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Introduction

For malignant and non-malignant oncolog-
ic disorders affecting the hematopoietic and im-
mune system, allogeneic hematopoietic stem cell 
transplantation (allo-HSCT) has proven to be 
a rational therapeutic approach for pediatric pa-

tients [1, 2]. Conditioning regimens contribute to 
the stem cell engraftment and improve allo-HSTC 
outcome [3]. In the management of allo-HSCT, 
total body irradiation (TBI) has been extensively 
used as a conditioning regimen to induce immu-
nosuppression for bone marrow transplantation 
and prevent donor marrow rejection [4–6]. TBI 
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Background: Total lymphoid irradiation (TLI) is a conditioning regimen in allogeneic hematopoietic stem cell transplantation 
(allo-HSCT) which may reduce long-term toxicities attributed to other techniques, such as total body irradiation (TBI). At our 
institution, TLI treatments were first planned with the three-dimensional conformal radiation therapy (3D-CRT) technique 
and later with volumetric modulated arc therapy (VMAT). With the recent availability of a basic helical tomotherapy (HT), 
the possible dosimetric gain of the latter for TLI is studied.

Materials and methods: 22 pediatric patients were planned for VMAT and HT, prescribed to 8 Gy in 4 fractions. VMAT was 
planned with template based on a single cost function, using the Monaco treatment planning system (TPS). HT plans were 
planned using Accuray Precision TPS for a basic HT without the dynamic jaws feature or VOLO-Ultra algorithm. Plan quality 
was analyzed based on four quality indices, mean and maximum doses to planning target volume (PTV) and organs at risk 
(OARs), dose gradient and integral doses. Differences were analyzed with Wilcoxon signed-rank test.

Results: HT plans resulted in improved conformity (CI) and homogeneity indices (HI) (p < 0.05) but less steep dose gradient 
(p = 0.181). VMAT plans created larger areas with high doses within the PTV, while comparable doses to OARs, except mainly 
for the spinal marrow, for which a reduction of 37.7% in D2% was obtained (p < 0.05). Integral dose for non-tumor tissue was 
11.3% lower with the VMAT template (p < 0.05).

Conclusion: HT achieves better conformity and homogeneity even without its more advanced features. Nevertheless, 
the VMAT template achieves dosimetric results close to those of HT, both with similar clinical outcome.

Key words: total lymphoid irradiation; VMAT; tomotherapy

Rep Pract Oncol Radiother 2023;28(6):772–783

https://doi.org/10.5603/rpor.98734


Carlos Ferrer et al.  Evolution of dosimetric treatment planning for pediatric TLI

773https://journals.viamedica.pl/rpor

can cause acute and late toxicities, including lethal 
pulmonary complications, pneumonitis, renal tox-
icity or veno-occlusive disease of the liver, as well 
as xerostomia, cardiac disease, cataracts or the de-
velopment of radiation-induced secondary tumors 
[7, 8]. Consequently, more targeted radiation tech-
niques have been implemented, such as total mar-
row irradiation (TMI), total lymphoid irradiation 
(TLI) and the combination of both (TMLI) [9].

The first TLI patients were treated between 
February 1979 and July 1981 in combination with 
conventional agents to prevent rejection [10]. TLI 
is a reduced intensity regime to induce cytopenia 
compared to TBI (myeloablative regimen) [11] 
which focus mainly on T cells to generate a state 
of immunosupression, with rapid recovery of 
neutropenia [12], showing superior graft surviv-
al compared to another group of patients treat-
ed only with conventional immunosuppression 
and who did not receive TLI treatment. Even pa-
tients with drugs like alemtuzumab, muromonab 
(OKT3), anti-thymocyte globulin (ATG), fludara-
bine and thiotepa [13] showed good clinical results 
but with greater adverse effects compared to those 
described for TLI [11].

The traditional 3D conformal radiotherapy 
(3D-CRT) planning, which consists of two parallel 
opposed anterior and posterior fields: a supradia-
phragmatic mantle field and an infradiaphragmat-
ic inverted Y field [14], does not spare any organs 
within the field and could cause acute and late mor-
bidities [15]. Nowadays, improved technology al-
lows the sparing of non-lymphoid structures while 
delivering the prescribed dose conformed to 
the target. Several studies propose the use of helical 
tomotherapy (HT) for similar treatments such as 
TMI and TMLI as alternative to TBI [16]. Volumet-
ric arc therapy (VMAT) technique with a standard 
linear accelerator (linac) [17] is also employed for 
TMI treatments. These modern techniques are ap-
plied in a limited number of centers, although they 
demonstrate superior dosimetric results compared 
with 3D-CRT, with better conformity and homo-
geneity indices and a demonstrated decreased dose 
to the thyroid, heart, esophagus and pancreas [18].

