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Abstract

Radiotherapy accelerators have undergone continuous technological developments. We investigated the differences between
Radixact™ and VMAT treatment plans. Sixty patients were included in this study. Dosimetric comparison between the
Radixact™ and VMAT plans was performed for six cancer sites: whole-brain, head and neck, lymphoma, lung, prostate, and
rectum. The VMAT plans were generated with two Elekta linear accelerators (Synergy® and Versa HD™). The planning tar-
get volume (PTV) coverage, organs-at-risk dose constraints, and four dosimetric indexes were considered. The deliverability
of the plans was assessed using quality assurance (gamma index evaluation) measurements; clinical judgment was included
in the assessment. The mean AAPM TG218 (3%—2 mm, global normalization) gamma index values were 99.4%, 97.8%, and
96.6% for Radixact™, Versa HD™, and Synergy®, respectively. Radixact™ performed better than Versa HD™ in terms of
dosimetric indexes, hippocampi Dy, spinal cord D, rectum V3 4 G, bladder V3 gy, and Vg 6, Versa HD™ saved more
of the (lungs-PTV) Vs g, and (lungs-PTV) D, heart D, breasts V, g, and bowel V s . Regarding Synergy®, the head
and neck Radixact™ plan saved more of the parotid gland, oral cavity, and supraglottic larynx. From a clinical point of view,
for the head and neck, prostate, and rectal sites, the Radixact™ and Versa HD™ plans were similar; Radixact™ plans were
preferable for the head and neck and rectum to Synergy® plans. The quality of linac plans has improved, and differences
with tomotherapy have decreased. However, tomotherapy continues to be an essential add-on in multi-machine departments.
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1 Introduction

Helical tomotherapy (HT) is a well-known technology for
the radiotherapy treatment of multiple anatomic areas. It
delivers a highly precise rotational dose while the patient
is translated through the gantry bore for a highly confor-
mal dose distribution to the target, simultaneously sparing
healthy tissue. HT works in combination with megavoltage
computed tomography (CT); however, kilovoltage computed
tomography has recently become available for reposition-
ing and adaptive radiotherapy. Mackie et al. [1] developed
HT at the University of Wisconsin more than 20 years ago.
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However, the latest generation, the Radixact™ system
(TOMO) (Accuray®, Sunnyvale, CA), has been designed to
combine all developments that have subsequently occurred
into a single platform with the Treatment Planning System
(TPS) Precision™ and an integrated data management sys-
tem (iDMS).

From the beginning of its development, the capabilities
of HT, compared with those of traditional linear accelerators
(linacs), have been explored. Several studies [2—15] have
been conducted to highlight the advantages and disadvan-
tages of HT compared with those of intensity modulated
radiation therapy (IMRT) and volumetric-modulated arc
therapy (VMAT).

Radixact™ has improved the treatment time efficiency
in terms of imaging and delivery more than that of previous
HT releases. The time for gantry rotation for megavoltage
computed tomography acquisition has been adapted to 6 s
and the output to 1000 monitor units per minute (MU/min),


http://crossmark.crossref.org/dialog/?doi=10.1007/s12194-023-00716-3&domain=pdf
http://orcid.org/0000-0003-1388-061X

Helical tomotherapy and two types of volumetric modulated arc therapy: dosimetric and clinical... 273

compared to the 10 s and 850 MU/min, respectively, of pre-
vious versions.

Traditional linear accelerators (linacs) have also evolved
with the introduction of more efficient collimators that
improve VMAT delivery in terms of time and quality of
plans. The comparison in this study was performed with two
Elekta linacs, Synergy® (SYN) and Versa HD™ (VE-HD),
equipped, respectively, with an MLCi2 (40 pairs of multileaf
collimator [MLC] leaves; 1-cm leaf width at the isocenter)
and an Agility MLC (80 pairs of MLC leaves; 0.5-cm leaf
width at the isocenter) (Elekta AB, Stockholm, Sweden).
The most important characteristics of the Agility MLC are
the smaller and faster leaves and the many degrees of free-
dom in movement owing to the interdigitation property [16].

This study aimed to compare the Radixact™ and both
SYN and VE-HD in different anatomical areas to identify
patients (sixty were recruited) who would benefit most from
the modern technology underlying TOMO treatments. The
planning process involves both automatic and manual plan-
ning to minimize inter-user variability. The TOMO plan for
each patient was compared to the corresponding VE-HD and
SYN plans. Unlike commonly used dosimetric plan compari-
sons, plan comparisons in our study were also performed by
five blinded clinicians. The deliverability of the plans was
assessed using patient-specific dosimetric quality assurance
(DQA) measurements.

