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Reirradiation of Spinal Column Metastases

Comparison of Several Treatment Techniques and Dosimetric Validation for the
Use of VMAT

Florian Stieler, Dirk Wolff, Linda Bauer, Hans-J6rg Wertz , Frederik Wenz, Frank Lohr’

Background: For reirradiation of spinal column metastases, intensity-modulated radiation therapy (IMRT) reduces the dose to
the spinal cord, while allowing longer treatment times. We analyzed the potential of volumetric modulated arc therapy (VMAT) to
reduce treatment time and number of monitor units (MU).

Patients and Methods: In CT datasets of 9 patients with spinal column metastases, the planned target volume (PTV) encom-
passed the macroscopic tumor including the spinal cord or medullary cone, respectively. The prescribed dose for the target
was 40 Gy, but median spinal cord dose was intended to be < 26 Gy. We compared a posterior (3D-PA) static field technique, a
two-field wedge technique (3D-wedge) and 5-/7-beam IMRT with VMAT. Conformity index (Cl), homogeneity index (HI40), dose
volume histogram (DVH) parameters, treatments delivery time (T), and MU were analyzed. Dosimetry was validated with EDR2-
film/ionization chambers.

Results: PTV coverage was insufficient for 3D-conformal radiotherapy (3D-CRT) when spinal cord tolerance was respected. The
IMRT approach provided excellent results but has the longest treatment time. VMAT produced dose distributions similar to IMRT
with shorter treatment times (VMAT: mean 4:49 min; IMRT: mean 6:50 min) and fewer MU (VMAT: 785; IMRT: 860). Reduced confor-
mity and increased homogeneity for VMAT when compared to IMRT were observed. An absolute deviation between measured and
calculated dose of +0.70 + 3.69% was recorded. y-Index analysis showed an agreement of 91.33 + 3.53% for the 5%/5 mm criteria.
Conclusion: For this paradigm, VMAT produces high quality treatment plans with homogeneity/conformity similar to static
IMRT, shorter treatment times, and fewer MU. Verification measurements showed good agreement between calculation and
delivered dose, leading to clinical implementation.
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Rebestrahlung von paraspinalen Metastasen: Vergleich verschiedener Bestrahlungstechniken und dosimetrische
Validierung von VMAT

Ziel: Die Intensitdtsmodulierte Radiotherapie (IMRT) ermdglicht bei der Rebestrahlung von Wirbelsdulenmetastasen eine Re-
duktion der Dosis im Spinalkanal bei gleichzeitig langerer Bestrahlungszeit im Vergleich zur konventionellen 3D-Technik. Wir
analysierten das Potential der volumetrisch modulierten Rotationstherapie (VMAT), um die Bestrahlungszeit und die Anzahl der
Monitor-Einheiten (MU) zu reduzieren.

Patienten und Methoden: 9 CT-Datensédtze von Patienten mit Wirbelsaulenmetastasen wurden untersucht, bei denen das Ziel-
volumen (ZV) den makroskopischen Tumor inklusive Spinalkanal umfasste. Verschreibungsdosis flir das ZV waren 40 Gy unter
Beriicksichtigung der medianen Spinalkanaldosis von < 26 Gy. Wir verglichen eine posteriore 3D-Technik (3D-PA), eine 2-Felder-
Technik mit Keilen (3D-Wedge) und 5/7-Felder-IMRT mit VMAT. Konformitétsindex (Cl), Homogenitatsindex (HI40), Dosis-Volu-
men-Histogramme (DVH), Bestrahlungszeit (T) und MU wurden verglichen. Die Dosimetrie wurde mit EDR2 Filmen und lonista-
tionskammer Uberpruft.

Ergebnisse: Die ZV-Abdeckung fiir die 3D-Techniken war insuffizient, wenn die Toleranzdosis des Spinalmarks beriicksichtigt
wurde. Der IMRT-Ansatz ergab exzellente Resultate, allerdings mit der langsten Bestrahlungszeit. Mit VMAT lie8en sich dhnliche
Dosisverteilungen wie mit IMRT mit kiirzeren Bestrahlungszeiten (VMAT Mittel 4:49 Min., IMRT Mittel 6:50 Min.) und weniger MU
(VMAT:785, IMRT:860) realisieren. Eine geringere Konformitat und héhere Homogenitat von VMAT wurde im Vergleich zu IMRT
beobachtet. Die absolute Abweichung zwischen gemessener und berechneter Dosis betrug +0,70+3,69%. Die y-Analyse zeigte
eine Ubereinstimmung von 91,33 + 3,53% fiir 5%/5 mm.
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Schlussfolgerung: Fiir dieses Paradigma erzeugt VMAT qualitativ hochwertige Bestrahlungsplane mit zu IMRT vergleichbarer
Homogenitat/Konformitét, kiirzeren Bestrahlungszeiten und weniger MU. Verifikationsmessungen zeigten gute Ubereinstim-
mungen zwischen errechneten und gemessenen Dosen und erlaubten die klinische Implementierung.