There are several studies comparing treatment 
planning dose distributions between 3D-CRT, 
VMAT, HT or proton therapy for a number of 
different radiotherapy treatments, including TBI 
[19], craniospinal irradiation (CSI) [18], TMI [20] 

and others [21]. All studies observe small differ-
ences between VMAT and HT, and suggest the su-
perior conformity and homogeneity of the dose to 
the target with HT treatments relative to VMAT 
treatments. They also report an increase in normal 
tissue volumes receiving low doses with HT [22]. 
Usually, HT produces a comparable or superior 
plan quality in terms of target conformity and ho-
mogeneity, and in some cases also of doses to OARs 
in many different pathologies [23], although longer 
treatment times [21].

At our institution, TLI was first planned with 
conformal 3D-CRT, until the planning technique 
was changed to VMAT with a simple template to 
facilitate the planning process. The VMAT tem-
plate was previously presented and compared with 
3DCRT planning [24], and showed much better 
results with VMAT compared to 3D-CRT. With 
the availability of a basic Tomotherapy HD treat-
ment system at our institution, without the dynam-
ic jaws feature or the VOLO-Ultra algorithm [20], 
this work aims to study the possible dosimetric 
gain of HT over VMAT.

Materials and methods

Patient selection and setup
Twenty-two pediatric patients were selected 

for this study and prescribed 8 Gy in 4 fractions 
(Tab. 1), twelve males and ten females, ranging 
from 1 to 16 years of age. Due to the different ages 
of the patients, the length and volume of the PTV 
showed considerable variations. The same CT 
scanner was used for VMAT and HT treatment 
planning. An individual Moldcare vacuum cush-
ion (QFix, Avondale, PA) was used to scan each 
patient on a Philips Brilliance Big Bore 16-slice CT 
scanner (Philips Medical, Amsterdam, the Nether-
lands) with 3 mm slice thickness. The arms were 
kept slightly away from the body to maximize 
the arc length in VMAT planning and avoid di-

Table 1. Patient data characteristics.

Patient data

Characteristic Mean Range

Age [years] 9.14 ± 4.29 1–16

Height [cm] 108.71 ± 23.32 60–140

Gender (M/F) 12/10
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rect beam entrance radiation. Scans were per-
formed from the eyes to 5 cm below the inguinal 
lymph nodes. The patient’s position was checked 
during treatment using image-guided radiothera-
py (IGRT) system in both linac and Tomotherapy. 
Since with linac, TLI treatments require two iso-
centers for most patients, cone beam images were 
obtained for each isocenter. Each cone beam was 
used to position the patient at each isocenter inde-
pendently. Only longitudinal table shifts were done 
between isocenters. With the Tomotherapy system, 
a scan of the entire treatment was acquired prior to 
each treatment fraction.

Contouring of target and OARs
The patient’s CT scans were transferred to Mo-

naco treatment planning system (TPS) (v. 5.11.03.) 
(Elekta AB, Stockholm, Sweden). The PTV was 
created by 1 cm CTV expansion and included 
the lymph nodes, from the tonsil to the inguinal 
lymph nodes, and the spleen. Several OARs were 
contoured: eyeballs, eye lens, optic chiasm, external 
auditory canals (EACs), parotid glands, temporo-
mandibular joint (TMJ), mandible, thyroid gland, 
larynx, esophagus, lungs, heart, liver, stomach, kid-
neys, spinal marrow, bowel, rectum, bladder, femo-
ral heads, and gonads.

VMAT
All treatments were planned in Monaco TPS 

with the same template, on an Elekta Synergy 
linac with 6 MV nominal energy, equipped with 
a 160-leaf Agility multileaf collimator (MLC). Mo-
naco TPS uses physical and biological cost func-
tions and the XVMC Montecarlo algorithm [25]. 
Most VMAT plans required 2 isocenters, the first 
located above the manubrium and the other 
25 cm away in the caudal direction. To avoid pa-
tient’s arms and shoulders irradiation, 2 partial 
arcs were planned for each isocenter (290º – 70º 

and 135º – 210º). To optimize the overlap length 
and avoid the need for a third isocenter, the col-
limator angles were set at 5 and 340 degrees, re-
sulting in a low gradient junction length of 25 cm, 
well controlled by the TPS and contributing to 
the plan robustness [26, 27]. That also reduces 
the cumulative effects of interleaf transmission 
and the tongue and groove effect [21]. Maximun 
dose rate was 600 MU/min.