2 Methods and materials

Sixty patients clinically treated in our department were
retrospectively included in the study; the cases involved
six common cancer sites (10 patients per site): whole
brain (WB), head and neck (HN), lymphoma (LYM),
lung (LUNG), prostate (PRO), and rectum (REC). WB
plans involved a simultaneous integrated boost on one or
more metastases, with 6 of 10 patients also requiring hip-
pocampal avoidance. HN plans included three dose levels
for all patients (70 Gy/63 Gy/54.25 Gy in 35 fractions or
66 Gy/60 Gy/54 Gy in 30 fractions). All patients with LYM
had a clinical target volume involving only the mediastinum
and were prescribed a dose of 30 Gy. For cancers involving
the LUNG site, all patients had locally advanced non-small-
cell lung cancer (NSCLC) and were treated with 60 Gy in 30
fractions. A hypofractionated protocol (42.7 Gy in 7 frac-
tions) was employed for patients with PRO cancer. For the
REC site, the prescription was 50 Gy/45 Gy or 54 Gy/45 Gy
in 25 or 30 fractions. Before treatment, all patients under-
went a planning CT scan with a slice thickness of 3 mm.
Patients with WB, HN, LUNG, and REC cancers were clin-
ically treated using Radixact™, whereas those with PRO
cancer and LYM were treated using both VE-HD and SYN.

According to the department’s organization, WB, LUNG,
and PRO Radixact™ plans were compared with those of
Versa HD™, whereas HN, LYM, and REC plans were com-
pared between the two linacs. All treatment plans were per-
formed by four expert medical physicists (more than 5 years
of experience in treatment planning).

2.1 Radixact™ system plans

Radixact™ plans were performed by a medical physicist
with the Precision™ v.3.1.0.0 TPS (Accuray®, Sunnyvale,
CA, USA). Because the optimization module in Precision™
requires manual input, all plans were also planned by a sec-
ond medical physicist to assess intra-operator variability.
The plans were labeled as T1 (first operator) and T2 (second
operator).

For all plans, a dynamic jaw field width of 2.5 cm was
selected; the pitch had values between 0.226 and 0.303
for WB and PRO, respectively, and 0.436 for plans with a
2 Gy/1.8 Gy fraction (HN, LYM, LUNG, and REC). High-
dose grid resolution was selected for the final calculation.
The modulation factor and the number of iterations varied
according to the complexity of the treatment plan.

2.2 Linacplans

In our clinical practice, all linac plans were generated using
RayStation TPS (v. 10A; RaySearch Laboratories, Stock-
holm, Sweden) and the VMAT technique. Four medical
physicists were involved in the planning: three for tomo-
therapy and all for the linacs. For the PRO plans, 6 MV
flattening filter-free beams were used; all other plans used 6
MYV beams. For VE-HD, the beam setup provided two copla-
nar 360° arcs (one arc with a 0° collimator and the other
with a 90° collimator) for the HN, PRO, and REC sites. A
non-coplanar 60° arc with an angle couch of 90° (or 270°)
was added for the LYM and LUNG plans. In contrast, two
non-coplanar arcs of 120° and couch angles of 45° and 315°
were added to the two 360° arcs for WB. The same beam
setup was employed for SYN, but four coplanar 360° arcs
were used.

The Genetic Planning Solutions auto-planning system
(GPS) implemented in RayStation was used [17] for the
linac plans. For each anatomical district, the user enters the
dose value for each target volume, and automatic cost func-
tions related to the targets and organs at risk are created.
Manual tuning of the optimization cost functions is almost
always required to obtain the final plan. Therefore, although
all the plans were manually refined, the starting point for the
definition of the optimization function was the same for all
the involved planners; thus, we excluded the need for dou-
ble planning. The dose grid resolution was set to coincide
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with that of the corresponding TOMO plan. The plans were
named LV for VE-HD and LS for SYN.

2.3 Dose comparison

Dose-volume histogram (DVH) plots were used to provide
quantitative comparisons between the VMAT and TOMO
treatment plans. To facilitate an easier comparison, the
Radixact™ 3D dose volume was imported into the RaySta-
tion system so that all comparisons were performed within
RayStation. The target coverage was estimated as the volume
receiving 95% of the prescribed dose (D,), while overdosage
was set to the isodose 107%, according to the International
Commission on Radiation Units and Measurements report
83 (ICRU 83) [18]. Several dosimetric constraints were con-
sidered for organs at risk (OARs) (Table 1).

