should be
reduced as much as possible in the superior field [10].
Hence, even when optimization parameters remained
constant, the optimization of radiotherapy treatment
planning with various gap distances shows some dif-
ferences that directly affect the dose distribution in the
overlap region, hindering identification of the optimal
gap distance. However, we analyzed the mean dose, the
maximum dose, the minimum dose, and the HI index
in the overlap region when searching for the optimal
gap distance. In different treatment plans, the dose in
the overlap region was mostly homogeneous when the
distance was equal to the FW. Therefore, a small dif-
ference in radiotherapy treatment planning will not
significantly affect the dose distribution if the optimal
target gap distance is used. Keisuke et al. showed that
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field joint dose distribution calculated by reducing the
target volume at the field boundary surface by 2.5 cm
(gap distances =5 cm) with 5 cm FW width was found
to be the most robust in the cranial-caudal directions,
and utilizing the IMRT technique for the field bound-
ary area could feasibly control the field joint dose dis-
tribution [15]. The best dose distribution were also
been found in this paper with the same configuration.

The reason for using an overlap region of 6 cm is
that the overlap region has to cover the greatest gap
distance used in this study. If the overlap region is too
small, the dose distribution of target gap distance can-
not be shown sufficiently; inversely, if it is too large,
the dose distribution between the gap distance and the
overlap region will decrease the sensitivity of the test of
important indicators, e.g., the mean dose, the maximal
dose, the minimal dose, and the HI.

Fan beams of HT plans are modulated by one set
of jaws and pneumatic binary multileaf collimators
(MLCs). For the HT machine used in this study, there
were three jaw options for treatments: 1.0, 2.5, and
5.0 cm. FW of 1 cm was not investigated in this study
for the reason that it was too time-consuming to make
patients complete treatments. In this study, plans with
FW of 2.5 cm showed no obvious improvements con-
cerning dose indexes compared to 5 cm FW plans with
suitable FW configurations. We recommend using a
gap distance of 5 cm with 5 cm FW for TBI cases. The
implications of our findings could also be applied to
other cases, such as total skin treatment and multiple
metastases.

All HT plans were finished by in Helix mode. Some
studies showed potential benefits to improve TBI plan
quality in TomoDirect mode: less treatment time and
sufficient dose distribution [16]. Optimized gap dis-
tance for TomoDirect plans should also be investigated
in the future. A third-generation TOMO accelerator
has been developed; while the first- and second-gener-
ation accelerators adopted a fixed jaw mode, the third
generation of TOMO HDA incorporates a dynamic jaw
function, which can effectively control the vertical dose
drop gradient of the target area. In this study, we used
a second-generation TOMO HD, and thus our conclu-
sions are applicable to the first- and second-generation
TOMO, but not to the third-generation TOMO HDA.
Thus, further studies are needed to confirm these find-
ings in the third-generation TOMO HAD [17]. The leg
Diameter will do influence gap distance selection. This
study included 8 patients with similar ages and body
weight. We did not consider the impact of leg diameter
for the lack of enough data. Deeper studies may carry
based on more kinds of patients.
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Conclusions

HT is one of the technologies preferred for complet-
ing TBI treatment. Two-segment TBI based on HT can
be used to prepare taller patients (height>135 c¢m) for
hematopoietic stem cell or bone marrow transplantation.
In the two-segment TBI HT treatment, a gap distance
that is identical in size to the FW may achieve the opti-
mal dose distribution in the overlap region.
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