The Monaco template (Tab. 2) consists of cost 
functions for the target and a single cost function 
for all voxels of the patient structure, excluding 
those assigned to the PTV. This cost function is 
named conformality, and forces the dose gradient 
close to the PTV. The main characteristics of this 
template and its comparison with 3D-CRT treat-
ment planning were previously reported24. PTV 
dose coverage goal was for at least 95% of the PTV 
volume to receive 100% of the prescribed dose 
(V95 ≥ 100%).

To verify patient position, kV cone-beam images 
were acquired prior to treatment for each isocenter. 
The dose optimization to the junction area wasn’t 
explicitly controlled, since it was observed that it is 
feasible to rely on the optimization algorithm with 
VMAT [28].

HT
Patient scans were transferred from Monaco to 

Accuray Precision TPS (v. 2.0.1.1.) which utilizes 
a convolution/superposition algorithm [29]. Plans 
were generated for a Tomotherapy HD with 6 MV 
nominal energy, binary MLC and without a flatten-
ing filter. Neither dynamic jaws nor the VOLO-Ul-
tra algorithm were available at our center. All HT 
treatments were initially planned with 5 cm field 
width, fixed jaws, pitch value of 0.430, modulation 
factor of 3 and fine dose calculation grid. Due to dif-
ferences in PTV volume and length values between 
patients, pitch and MF had to be modified for cer-

Table 2. Volumetric modulated arc therapy (VMAT) template with the cost functions

Structure Cost function Isoconstraint %

PTV Target Penalty 800 All voxels

  Underdose DVH 800 96

  Maximum Dose 900

Patient Conformality 0.20–0.50

  Maximum Dose 900

PTV — planning target volume
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tain cases. The nominal dose rate at the isocenters 
was 850 cGy/min. All plans shared the same target 
coverage goal as the VMAT plans, V95 ≥ 100%.

Two rings were included in the HT plans to 
control the dose fall-off within the patient vol-
ume. The first ring, 1.5 cm wide, is contoured 
0.1 cm from the PTV, followed by the second ring, 
1 cm wide. To verify patient positioning, megavolt-
age-based CT (MVCT) images were acquired prior 
to the treatment.

Plan comparison
Four indices were analyzed for all plans to com-

pare both types of treatment planning, conformity 
index (CI), homogeneity index (HI), conformation 
number (CN) and gradient index (GI). The CI was 
initially defined for radiosurgery treatments by 
Shaw et al. [30], and consists of the prescription 
isodose volume (Vpi) divided by the PTV volume 
(VT). A CI value close to 1 indicates perfect confor-
mation although a value less than 1.5 is acceptable.
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HI in this work follows the definition suggested 
in ICRU 83 [31], calculated as D2% minus D98% di-
vided by D50% (doses received by 2%, 98% and 50% 
of the PTV). An HI of zero indicates that the ab-
sorbed dose distribution is almost homogeneous.
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CN was adopted as a tool to assess quantitatively 
the degree of conformality [32]. CN is calculated as 
the square of the PTV volume covered by the pre-
scription isodose divided by the total PTV vol-
ume and the prescription isodose volume. A value 
greater than 0.6 is required, and 1 indicates the best 
achievable conformity.
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GI was defined to differentiate plans with similar 
CI but different dose fall-off for stereotactic radio-
surgery treatments [33] and is calculated as the vol-
ume covered by the 50% of the prescription isodose 
(V50%,pi) divided by the volume covered by the pre-
scription isodose. A value of 3 is expected for SRS 
treatments, but a value around 3–6 is expected for 
treatments other than SRS.
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For both VMAT and HT planning, the mean 
and maximum PTV doses at 2% of the volume 
(D2%) were registered, as well as the dose received 
by the 95% of the PTV volume (D95%). The PTV 
volume receiving 100% (V100%) and 107% (V107%) of 
the prescription dose was also noted, along with 
the mean MU for VMAT treatments and treatment 
times. Integral doses (ID) and integral doses to 
non-tumor tissue ID(NTT) were calculated follow-
ing the description given by D’Arienzo et al. [34] 
For each patient, dose to 2% of the volume (D2%) as 
an indicator of the maximun dose, the mean doses 
to OARs and the volume receiving more than 8 Gy 
(V8 Gy) were compared. The treatment time was ob-
tained from beam-on treatment time. IGRT time 
was also considered, as this time can significantly 
extend the overall treatment time.

Statistical analysis
Nonparametric related samples Wilcoxon 

signed ranks test was used to determine the pos-
sible statistically significant differences between 
treatment modalities for each parameter consid-
ered. The analysis was carried out with SPSS sta-
tistical software (v. 20, IBM SPSS, Armonk, NY, 
USA). A p-value < 0.05 was considered statistically 
significant.