Four indexes were also included in the analysis to evalu-
ate the conformity and homogeneity of the target coverage
and middle/low isodoses: conformity number (CN), homo-
geneity index (HI), modified gradient index (mGI), and low-
dose gradient index (IdGI). The CN was calculated accord-
ing to van’t Riet [19]:

TVi TV
CN = —Rl VR )
TV Vg

where TV is the target volume covered by 95% of the D,,,
TV is the target volume, and Vg is the volume covered by
95% of the D,,. Hl is defined as (D,q, — Dggq,)/D,, [20], where
D,q, and Dygq, are the doses at 2% and 98% of the target vol-
ume, respectively. The mGI considers both the target volume
coverage and dose fall-off at higher doses [21]:

Vsgo,  V,
mGI = 0%, ﬂ, (2)
Vl 00% v

where Vs, is the volume irradiated by the 50% isodose, and
V1007 is the volume covered by the 100% isodose. A lower
mGi value indicates a steeper dose fall-off.

Instead, 1dGI is defined as

V.
50%

where V), is the volume irradiated by the 20% isodose.
Furthermore, an analysis of beam-on time was performed.

2.4 Delivery quality accuracy

Delivery quality assurance was performed for all plans
except T2 using ArcCHECK (Sun Nuclear, Melbourne,
FL). A dose calibration was performed before each meas-
urement. Gamma passing rate (GPR) analysis was con-
ducted to compare the measured and calculated doses.
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Table 1 Dose-volume constraints for organs at risk for different
pathologies

Pathology Organ at risk Constraint
Whole Brain Hippocampi D,..«<16 Gy
D07, <9 Gy
Lens D,.x<5 Gy
Lung Lungs-PTV Vs 6y <50%
Vaoay <35%
D ean < 15-20 Gy
Omolateral Lung-PTV Vao gy <55%
Heart Vsay<55%
Vso gy <25%
D, ean < 15-20 Gy
Spinal Cord D« <45 Gy
Lymphoma Lungs-PTV Vs 6y <50%
Voo 6y <20%
Heart Dpean <5 Gy
Aortic Valve D, can <3 Gy
Left Ventricle D, can<3 Gy
Breasts Vigy<50%
Head and Neck Parotids D ean <26 Gy
Spinal Cord D, .« <45 Gy
Oral Cavity V306y<65%
Vis gy <35%
Larynx Glottic Vsoay<21%
D, ean <45 Gy
Larynx Supraglottic D, ean <56 Gy
Esophagus D ean <40 Gy
Mandible D,..<70 Gy
Rectum Bladder V306y <50%
Vioy<35%
Vsogy <5%
Bowel V306y <200 cc
Visgy <150 cc
Visgy <20 cc
D, .« <50 Gy
Genitals Va0 Gy <50%
Vioay <35%
Viogy<5%
Prostate Bladder Vi76y<20 cc
D« <45 Gy
Bowel D« <32 Gy
Rectum Vag Gy < 45%
V3 6y <35%

Viga oy <15%

Ddose, Vvolume, PTVplanning target volume, D, . is defined as

0.03 cc

The criteria of 3% dose difference, 2-mm distance to
the agreement, 10% threshold with global normaliza-
tion (AAPM TG218 [22]), 2% 2-mm distance to agree-
ment, and 10% threshold with local normalization were
evaluated.
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2.5 Clinical evaluation

The plans were evaluated by five expert clinicians (one phy-
sician for each treatment site, except for one physician who
evaluated two sites). During the blind comparisons of the
plans (T1 vs. LV and T1 vs. LS), the clinician first assessed
whether all plans met the dosimetric clinical goals for the
target and OARs. Subsequently, the comparison was evalu-
ated by visual inspection of the dose distribution, loading
a double window for isodoses and DVHs side-by-side. For
each pair of plans, the clinician used a visual analog scale
to score the overall plan quality difference as follows: 1,
TOMO much better; 2, TOMO better; 3, parity between the
two plans (no preference); 4, SYN/VE-HD better; and 5,
SYN/VE-HD much better. A short explanation of the moti-
vation for the selected scores was reported for each patient.

2.6 Statistical analyses

Paired two-sided Wilcoxon’s signed-rank tests were per-
formed for all dosimetric parameters with a 5% significance
level for the following comparisons: T1 vs. T2, T1 vs. LV,
and T1 vs. LS. All statistical analyses were performed using
R software (v. 1.2.5042, www.rstudio.com).

3 Results

Figure 1 shows a qualitative comparison of TOMO plans and
VE-HD and SYN plans for the different pathologies.

No statistically significant differences (P> 0.05) were
found between the T1 and T2 plans for any of the param-
eters considered.