Schliisselworter: Volumetrisch intensitatsmodulierte Rotationstherapie - Intensitatsmodulierte Radiotherapie -
3D konformale Radiotherapie - Wirbelsaulenmetastasen

Introduction
Spinal column metastases can cause morbidity, including pain
and compression of the spinal cord with resulting neurologic
deficits and fractures of the vertebral bones. Radiotherapy (RT) is
a proven therapy to prevent complications and reduce pain [10].
With longer survival secondary to improving systemic therapy,
clinicians are now faced with a need for a longer duration of local
control [13, 26]. Either primary dose escalation or reirradiation
of bone lesions may provide this prolonged control. Gucken-
berger et al. [11] recently suggested primary dose-escalated RT
based on excellent safety and local control. Milker-Zabel et al.
[15] reported a local control rate of 94.7% after a median follow-
up of 12.3 months for the reirradiation of vertebral bone me-
tastases with stereotactic conformal radiotherapy (4-14 beam
directions) or intensity-modulated radiotherapy (IMRT). The
limiting factor both in primary dose escalation and reirradiation
of spinal column metastases is spinal cord tolerance. Using 3D-
conformal radiotherapy (3D-CRT) without any elements of flu-
ence modulation for retreatment exceeds the radiation tolerance
to the spinal cord when target doses of > 30 Gy are intended [18].
IMRT provides sufficient PTV coverage while respecting spinal
cord dose [22]. Multiple gantry angles and several segments per
beam are used, thus, paying for plan quality with longer treat-
ment times. Given that spinal column metastases are often pain-
ful when the patient is positioned prone or supine on the treat-
ment couch, these patients might benefit from short treatment
times. We, therefore, explored the possibility of establishing vol-
umetric modulated arc therapy (VMAT) clinically to treat this
target paradigm. Several earlier studies have shown that VMAT
may reduce treatment time and primary monitor units (MU)
for several target types with dose distributions similar to IMRT
[1, 19, 21, 25, 28, 29, 32-33], although the benefit is not easy to
quantify theoretically, since only preliminary attempts at a com-
prehensive theory of VMAT have been made [31].

We report the analysis of different treatment techniques
regarding plan quality, treatment efficiency, and dosimetric de-
livery accuracy of VMAT for this target paradigm as evaluated
prior to clinical implementation.

Materials and Methods
Retreatments were planned based on CT datasets of 9 patients
with spinal column metastases who had previously been treated
with 3D-CRT to spinal cord tolerance. The planning target vol-
ume (PTV; 497 + 247 cm?) encompassed the macroscopic tumor
(complete vertebral body plus anterior elements and margin; the
mean number of vertebral bodies was 3.44 (range 3-4) and in-
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cluded tge spinal cord (SC) or medullary cone, respectively. The
SC/medullary cone was contoured separately for the length en-
compassed by the PTV (SC(PTV)) and outside the PTV area.
The PTV included the SC(PTV). Although that caused the PTV
DVH to show some systematic underdosage which in reality
does not exist, this was the only technical way all treatment plan-
ning could be compared on exactly the same volumes. The me-
dian volume for PTV was 495 + 251 cm® (range 144-857 cm®).
We chose a prescription dose for the target of 40 Gy with a frac-
tion dose of 2 Gy, planned for a 6 MV synergy linear accelerator
(Elekta, UK) with a maximum dose rate of 600 MU per minute.
Median dose to the SC was intended not to exceed 26 Gy based
on available data for retreatment tolerance [17, 30].