Results

PTV and treatment parameters
As shown in Table 3, for VMAT treatments mean 

conformality value was 0.29 ± 0.08, and to-
tal mean monitor units (MU) were 2647.8 ± 694.6 
MU. For HT treatments, pitch and modulation 
factor mean values were 0.430 and 3, respectively. 
For most patients, beam on time and mean MU 
were 675.21 ± 154.08 s and 9565.48 ± 2182.8 MU.

Table 4 presents the PTV data extracted from 
the dose-volume histograms (DVHs) as well as 
the indices analyzed and the calculated integral 
dose. The mean PTV volume was 1714.26 ± 801.44 
cc. This variability is due to the wide range in patient 
ages, and PTV lengths registered, 54.29 ± 9.79 cm.

PTV mean doses and D2% were slightly low-
er with HT (1.3% and 3.9% lower, respectively) 
(p < 0.05). The PTV volume receiving more than 
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107% of the prescribed dose (V107) was much lower 
for HT compared with VMAT, achieving lower vol-
umes with high doses within the PTV. Specifically, 
V107 with HT was 73.1% lower than with VMAT 
(p < 0.05). PTV coverage (V100) and D98 with VMAT 
or HT were comparable.

HT treatment plans were more con-
formed (CI = 1.22 ± 0.08) and homoge-
neous (HI = 0.09 ± 0.05) compared to VMAT 
(CI = 1.34 ± 0.10 and HI = 0.13 ± 0.04) (p < 0.05). 
CN achieved with HT (CN = 0.78 ± 0.05) was also 
better than with VMAT (0.71 ± 0.05) (p < 0.05). 
GI was slightly better for VMAT, but this differ-
ence wasn’t statistically significant (p = 0.181).

ID values were 6.1% lower with VMAT, but not 
statistically significant (p = 0.148). ID(NTT) was 
11.3% lower with VMAT and this difference was 
statically significant (p = 0.043). The HT plans 
presented shorter mean treatment times than 
the VMAT plans (p = 0.001).

OARs
The mean doses were comparable between both 

types of plans for most of the OARs (Tab. 5), al-
though they were generally lower in the HT plans. 
Statistically significant differences with lower Dmean 
with VMAT were obtained in parotids, TMJ, hu-
meral heads, liver and gonads (40%, 75.7%, 38.9%, 
15.7% and 55.2 % lower, respectively). In contrast, 
statistically significant differences were obtained in 
the right kidney with lower Dmean with HT (19.5%). 
Lower Dmean also occurred for HT plans in the man-
dible, spinal cord, thyroid gland, larynx, esophagus, 
chest, heart, stomach, left kidney, vertebral body, 
bladder, and femoral heads, but these differences 
were not statistically significant. Dmean received in 
the lungs was 8.2% lower with VMAT, but this re-
sult was not statistically significant either.

D2% values in Table 5 were comparable or low-
er for most OARs in HT plans. Among the OARs, 
D2% values were lower with HT versus VMAT for 
breast, spinal marrow, right kidney, bladder, fem-
oral heads and heart (37.7 %, 18.1%, 11.3%, 8.4%, 

Table 3. Final mean values for main treatment planning 
parameters

VMAT

Conformality 0.29 ± 0.08

MU 2647.8 ± 694.6

Treatment time [s] 820.15 ± 150.05

HT

Pitch 0.430 ± 0.02

Modulation factor 3.15 ± 0.50

MU 9565.48 ± 2182.8

Treatment time [s] 675.21 ± 154.08

VMAT — volumetric modulated arc therapy; HT — helical tomotherapy; 
MU — Monitor unit

Table 4. Planning target volume (PTV) averaged parameters (mean ± SD), evaluation indices, integral dose, treatment time 
and comparison p-values

Parameter VMAT HT p-value

Length [cm] 54.29 ± 9.79 –

Volume [cm3] 1714.26 ± 801.44 –

Dmean [cGy] 843.23 ± 9.58 831.86 ± 9.51 0.004

D2% [cGy] 889.30 ± 18.00 854.10 ± 16.21 0.000

D95% [cGy] 800.50 ± 14.26 801.29 ± 1.85 0.297

D98% [cGy] 786.23 ± 11.45 785.05 ± 6.97 0.668

V100 (%) 95.57 ± 2.17 95.05 ± 0.47 0.170

V107 (%) 23.83 ± 12.13 6.48 ± 5.63 0.000

CI 1.34 ± 0.10 1.22 ± 0.08 0.001

HI 0.13 ± 0.04 0.09 ± 0.05 0.001

CN 0.71 ± 0.05 0.78 ± 0.05 0.001

GI 4.35 ± 0.73 4.62 ± 1.11 0.181

ID [cGy] 334.83 ± 55.09 356.56 ± 53.38 0.148

ID(NTT) [cGy] 282.10 ± 40.42 318 ± 38.49 0.043

CI — conformity index; HI — homogeneity index; CN — conformation number; GI — gradient index; ID — integral doses; ID(NTT) — integral doses to non-tumor 
tissue



Carlos Ferrer et al.  Evolution of dosimetric treatment planning for pediatric TLI

777https://journals.viamedica.pl/rpor

Ta
bl

e 
5.