Both GPR (AAPM TG218 and 2% 2 mm local normal-
ization) box plots are shown in Fig. 2. The mean values
obtained (all patients) were 99.4% (95.8-100%), 97.8%
(93.2-99.9%), and 96.6% (90.3-99.9%) for TOMO, VE-HD,
and SYN plans, respectively. Those for the local 2% 2 mm
GPR were 89.2% (80.2-99.9%), 86.9% (79.0-95.0%), and
84.7% (77.3-94.8%) for TOMO, VE-HD, and SYN plans,
respectively.

The parameters with statistically significant differences
are shown in Table 2, with the median, minimum, and maxi-
mum values for all parameters included in the comparison.
TOMO achieved greater target conformity and homogene-
ity with respect to both linacs. Compared with that of VE-
HD, the performance of TOMO was better for hippocampi
D goq (P=0.006), spinal cord maximum dose (P=0.009
for HN, P=0.01 for LUNG), rectum V354 ¢, (P=0.006),
and bladder V3, g, (P=0.01) and V,;, g, (P=0.02). In con-
trast, Versa HD™ performed better in terms of lung-PTV
Vs Gy (P=0,01; LYM, P=0.004 for LUNG) and lung-
PTV mean dose (only for LUNG plans) (P=0.002), mean
heart dose (P =0.02), breast V, Gy (P=0.03), and bowel
Vis gy (P=0.02). Regarding Synergy, the HN TOMO plans
showed better sparing of the parotid glands (P =0.02), oral
cavity (P=0.03, both V3, g, and Vs ), and supraglottic
larynx mean dose (P =0.009). Regarding the REC plans,
bladder saving was higher for TOMO (P=0.009 for Vg,
and P=0.001 for V,, ,). Significant boxplot comparisons
are shown in Fig. 3. For a beam-on time, the TOMO plans
always had statistically significantly longer delivery time
(except for the head and neck district between TOMO and
SYN), than that for linacs.

Table 3 shows the results of the clinical evaluation. For
5 of 10 WB plans, the medical preference was for the VE-
HD because of its better sparing of OARs. The PRO plans

Prostate

Fig. 1 Examples of dose distribution for the different cancer sites. TOMO = Radixact™ system; VE-HD = Elekta Versa HD™, SYN = Elekta

Synergy®
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Fig.2 Gamma passing rate box-plots for the different pathologies: (a) AAPM TG218 gamma index, (b) local 2% -2 mm gamma index

were only chosen owing to the increased target coverage
(Radixact™ plans are better in saving the bladder, but
the dose constraint was respected for the linacs as well).
The lower value of the lungs-PTV Vg, was the main
motivation for the choice of the lung VE-HD plans (for
three patients, the constraint was not respected for TOMO
plans), combined with a considerable sparing of the con-
tralateral lung for centrally located targets. The better spar-
ing of the lungs, in addition to the lower mean heart dose
(one TOMO plan did not respect the dose constraint), were
also reasons for the preference for the VE-HD LYM plans.
Of the 10 HN plans, in 3 plans for VE-HD and 4 for SYN,
the average parotid dose exceeded the constraint value.
A slightly higher dose for sparing the bowel and bladder
was the motivation for the preference of VE-HD plans over

@ Springer

the TOMO ones for REC cases. TOMO REC plans outper-
formed SYN for better conformity of target coverage and
considerable sparing of the bladder and bowel. The prefer-
ence for SYN LYM plans was due to the sparing provided
by low doses, especially for large targets.