Two different 3D-CRT strategies were assessed in this study:
a single posterior (3D-PA) static field (180°) and a two-field
wedge technique (3D-wedge) with two beams at angles of around
160° and 200°, respectively, depending on patient anatomy. Mas-
terplan 3.1 (Nucletron, The Netherlands) was used as treatment
planning system (TPS) for 3D-CRT. Plans were normalized to 26
Gy as the median dose of the SC in order to stay within the SC tol-
erance. As reference modulated treatment, we created an isotro-
pically distributed 5-beam IMRT (IMRT-5B) and an isotropically
distributed 7-beam IMRT (IMRT-7B) plan, respectively, using
the TPS Hyperion (University of Tiibingen, Germany). A total
of 40 Gy were prescribed as the median dose to the PTV. VMAT
plans were generated with ERGO++ 1.7.2 (Elekta-Software, Saint
Louis, MO, USA) with two complete 360° rotations (clockwise
and counter clockwise) to increase the modulation depth (the
first rotation focused on the whole PTV excluding the SC, the
second focused on the part of the target immediately adjacent to
the SC) and were normalized as described for static IMRT plans.

For statistical analyses, exact Wilcoxon signed-rank tests
were used to assess any differences between the treatment par-
adigms. In general, a p value below 0.05 was considered sig-
nificant. All computations were performed using the IBM SPSS
Statistics program (version 18, SPSS Inc., Chicago, IL, USA).

The conformity index (CI) and homogeneity index (HI40)
were used to compare conformity and homogeneity between
treatment plans[20]. Due to the fact that we prescribe dose to the
median dose level in the PT'V, we had to modify the CI as follows:

V 0,
CJ = —D99% (1)
Vory
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where V.. describes the target volume in cm® and V/,, is the
total volume in cm® which receives the effective minimal target
dose (dose encompassing 99% of the PTV). The CI definition is
characterized by the effective minimal dose applied to the PTV
which follows the idea of the CI definition by the RTOG.

HI is defined as follows according to the RTOG guide-

lines [24]:

HI = —/= 2
D @)

presc

where D___is the prescription dose and D___is the maximum
dose in the treatment plan. In addition, we compared two special
dose volume histogram (DVH) parameters for the PTV and SC.
Cyso,pp describes the percentage coverage of the PTV by the iso-
dose representing 95% of the prescription dose (PD) and SC,,,.,,
is the median dose to the spinal cord inside the PTV. The treat-
ment efficiency was quantified by the number of MU and total
treatment time (TTT). For all approaches, TTT was measured
on the unit with the same measuring device (stopwatch) and
under the same circumstances (first beam on to last beam off).

To assess dosimetric accuracy, verification measurements
were performed using radiographic films and ionization cham-
bers in a homogenous RW3 phantom as described previously
[7], following the suggestions of Rhein et al. [23] and Ezzell et
al. [8]. Dose matrices as calculated in the TPS and measured
by film were compared. We performed profile analyses and
y-index analyses [6].

Results
Figure 1 displays the essential differences of the dose distribu-
tions generated by the different techniques. For the 3D-CRT ap-
proaches (3D-PA and 3D-wedge) shown in Figure 1, nontarget
tissue volume exposed to primary beams is small. The 26 Gy iso-
dose line covers only approximately 50% of the PTV. It has to be
taken into account that the 3D approaches were normalized ac-
cording to the limitation of the spinal cord of 26 Gy. Therefore,
an adequate PTV coverage is not possible (dose range in PTV:
12.7-30 Gy). The IMRT approaches as shown in Figure 1 show
excellent PTV coverage with adequate sparing of the spinal cord,
at the expense of a larger non-PTV volume exposed to primary
beam. Similar to IMRT, the VMAT approach in Figure 1 shows a
very good PTV coverage and OAR sparing but exposes an even
larger volume outside the PTV to primary beam.

In Table 1 the numeric comparison values of the different
approaches are shown. Because of the normalization of the 3D
approach based on the spinal cord constraint a HI and CI anal-
ysis was not possible. With a HI of 1.13 £ 0.07 VMAT showed a
better homogeneity in the PTV than IMRT with 5 beams (HI:
1.23 = 0.06) or 7 beams (HI: 1.21 + 0.06). On the other hand,
IMRT yielded with both primary beam geometries a higher
conformity (IMRT-5B: 1.60 + 0.34; IMRT-7B: 1.79 £ 0.26) than
VMAT (1.96 + 0.35).
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Both 3D-CRT techniques used a low number of MU with
241 + 21 MU for 3D-PA and 526 + 137 MU for 3D-wedge.
VMAT plans (785 + 92 MU) were delivered with fewer MU
than IMRT (IMRT-5B: 843 + 133; IMRT-7B: 878 + 102).