 D
m

ea
n 

(c
G

y)
, D

2%
 (c

G
y)

 a
nd

 V
8 

(%
) t

o 
or

ga
ns

 a
t r

is
k 

(O
A

Rs
) f

or
 v

ol
um

et
ric

 m
od

ul
at

ed
 a

rc
 th

er
ap

y 
(V

M
AT

) a
nd

 h
el

ic
al

 to
m

ot
he

ra
py

 (H
T)

 p
la

ns

St
ru

ct
ur

e
D

m
ea

n [
cG

y]
D

2%
 [c

G
y]

V 8
 (%

)

VM
AT

H
T

p-
va

lu
e

VM
AT

H
T

p-
va

lu
e

VM
AT

H
T

p-
va

lu
e

Ey
e 

ba
lls

12
.7

2 
± 

2.
14

35
.8

8 
± 

10
.8

7
0.

10
9

16
.7

0 
± 

5.
64

8.
32

 ±
 1

.4
3

0.
10

9
0

0
0

Ey
e 

le
ns

10
.8

8 
± 

2.
38

26
.2

0 
± 

4.
09

0.
06

8
13

.5
0 

± 
3.

81
28

.2
0 

± 
5.

82
0.

14
4

0
0

0

O
pt

ic
 c

hi
as

m
15

.8
0 

± 
3.

53
15

.8
0 

± 
3.

54
0.

10
9

19
.7

5 
± 

4.
74

8.
32

 ±
 2

.4
3

0.
10

9
0

0
0

EA
Cs

63
0.

03
 ±

 7
.4

9
64

4.
02

 ±
 1

2.
73

0.
18

0
62

1.
95

 ±
 4

.3
1

70
0.

50
 ±

 2
1.

92
0.

18
0

0
0

0

Pa
ro

tid
s

27
7.

72
 ±

 3
0.

56
46

3.
17

 ±
 5

4.
64

0.
02

8
66

1.
13

 ±
 9

5.
20

63
2.

20
 ±

 3
2.

90
0.

89
3

9.
05

 ±
 1

.5
7

2.
58

 ±
 1

.4
3

0.
06

8

TM
J

12
2.

93
 ±

 2
1.

99
50

5.
38

 ±
 8

5.
35

0.
00

8
35

6.
27

 ±
 6

7.
66

66
7.

50
 ±

 9
3.

85
0.

02
8

0
0

0

M
an

di
bl

e
68

3.
10

 ±
 1

12
.0

6
67

4.
54

 ±
 8

3.
83

0.
06

4
86

7.
92

 ±
 1

9.
24

82
7.

42
 ±

 1
9.

56
0.

02
0

31
.6

6 
± 

13
.6

2
25

.5
3 

± 
15

.2
1

0.
02

3

Th
yr

oi
d 

gl
an

d
77

8.
34

 ±
 3

3.
23

75
1.

07
 ±

 8
5.

04
0.

36
3

86
0.

08
 ±

 4
0.

97
83

2.
29

 ±
 1

2.
96

0.
01

9
41

.7
1 

± 
12

.7
3

37
.9

5 
± 

17
.1

9
0.

59
4

La
ry

nx
75

3.
28

 ±
 3

9.
49

72
7.

85
 ±

 6
8.

82
0.

22
1

85
7.

47
 ±

 2
8.

19
82

7.
09

 ±
 2

3.
76

0.
01

1
31

.9
1 

± 
16

.7
8

27
.2

4 
± 

16
.5

6
0.

34
7

Es
op

ha
gu

s
81

0.
39

 ±
 1

9.
61

80
4.

07
 ±

 1
5.

49
0.

27
2

87
7.

64
 ±

 1
7.

09
84

6.
23

 ±
 1

6.
02

0.
01

3
77

.5
5 

± 
11

.2
2

75
.1

 ±
 1

2.
27

0.
27

2

H
um

er
al

 H
ea

ds
23

7.
54

 ±
 5

5.
34

38
8.

90
 ±

 8
3.