4 Discussion

We compared the latest generation of tomotherapy systems
with two different linacs. Over the years, linacs have under-
gone constant technological development, involving both
the beam (from flattening filter to flattening filter-free) and
multileaf structure (smaller leaves, less leakage, increase in
leaf speed, and interdigitation). Similarly, the Radixact™
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Table 2 Median [minimum: maximum] of all parameters considered in the study
Pathology Structure Parameter RADIXACT (median [min: ~ VERSA HD (median [min: SYNERGY (median
max]) max]) [min: max])
Whole Brai PTV Vosq, [%] 97.2[93.8: 100] 97.1 [95.0: 100] -
n Vg7 [%] 0.0 [0.0: 1.2] 0.1[0.0: 2.8] -
CN 0.8 [0.1: 1.0] 0.9[0.1: 1.0] -
HI 0.1 [0.0: 0.4] 0.1 [0.0: 0.3] -
Gradient Index mGI 3.0[1.8:3.4] 2.4[1.8:3.8] -
1dGI 1.1[1.1:12] 1.2[1.1: 1.3] -
Hippocampi D [Gyl 14.6 [13.6: 17.2] 15.4[12.7: 15.8] -
D04 [GY] 8.9[8.2: 11.5] 9.5[8.3: 12.4] -
Lens D, [Gy] 3.21[2.2:42] 3.4[2.7:4.1] -
Beam-on Time Time [s] 520 [202: 891] 276 [134: 500] -
Lung PTV Voss 1%] 96.1 [93.7: 97.4] 96.1 [95.4: 99.2] -
Vigre [%] 0.0 [0.0: 0.7] 0.2[0.0: 1.9] -
CN 0.9[0.7: 0.9] 0.8 [0.7: 0.9] -
HI 0.1[0.1: 0.1] 0.1[0.1: 0.3] -
Gradient Index mGI 9.9 [7.5:13.5] 5.9 [4.1: 14.0] -
1dGI 3.0 [2.0: 4.3] 2.3[1.9: 34] -
Lungs-PTV Vs gy [%] 51.8 [36.6: 71.6] 41.4[21.2: 58.8] -
Vi oy [%] 16.9 [8.0: 29.8] 16.7 [7.6: 20.4] -
D,ean [GY] 11.3[6.2: 15.2] 9.6 [5.7: 12.4] -
Omolateral Lung-PTV Vao gy [%] 34.9[21.7: 48.8] 35.7[15.7: 54.4] -
Heart Vs gy [%] 33.9[0.0: 67.9] 27.0[0.0: 71.4] -
Vsoay [%] 1.7 [0.0: 10.0] 1.1[0.0: 4.2] -
D,ean [GY] 9.2 [0.6: 19.0] 6.1[0.5: 11.0] -
Spinal Cord D,,ax [GY] 20.8 [8.7: 32.5] 33.5[12.1: 37.6] -
Beam-on Time Time [s] 255 [170: 445] 148 [117: 334] -
Lymphoma PTV Vose, [%] 95.4[93.8: 97.3] 96.3 [95.0: 99.6] 95.8[95.0: 98.1]
Viore, [%] 0.4 [0.2: 0.8] 0.1 [0.0: 0.6] 1.1[0.2:3.2]
CN 0.9 [0.8: 0.9] 0.8 [0.6: 0.9] 0.7 [0.6: 0.8]
HI 0.1/[0.1: 0.2] 0.1[0.1: 0.2] 0.2 [0.1: 0.3]
Gradient Index mGI 10.5[8.9: 15.5] 6.1[4.6:13.3] 6.9 [4.4: 10.4]
1dGI 3.0 [2.5: 3.3] 2.6 [2.0: 2.8] 2.6[2.3:2.9]
Lungs-PTV Vs gy [%] 50.4 [33.3: 74.1] 45.6 [27.9: 64.6] 50.6 [35.6: 67.3]
Vao gy [%] 8.1[4.9:16.7] 8.5[5.3:21.2] 10.7 [6.6: 21.4]
Heart D, ean [GY] 6.2 [2.7: 15.9] 4.6 [2.3:16.0] 5.1[2.5:17.2]
Aortic Valve D, can [Gy] 6.1[2.6: 15.3] 5.2[1.9:15.5] 5.2[2.3:17.8]
Left Ventricle D, ean [Gy] 2910.9:11.7] 2.6 [0.7: 7.9] 3.7[0.9:9.3]
Breasts Vigy [%] 38.0 [12.8: 50.0] 35.4[8.6: 49.5] 46.7 [9.6: 52.4]
Beam-on Time Time [s] 348 [260: 574] 196 [112: 452] 214 [107: 411]
Head and Neck PTV Vose, [%] 96.5 [95.1: 98.6] 97.6 [95.0: 99.4] 96.3 [89.8: 97.9]
Vigre [%] 0.0 [0.0: 0.1] 0.0 [0.0: 1.9] 1.0[0.0: 6.2]
CN 0.9 [0.8: 0.9] 0.8 [0.6: 0.9] 0.7 [0.6: 0.8]
HI 0.1[0.1: 0.1] 0.1[0.1: 0.1] 0.2 [0.1: 0.2]
Gradient Index mGI 17.2 [9.6: 29.5] 16.5 [5.9: 25.6] 18.3[5.4:33.7]
IDGI 2.0[1.7:2.4] 1.9 [1.6: 2.4] 1.9[1.5:2.5]
Parotids D, ean [GY] 27.4[6.4: 65.4] 27.8[2.2: 64.7] 32.1[2.9: 65.1]
Spinal Cord D, [Gy] 18.9[14.1: 32.9] 27.3[19.2: 33.3] 31.6 [19.6: 44.4]
Oral Cavity V3o gy %] 59.0 [32.5: 73.4] 43.6 [20.6: 76.6] 55.2 [28.5: 83.6]
Vis gy [%] 53.2[26.7: 68.9] 45.0 [15.7:70.9] 58.0 [20.4: 73.4]
Larynx Glottic Vsoay [%] 11.4 [0.0: 74.9] 8.6 [0.0: 83.8] 12.4[0.0: 99.2]
Dyean [Gy] 31.6[18.2: 59.3] 347 [1.4: 62.5) 39.1[8.7: 67.3]
Larynx Supraglottic D ean [GY] 53.9[30.1: 69.2] 57.1[28.4: 69.9] 57.9[33.6: 70.1]
Esophagus Dyean [GY] 114 [2.8:23.5] 134 [2.6: 18.1] 13.1 [3.4: 21.8]
Mandible D 68.8 [62.3: 71.3] 69.2 [62.8: 73.0] 69.5 [64.1: 74.0]
Beam-on Time Time [s] 252 [202: 316] 169 [117: 376] 260 [148: 270]
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Table 2 (continued)