Looking at the treatment time as second efficiency aspect,
3D-PA (25 + 2 s) and 3D-wedge (88 * 7 s) are, of course, the
fastest treatments. Comparing the modulated techniques the
VMAT approach is with a mean treatment time of 289 + 69
s 20% faster than IMRT-5B (348 + 72 s) and 40% faster than
IMRT-7B (472 £ 82 s).

Table 1 also reports the mean percentage coverage of the
PTV with 95% of the PD (C,,,,.,). For the 3D approaches, two
Cysoipp Values are reported, one for the plan normalized to 26 Gy
as the median SC dose and the other one normalized to 40 Gy
as the median PTV dose. It is obvious that C,,, ., for the plans
normalized according to SC constraints are 0% because the PTV
doses are dramatically lower than 40 Gy. The alternative C,, .,
reports possible PTV coverage when not respecting SC toler-
ance. With values of 47.9 + 9.89% for 3D-PA and 55.3 + 1.93%
for 3D-wedge the 3D approaches are clearly less conformal than
the modulated techniques VMAT (83.82 + 2.68%), IMRT-5B
(83.99 £2.59%), and IMRT-7B (83.98 + 2.15%). In comparison
to IMRT, VMAT further slightly reduced the mean dose to the
SC encompassed by PTV.

Figure 2 displays DVHs for a typical case. VMAT and
IMRT resulted in comparable PTV coverage with higher
maximum PTV doses for IMRT as also indicated by the HI.
Due to the necessary normalization based on SC constraints,
3D-CRT results in insufficient target coverage. VMAT has a
slightly larger volume exposed to lower doses (5-25% of pre-
scription dose (PD)) as shown by the DVH for the volume
encompassed by the external contour. IMRT in contrast ex-
posed slightly larger volumes to intermediate doses (30-60%
of PD). Exposure of OARs such as lungs, complete SC and
SC encompassed by the PTV were similar for the modulated
techniques.

Figure 3 displays the mean DVHs of PTV and spinal cord
inside the PTV (SC(PTV)) with a confidence interval (CINT)
of 95%. Expectedly, the DVHs for the 3D approaches do not
show a large interval range because of the simple beam geom-
etry and the missing modulation which lead to similar results.
The CINT range for VMAT is wider than for the IMRT tech-
niques because the forward planning step in ERGO++ leads to
larger variations among the VMAT plans.

The differences between the introduced delivery tech-
niques regarding the most relevant comparison parameters
are reported with respective significance levels in Table 2. The
small standard deviations lead to homogeneous results within
the delivery techniques and to the majority of differences
between techniques being statistically significant despite occa-
sionally small absolute differences.

Validation of the new treatment paradigm started with
assessing the accuracy of plan data transfer from the TPS to
the R&V system. We found slight variations regarding the

Strahlenther Onkol 2011 - No. 7
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number of MU because of required numerical rounding. The
deviations were, however, within a tolerance limit of < 0.5%.
On absolute dosimetry with an ionization chamber, an abso-
lute deviation between the measured and calculated dose of
0.70 + 3.69% was recorded. Artifacts such as marker holes on
the films or the area where the films were cut were excluded

Strahlenther Onkol 2011 - No. 7

from the calculation. For a y-index based on a 5% dose crite-
rion and a 5 mm DTA acceptance criterion, 91.33 + 3.53% of
points were within the acceptance criteria and (78.56 + 5.34%
for 3%/3 mm). Sample dose profiles and maps of the distribu-
tion of pixels passing and failing the respective y-criteria are
shown in Figure 4.

Figure 1. Sagittal and
transversal dose  distri-
bution for 3D-PA (a), 3D-
wedge (b), IMRT-5B (c),
IMRT-7B (d), and VMAT (e).

Abbildung 1. Sagittale
und transversale Dosis-
verteilung fir 3D-PA (a),
3D-Wedge (b), IMRT-5B (c),
IMRT-7B (d), und VMAT (e).
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Discussion
The potential benefits of modulated techniques for spinal col-
umn tumors were shown in earlier publications [5, 11, 15, 22,
35] when spinal cord tolerance was an issue [30]. An early
study by Pirzkall et al. [22] demonstrated the advantages of
a manually created multiple arc segment (MAS) technique
in this situation. PTV coverage and OAR exposure of MAS

already had the characteristics of IMRT treatment which, in
fact, was not inversely planned [22]. Milker-Zabel et al. [15]
showed in their publication that this technique and, later, in-
versely planned IMRT are safe and effective in the treatment
of recurrent spinal column tumors. Due to technical limita-
tions at the time of the study, treatment delivery was still slow
[15].