26
0.

01
2

54
4.

16
 ±

 1
05

.7
8

61
5.

50
 ±

 1
14

.7
9

0.
12

3
0

0
0

Br
ea

st
36

2.
79

 ±
 5

7.
28

33
4.

46
 ±

 6
2.

35
0.

50
0

77
7.

28
 ±

 6
0.

66
48

4.
54

 ±
 5

8.
92

0.
14

4
1.

94
 ±

 1
.4

6
0.

76
 ±

 0
.0

3
0.

06
8

Lu
ng

s
50

1.
14

 ±
 7

2.
30

54
5.

67
 ±

 9
0.

08
0.

05
8

84
2.

33
 ±

 1
8.

43
82

7.
11

 ±
 1

5.
81

0.
02

2
8.

87
 ±

 2
.8

5
10

.0
7 

± 
3.

75
0.

39
4

H
ea

rt
54

5.
34

 ±
 8

1.
11

52
7.

14
 ±

 9
2.

61
0.

42
1

83
9.

94
 ±

 2
8.

02
81

5.
89

 ±
 2

3.
94

0,
00

0
8.

46
 ±

 1
.5

4
7.

71
 ±

 1
.0

8
0.

07
7

Li
ve

r
30

8.
63

 ±
 5

7.
41

36
6.

19
 ±

 9
7.

25
0.

00
7

74
9.

36
 ±

 7
6.

17
75

6.
42

 ±
 6

5.
22

0.
55

7
1.

72
 ±

 0
.4

0
1.

69
 ±

 0
.4

6
0.

49
8

St
om

ac
h

68
0.

98
 ±

 7
9.

12
65

5.
71

 ±
 3

3.
17

0.
17

3
85

7.
90

 ±
 2

9.
35

83
1.

57
 ±

 4
6.

26
0.

13
8

25
.1

3 
± 

1.
84

28
.7

6 
± 

2.
65

0.
91

7

Ri
gh

t k
id

ne
y

39
1.

14
 ±

 6
2.

39
31

4.
81

 ±
 5

4.
22

0.
00

0
66

6.
83

 ±
 1

06
.4

6
59

1.
68

 ±
 1

01
.0

0
0.

04
8

1.
27

 ±
 0

.8
3

1.
75

 ±
 0

.8
5

0.
15

5

Le
ft

 k
id

ne
y

55
7.

77
 ±

 6
1.

76
55

3.
14

 ±
 8

6.
79

0.
84

8
79

1.
76

 ±
 1

04
.1

3
82

5.
74

 ±
 2

0.
24

0.
37

2
11

.8
5 

± 
2.

02
8.

76
 ±

 1
,4

3
0.

04
6

Br
ai

n 
st

em
12

2.
30

 ±
 4

0.
74

21
1.

75
 ±

 1
3.

91
0.

10
9

47
1.

53
 ±

 7
3.

33
40

9.
25

 ±
42

.1
5

0.
28

5
0

0
0

Sp
in

al
 m

ar
ro

w
54

0.
43

 ±
 9

1.
62

46
6.

20
 ±

 7
7.

09
0.

06
1

73
1.

64
 ±

 7
2.

57
59

8.
93

 ±
 1

05
.0

1
0.

00
5

2.
61

 ±
 1

.8
1

0.
91

 ±
 0

.5
1

0.
17

3

Ve
rt

eb
ra

l b
od

y
63

4.
01

 ±
 6

9.
87

57
5.

10
 ±

 8
3.

12
0.

07
5

73
3.

55
 ±

 2
0.

26
83

4.
22

 ±
 1

1.
28

0.
75

3
17

.6
 ±

 1
.5

3
10

.5
2 

± 
2.

41
0.

02
8

Bo
w

el
41

4.
00

 ±
 4

6.
73

45
4.

43
 ±

 6
6.

16
0.

12
8

83
7.

42
 ±

 5
4.

56
81

5.
04

 ±
 6

7.
88

0.
01

8
9.

83
 ±

 3
.0

5
11

.4
1 

± 
2.

04
0.

57
0

Re
ct

um
60

4.
29

 ±
 9

9.
50

61
8.

27
 ±

 8
6.

77
0.

86
5

82
0.

19
 ±

 4
7.

53
82

4.
57

 ±
 1

8.
93

0.
39

7
9.

23
 ±

 3
.2

6
13

.9
6 

± 
4.

74
0.

57
0

Bl
ad

de
r

54
3.

19
 ±

 8
0.

16
53

4.
06

 ±
 7

0.
59

0.
89

6
80

7.
26

 ±
 8

6.
81

73
9.

10
 ±

 2
07

.4
8

0.
01

1
5.