Pathology Structure Parameter RADIXACT (median [min: ~ VERSA HD (median [min: SYNERGY (median
max]) max]) [min: max])
Rectum PTV Vosq, [%] 97.5[95.1: 99.5] 98.2[95.7: 99.8] 97.5[95.3: 99.2]
Vigre [%] 0.0 [0.0: 0.0] 0.0 [0.0: 0.2] 0.0 [0.0: 0.9]
CN 0.9 [0.9: 1.0] 0.9[0.8: 1.0] 0.8 [0.5: 0.9]
HI 0.1[0.1: 0.1] 0.1[0.1: 0.1] 0.1[0.1: 0.2]
Gradient Index mGI 21.6 [5.4: 35.8] 12.4 [4.5: 29.4] 17.3[6.3: 42.9]
1dGI 3.41[1.8:3.9] 341[2.5:4.9] 3.3[2.5:5.1]
Bladder V3o gy [%] 24.4[7.8: 46.1] 26.2 [13.0: 35.0] 31.4[13.7: 44.0]
Vi gy [%] 8.2[3.2:26.1] 10.8 [4.2: 19.9] 16.9 [5.0: 24.8]
Vsogy [%] 0.0 [0.0: 1.9] 0.0 [0.0: 0.7] 0.0 [0.0: 1.1]
Bowel Vo ay lec] 85.9 [7.5: 200.3] 55.7 [5.4: 194.0] 66.6 [4.6: 210.7]
Vis gy lecl 54.3 [3.0: 159.1] 36.9[1.3: 145.4] 37.8 [0.6: 153.6]
Vis gy [ecl 4.8 [0.0: 36.4] 0.3 [0.0: 14.8] 0.6 [0.0: 29.3]
D, [Gy] 46.2 [24.6: 50.8] 45.6 [24.3: 50.8] 45.5[23.9: 50.6]
Genitals Vagay [%] 2.8 [0.0: 48.1] 3.5[0.0: 47.7] 3.0 [0.0: 55.2]
Vioay [%] 1.2 [0.0: 27.6] 1.9[0.0: 32.3] 1.4 [0.0: 37.6]
Vio gy [%] 0.5 [0.0: 20.5] 0.8 [0.0: 23.9] 0.6 [0.0: 22.0]
Beam-on Time Time [s] 390 [291: 630] 178 [156: 420] 344 [338: 380]
Prostate PTV Vios ay [%] 97.3[96.3: 99.7] 98.2 [97.2: 99.6] -
D, [Gyl 45.0 [39.0: 46.6] 44.4 [38.8: 44.7] -
CN 0.9[0.8: 0.9] 0.9 [0.9: 0.9] -
HI 0.1 [0.1: 0.2] 0.1[0.1:0.1] -
Gradient Index mGI 7.0[5.9:10.4] 6.5 [4.8:32.0] -
1dGI 5.8[3.7: 6.1] 5.3[4.9:7.1] -
Bladder Viz 6y [%] 13.9[9.2: 19.0] 15.6 [9.7: 19.9] -
D, [Gyl 44.0 [43.1: 45.0] 43.9 [43.2: 44.5] -
Bowel D, [Gy] 12.8 [1.2: 32.1] 13.8 [0.7: 31.6] -
Rectum Vagay [%] 6.4[2.3:13.4] 7.91[3.1: 14.4] -
Vi gy [%] 14.8 [6.5: 24.4] 13.3[6.6: 24.0] -

Vis.a gy [%]

Beam-on Time Time [s]

19.7[9.7: 32.2]
517 [456: 706]

17.8 [9.2: 31.2] -
169 [163: 218] -

Ddose, Vvolume, PTVplanning target volume, CN conformity number, H/homogeneity index, mGImodified gradient index, ldGIlow dose gra-

dient index; D, .. was defined as 0.03 cc

max

Parameters for which the difference is statistically significant (P <0.05) are marked in bold; bold and italicized value indicates better perfor-

mance

system adopts several improvements that were absent in
the previous version [23]. Therefore, the results reported in
the literature [2—15] regarding the comparison of different
accelerators need to be reviewed owing to the continuous
evolution of technology.