Figure 2. DVHs of PTV and OARs
PTV and Spinal Cord (lungs and SC encompassed by PTV)
100 for a typical case dataset.
— VMAT Abbildung 2. DVHs fiir PTV und OARs
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Figure 3. DVHs of PTV and SC(PTV) with 95% confidence interval.
Abbildung 3. DVHs von PTV und SC(PTV) mit 95%-Konfidenzintervall.
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We have shown that VMAT provides the possibility to cre-
ate treatment plans that are similar to static/dynamic IMRT
with discrete beam angles in plan quality but are more efficient
(shorter treatment time, fewer primary MU) for this particular
treatment paradigm, approaching a mean treatment time of less

than 5 min. This study clearly shows that higher tumor doses
can be applied with modulated techniques such as VMAT than
with simple 3D techniques while still respecting cord tolerance
and should, therefore, be preferred in patients with good prog-
nosis where longer term control is the treatment goal.

Table 1. Mean values + standard deviations for homogeneity (H140), conformity (Cl), number of monitor units (MU), and treatment time (Time) for the
three different techniques. In addition, the mean 99% dose in the PTV (D ), the mean percentage coverage of the PTV with 95% of the PD (C
and mean spinal cord (encompassed by the PTV) dose (SC

99%PTV! 95%PD)'

pTv):

Tabelle 1. Mittelwerte + Standardabweichungen fir Homogenitat (HI40), Konformalitét (Cl), Anzahl von Monitoreinheiten (MU) und Bestrahlungszeit

(Time) fur die 3 Techniken. Zusatzlich: mittlere 99%-PTV-Dosis (D, , mittlere prozentuale Abdeckung des PTV mit 95% der PD (C ) und mittlere

99%PTV) 95%PDr

Spinalkanal-(umschlossen vom PTV)-Dosis (SC,, ).

3D-PA 3D-wedge IMRT 5B IMRT 7B VMAT
HI40 - - 1.23+0.06 1.21+0.06 1.13+0.07
Cl - - 1.60+£0.34 1.79+£0.26 1.96+£0.35
MU 241 £21 526 +£137 843133 878+102 785+£92
Time, s 25+2 887 348+72 472+82 289+69
D99%PTV 17.11+£4.72Gy 20.09+3.24Gy 27.52+1.48Gy 26.42+1.73Gy 2448 +2.34Gy
Cosoupp 0% /47.92+9.89% 0% /55.33+1.93% 82.59+4.56% 81.22+4.37% 81.28+4.25%
SCory 26.11+0.33Gy 25.98+0.06Gy 26.91+0.93Gy 25.67+1.51Gy 23.54+2.35Gy

Table 2. Differences reported with respective significance levels between delivery methods. n.s.: not significant, p value: significance.

Tabelle 2. Unterschiede mit respektiven Signifikanzstufen zwischen den Bestrahlungstechniken. n.s.: nicht significant, p-Wert: Signifikanz.

3D-Wedge IMRT 5B IMRT 7B VMAT

TargetD,,,,

3D-PA 3D-PA < 3D-wedge (p=0.078) 3D-PA < IMRT 5B (p=0.004) 3D-PA < IMRT 7B (p=0.004) 3D-PA < VMAT (p=0.004)

3D-wedge - 3D-wedge < IMRT 5B (p=0.004) 3D-wedge < IMRT 7B (p=0.004) 3D-wedge < VMAT (p=0.004)

IMRT 5B - - IMRT 5B > IMRT 7B (p=0.008) IMRT 5B > VMAT (p=0.008)

IMRT 7B - - - IMRT 7B > VMAT (p=0.002)

SC(PTV)D,,...