69
 ±

 2
.5

0
9.

64
 ±

 3
.7

3
0.

58
6

Fe
m

or
al

 h
ea

ds
45

2.
21

 ±
 9

9.
06

44
6.

59
 ±

 9
7.

58
0.

86
8

74
9.

69
 ±

 9
2.

74
69

9.
86

 ±
 1

02
.8

4
0.

01
6

1.
61

 ±
 0

.3
1

2.
24

 ±
 1

.1
5

0.
48

0

G
on

ad
s

10
1.

24
 ±

 8
8.

59
22

6.
33

 ±
 7

8.
52

0.
02

8
29

6.
80

 ±
 8

6.
81

41
8.

00
 ±

 5
9.

30
0.

06
8

0
0

0

EA
C 

—
 e

xt
er

na
l a

ud
ito

ry
 c

an
al

; T
M

J —
 te

m
po

ro
m

an
di

bu
la

r j
oi

nt



Reports of Practical Oncology and Radiotherapy 2023, vol. 28, no. 6

https://journals.viamedica.pl/rpor778

6.6% and 2.8% lower, respectively). In contrast, 
lower D2% were obtained for VMAT in TMJ, verte-
bral body, humeral heads, left kidney and gonads 
(46.6 %, 12.1%, 11.6%, 4.1% and 29% lower, re-
spectively). All these differences were statistically 
significant.

The values of the volume receiving a higher dose 
than prescribed, V8Gy, as an indicator of dose fall-
off within the OAR were similar in both VMAT 
and HT plans (Tab. 5), except for the mandible, left 
kidney and vertebral body. For these OARs, sta-
tistically significant lower values are reported for 
HT plans, (19.4%, 26.1% and 40.2% lower, respec-
tively). Although not statically significant, lower 
V8 Gy values were found for VMAT plans compared 
with HT plans mainly in the lungs, bowel, rectum 
and bladder (11.9%, 13.8%, 33.9%, 40% lower re-
spectively). The large variations between patient 
characteristics and contoured volumes produce 
the high standard deviations observed.

Discussion

This study aims to determine whether a basic 
Tomotherapy can improve the dosimetry of TLI 
treatments for patient conditioning prior to stem 
cell transplantation that were planned with VMAT 
in a conventional linac by comparing the results of 
both systems. Previous studies on dosimetric com-
parison between VMAT and HT in similar treat-
ments, such as CSI or TMR, report the superior 
target conformity and homogeneity of the latter 
technique and comparable OAR sparing [35]. For 
this reason, HT has been considered as a possi-
ble dosimetric improvement over VMAT, even in 
its most basic version.

PTV and treatment parameters
Both VMAT and HT plans provided compara-

ble PTV coverage, but higher doses were obtained 
with VMAT within the PTV, as shown by the V107 
value obtained. Although the VMAT template in-
cludes a maximum dose cost function set to 900 
cGy, the conformality cost function conforms to 
the prescription isodose close to the target vol-
ume and greatly increases V107. Therefore, larg-
er high-dose areas within the PTV are obtained 
with the VMAT template, which was previously 
observed by several authors [36]. Likewise, Dmean 
and D2% value with VMAT resulted also higher than 

the HT value. Based on the Wilcoxon signed-rank 
test, these differences between the VMAT and HT 
plans are statistically significant. The remaining do-
simetric values analyzed, D98%, D95% and V100, 
are close for VMAT and HT, since both achieve 
comparable target coverage.

CI, HI and CN were improved in HT plans, 
which resulted in more conformed and homo-
geneous plans (p < 0.05). GI values were better 
with VMAT probably because the cost function in 
the VMAT template, conformality, affects the en-
tire patient volume, except the PTV, whereas in HT 
the plan conformality is controlled by the 2 rings 
created, leaving the rest of the patient volume par-
tially uncontrolled. When rings were not included 
in the HT plan, the GI value resulted higher than 6, 
implying that, if they are not considered, it is possi-
ble to have good HT plans in relation to PTV cov-
erage and doses to the OAR, but with a dose fall-off 
that could be improved. This could also be some-
what resolved by adding a restriction to the total 
patient volume.

VMAT plans achieved lower ID(NTT) values, as 
larger volumes of normal tissues are exposed to low 
doses in HT plans [37] volumetric modulated arc 
therapy (VMAT. This result is consistent with other 
published studies [38, 39], and may be due to par-
tial arcs with VMAT versus full arc with HT, as re-
ported by other authors [40], although some works 
reflect that the integral dose delivered is mostly 
independent of the total number of beam angles 
[41]. This result is important for pediatric patients, 
as stated in the AAPM TG-158 report [42] which 
notes the increased susceptibility to second malig-
nancies in childhood cancer patients. HT results 
could be improved if the dynamic jaw option were 
available at our institution, and substantially lower 
ID due to smaller dose penumbra would be deliv-
ered [43, 44].