The most recent comparative studies focused on the HN
[5-10], lung [11-14], prostate [15], brain with hippocampal
avoidance [4], and cervical [3] carcinomas; however, none
of these studies involved the Radixact™ system.

Lu et al. [10] included 15 patients with nasopharyngeal
carcinoma and performed a dosimetric comparison between
HT (Tomo HD) and VMAT (Elekta Synergy with MLCi2).

@ Springer

The performance of HT was better in terms of the mean
conformity index and HI of the target volume, reduction of
the maximum doses delivered to the OARs, and the volume
delivered to the high-dose region, such as the Vg, of the
parotid glands. Similar results were reported by Pigorsch
et al. [9] in six patients planned for both HT with a 1-cm
field width and VMAT Varian Clinac Trilogy. Compared to
the HT plans, the VMAT plans with three arcs achieved the
best target coverage. Wang et al. [8] enrolled 40 patients and
compared tomotherapy with Hi-ART and two 360° arc Ele-
kta Versa HD VMAT. In addition, the analysis was divided
into subgroups according to tumor stage. For patients with
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Table 3 Clinical score results

RADIXACT (TOMO) vs VERSA HD (VE-HD)

Number of patients

Whole brain Head & Neck Lymphoma Lung Prostate Rectum
TOMO much better 0 0 0 0 1 0
TOMO better 1 4 2 1 1 3
Parity 4 2 0 4 4 3
VE-HD better 5 4 3 5 4 4
VE-HD much better 0 0 5 0 0 0
RADIXACT (TOMO) vs SYNERGY (SYN)
Number of patients

Head & Neck Lymphoma Rectum

TOMO much better 5 1 0
TOMO better 4 2 8
Parity 1 3 2
SYN better 0 3 0
SYN much better 0 1 0

early T-stage disease, VMAT and HT provided similar dose
coverage and protection of OARs. However, the low-dose
radiation volume of the HT plan was higher, especially for
doses up to 20 Gy. In contrast, HT may be recommended for
patients with advanced T stage tumor owing to the greater
dose coverage of the high-dose target and better protection
of the brain stem, spinal cord, and temporal lobes.

Regarding the thoracic site, both hypofractionated [11,
12] and conventionally fractionated NSCLC [13, 14] have
been investigated. Xu et al. [13] compared 30 NSCLC HT
plans with VMAT plans generated using two coplanar arc
techniques. The HT plans showed a slight advantage in spar-
ing healthy lung tissue, mainly in terms of Vg, and Vs g,
at the cost of an increase in the low dose received by the nor-
mal lung and heart, especially in centrally located lesions.
Klunklin et al. [14] compared HT Hi-Art and Elekta VMAT
by adding a patient-specific pretreatment quality assurance
assessment through a 3% 3-mm gamma index analysis for
17 patients. The VMAT plan uses a technique involving two
coplanar partial arcs. No statistically significant difference
was found between the two techniques in the radiation dose
to the lungs, heart, spinal cord, and esophagus, and a satis-
factory GPR value (more than 90%) was achieved.

Seventeen patients were recruited by Serra et al. [15] to
compare Hi-Art HT and Elekta Synergy with 5-mm width
leaf VMAT for hypofractionated treatment (36.25 Gy in five
fractions) in localized prostate cancer. The bladder, rectum,
and penile bulb DVH curves were lower with VMAT, and
the target coverage in terms of 95% and 98% isodoses was
significantly higher for HT.

Finally, Rong et al. [4] investigated the differences
between 1-cm jaw width HT and Varian RapidArc VMAT
(two coplanar arcs at collimator 30° and 330° for linac True-
Beam) for hippocampal-avoidance whole-brain radiotherapy
in 10 patients. HT had a significantly superior PTV HI and
lower hippocampus D,,,; RapidArc had a significantly
lower D, .

In the current study, TOMO plans showed higher homo-
geneity and conformity indeces than both linacs. Due to
binary MLC, a deeper high-dose gradient was achieved with
TOMO (bladder Vs g, and Vg, rectum Vg 4 Gy, and hip-
pocampus D). Only VE-HD bowel Vs g, for REC was
the lowest; however, in this case, the bowel was often inside
the PTV, and Precision™ gave greater priority to the target
coverage. A higher dose gradient leads to an increased area
at low doses in the surrounding tissue [23], with significantly
higher values of lungs-PTV Vj ¢, and breast V, g, for the
LYM and LUNG. The mGi and 1dGI indices were worse for
TOMO plans, although not always with statistically signifi-
cant differences. We found a stronger difference between the
results of Xu et al. [13] and Klunklin et al. [14] because the
use of a noncoplanar beam reduced the bath of low doses
and increased the conformity of intermediary doses [24, 25].
The use of the non-coplanar field with the latest generation
multileaf collimator allowed us to obtain a lower dose value
of lungs-PTV and mean heart dose. This aspect assumes rel-
evant importance in terms of toxicity and secondary cancer
risk, particularly for patients with a long life expectancy,
such as those with LYM [26].

As shown in Fig. 3, the average parotid dose was lower
for the TOMO plans; a statistically significant difference was
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found only between TOMO and SYN, as reported by Lu et al.
[10]. This is relevant from a clinical point of view, as bet-
ter sparing of the parotid glands reduces the incidence of
xerostomia and favors the early recovery of saliva secretion,
improving the quality of life. In a multicenter comparison
between HT and RapidArc, Bibault et al. [27] reported that
HT induced fewer acute salivary disorders and provided bet-
ter locoregional control and cancer-specific survival. Our cli-
nicians observed more frequently acute skin reactions with
TOMO plans than with VMAT plans. This may be because
Precision™ is oriented toward full target coverage, even in
the top skin layers, by altering the incident fluences in the
non-electronic equilibrium region, and the planner cannot
reduce the skin dose suitably [28]. Therefore, dose con-
straints are required to reduce the probability of skin toxicity.

In agreement with the literature [4, 10], the maximum
dose received by OARs located close to the target was lower
with TOMO, favoring the possibility of eventual retreatment.

Regarding DQA, TOMO plans showed better consistency
between the planned and measured doses (greater mean
values of both gamma indices). This can be explained by
the performance of the multileaf and different accelerator
commissioning procedures. For SYN and VE-HD, the com-
missioning procedure involved acquiring repeated profile
curves, percentage depth-dose curves, and output factors.
Subsequently, in the TPS, a virtual accelerator is created to
simulate a real accelerator. In contrast, Precision™ uses the
real curves and physical parameters of the TOMO system
for dose calculation. During commissioning, a few curves
are measured for verification and not for implementation in
the TPS.

As reported in several studies [6, 10, 11, 14, 15], the
TOMO plans had a longer delivery time. However, the linac
beam-on time does not include the time of beam selection
and preparation or the couch movement in the case of non-
coplanar beams. All of these factors increase the effective
treatment time. Tomotherapy machines have only one row
of MLC leaves. Consequently, a smaller portion of the ana-
tomical district is irradiated simultaneously. Although the
treatment time delivery is increased, tomotherapy allows a
larger dose gradient in the patient’s longitudinal direction.

A key point of our comparison was the clinical evalua-
tion of the plans by radiation oncologists. This should be a
crucial consideration in all dose comparison projects; statis-
tically significant differences are not always important from
a clinical point of view and vice versa. Differences that are
not statistically significant in the dose constraints of OARs
can imply clinical relevance. According to clinical judgment,
for HN, PRO, and REC, the TOMO and VE-HD plans were
very similar, whereas the TOMO plans were judged to be
superior to SYN plans for HN and REC. In four patients with
PRO, linac plans were preferred for better bladder sparing
at the cost of lower target coverage. In contrast, for LUNG
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and LYM, VE-HD plans were preferred over TOMO plans
for better sparing of the lungs and heart.

Finally, technology comparisons should also evaluate the
global performance of the treatment in terms of linac stabil-
ity, machine downtime, annual maintenance, linac age, and
technical support, among others; however, these considera-
tions were not considered in this study.

Recently, tomotherapy treatments were implemented
in the RayStation TPS; a future challenge is to explore the
potential of GPS capability in Radixact™ plans.

5 Conclusions

Owing to technological improvements, the quality of linac
plans has improved and the differences with HT have
decreased. The possibility of non-coplanar beams allows the
linac plans to decrease low doses, especially at the thoracic
site. However, tomotherapy continues to be an essential add-
on in a multimachine department for high-dose gradients,
better delivery QA reliability, and extended-field irradiation.
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