In contrast to other studies [22], treatment time 
was longer with VMAT due to the need for two 
isocenters and double arcs, since a single arc did 
not meet the template objectives. Thus, the faster 
speed of delivery with VMAT [21] doesn’t take 
place in this case.

In addition, the use of two isocenters could lead 
to setup errors, although only longitudinal table 
shifts are performed between both. Zhou el al. [45] 
studied the impact of setup errors on multi-isocen-
ter VMAT for CSI, and demonstrated that posi-
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tional errors within 3 mm have a little impact for 
VMAT CSI. Results on QA for the junction area 
in TLI treatments were previously described [24] 
and agree with other authors [28] on the feasibil-

ity of reliance on the optimization algorithm. This 
issue doesn’t take place with HT, as a whole scan 
is performed, and inter- and intrafractional errors 
were considered acceptable [46].

OARs
Although other works reported lower doses 

to OAR with HT compared to VMAT for similar 
treatments such as CSI [47], this wasn’t the case for 
all OARs in this study. Some OARs show higher 
Dmean with HT than with VMAT, because in VMAT 
the radiation doesn’t enter or exit at all through 
the sides of the patient, so the dose received through 
those areas is lower. Dmean to the heart was slightly 
lower in HT, which may reduce secondary cancers 
as well as cardiac complications [48]. HT results 
could be improved by using the dynamic jaws fea-
ture, although for large volumes and a 5-cm field 
size, the results in terms of OAR exposure are sim-
ilar with or without this feature [43].

Figure 2 shows better D50% dose distribution 
with HT, due to the better CI obtained compared 
to VMAT. HT reduced the maximum doses (D2%) 
in most OARs and improved the dose fall-off (V8%). 

Figure 1. Collimator setting with 5º and 340º rotation used 
for overlap technique. Planning target volume (PTV) is 
outlined by blue line

Figure 2. Isodose curves of 1 patient in sagital, coronal and transverse sections for volumetric modulated arc therapy (VMAT) 
and helical tomotherapy (HT). Blue line corresponds to the planning target volume (PTV) contour. Dose fill colors red, green, 
yellow and cyan represent 900, 800 (prescribed dose), 860 and 400 cGy respectively
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However, the differences were not significant, ex-
cept mainly for the spinal marrow (Fig. 3). Results 
in Figure 3 showed the superior sparing for most 
OARs with HT, but this difference is not as great 
as that reported by other authors [20], which al-
lows the conclusion that the VMAT template pro-
posed in this work can be a good planning option 
if an HT is not available. Doses to the eyes, optic 
nerves and chiasm are slightly higher with HT due 
to the lack of the dynamic jaw feature.

It is worth noting that the differences between 
algorithms, superposition/convolution for HT 
and XVMC Montecarlo for Monaco, account for 
electron transport in different ways, and these 
differences are more pronounced in areas which 
include more bone and soft tissue boundaries, 

which may cause some of the observed differences 
[29].

The difference in dose rate between VMAT (600 
cGy/min) and HT (850 cGy/min) don’t seem large 
enough to achieve the reported benefits in avoid-
ing pulmonary pneumonitis [49] or renal function 
affection [50] when reducing the dose rate to less 
than 15 cGy/min in patients undergoing TBI treat-
ments. No differences in clinical outcomes have 
been reported between patients undergoing al-
logeneic HSCT with planned TLI treatment with 
VMAT or HT, and good results are being obtained 
even in the most complex cases [51].

Finally, it should be emphasized that this 
planning comparison is made with respect to 
the planned HT treatment in our institution, which 

Figure 3. Volumetric modulated arc therapy (VMAT) and helical tomotherapy (HT) dose-volume histogram (DVH) comparison 
for planning target volume (PTV), heart, lungs, liver, bone marrow and kidneys for one patient
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could probably  be improved, and with it, the re-
sults achieved.

Conclusion

The results obtained reflect better dosimetric 
results for HT planning, besides the possibility of 
avoiding the use of 2 isocenters. Furthermore, HT 
plans showed better homogeneity and conformity, 
although special care should be taken when plan-
ning with HT, as the GI and, consequently, the dose 
fall-off, may not be optimal. The VMAT template 
was able to provide plan quality close to that ob-
tained with HT with good PTV coverage and can 
be a good planning solution or starting point for 
TLI treatments in institutions where Tomotherapy 
is not available.
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