3D-PA n.s. 3D-PA < IMRT 5B (p=0.027) ns. 3D-PA > VMAT (p=0.023)

3D-wedge - 3D-wedge < IMRT 5B (p=0.004) n.s. 3D-wedge > VMAT (p=0.020)

IMRT 5B - - IMRT 5B > IMRT 7B (p=0.055) IMRT 5B > VMAT (p=0.004)

IMRT 7B - - - IMRT 7B > VMAT (p=0.039)

MU

3D-PA 3D-PA < 3D-wedge (p=0.004) 3D-PA < IMRT 5B (p=0.004) 3D-PA < IMRT 7B (p=0.004) 3D-PA < VMAT (p=0.004)

3D-wedge - 3D-wedge < IMRT 5B (p=0.004) 3D-wedge < IMRT 7B (p=0.004) 3D-wedge < VMAT (p=0.004)

IMRT 5B - - n.s. n.s.

IMRT 7B - - - IMRT 7B > VMAT (p=0.012)

cl

3D-PA 3D-PA > 3D-wedge (p=0.055) 3D-PA > IMRT 5B (p=0.004) 3D-PA > IMRT 7B (p=0.027) 3D-PA > VMAT (p=0.098)

3D-wedge - 3D-wedge > IMRT 5B (p=0.020) n.s. n.s.

IMRT 5B - - IMRT 5B < IMRT 7B (p=0.016) IMRT 5B < VMAT (p=0.004)

IMRT 7B - - - IMRT 7B < VMAT (p=0.066)

HI

3D-PA n.s. 3D-PA < IMRT 5B (p = 0.004) 3D-PA < IMRT 7B (p=0.004) 3D-PA < VMAT (p=0.004)

3D-wedge - 3D-wedge < IMRT 5B (p=0.004) 3D-wedge < IMRT 7B (p=0.004) 3D-wedge < VMAT (p=0.004)

IMRT 5B - - IMRT 5B > IMRT 7B (p=0.047) IMRT 5B > VMAT (p=0.004)

IMRT 7B - - - IMRT 7B > VMAT (p=0.004)
412 Strahlenther Onkol 2011 - No. 7
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Figure 4. Two dose profiles examples provided by Verisoft and two y-index plots with 3%/3 mm and 5%/5 mm for a typical plan dataset.

Abbildung 4. Exemplarische Dosisprofile (aus Verisoft) und zwei y-Index-Bilder mit 3%/3 mm und 5%/5 mm fiir einen reprasentativen Fall.

Guckenberger et al. [11] recently evaluated the clinical
outcome of dose-escalated image-guided radiotherapy with
IMRT. Most of their patients were treated to a median dose
of 60 Gy to the PTV in 20 fractions. They reported rapid and
long-term pain relief with low acute and late toxicity using
IMRT with a median of 7 incident beams (range, 6-14). The
mean treatment time was not reported but a low number of
segments (median total of 29 segments) were used. Chawla et
al. [5] examined the efficiency and the possible advantages of
single fraction stereotactic radiosurgery (SRS) using helical
tomotherapy in the treatment of a patient with spinal column

Strahlenther Onkol 2011 - No. 7

metastases in a case report. The prescribed dose to the PTV
was 9 Gy and the treatment plan resulted in an excellent dose
reduction down to 2.15 Gy at the spinal cord center. The PTV
consisted only of the T6 vertebral bone and the treatment time
was 13.6 min. The long treatment time resulted from the high
fraction dose; thus, a lower fraction dose, e.g., 2 Gy, would re-
duce treatment time accordingly. It depends, however, linearly
on target length. Treatment time for targets encompassing
several vertebral bodies is, therefore, longer while it does not
change for a VMAT approach [5]. The absence of a 40 cm field
length limit (as it applies to VMAT) is a theoretical advantage
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for tomotherapy but it is of negligible clinical relevance in the
retreatment of spinal lesions that will normally be restricted to
lesions < 40 cm in length.

Afirstreportby Wuetal. [35] compared a volumetric treat-
ment technique, Varian’s RapidArc™, to sliding window IMRT
for vertebral body radiotherapy. Treatment plans were generat-
ed with the TPS Eclipse (Varian Medical Systems, USA) in con-
junction with a Novalis Tx linear accelerator with a maximal
dose rate of 1000 MU/min and a single fraction dose of 16 Gy.
Therefore, direct comparison of their results with our results
regarding plan efficiency is not possible. They analyzed the CI
for IMRT and VMAT with 1 and 2 arcs. They found a better
conformity with VMAT than with IMRT and also suggested the
necessity to use 2 arcs for optimal plan quality. Similar to our
results they found a reduction of MU (24%) and also of treat-
ment time (52%), interestingly with the two-arc treatment be-
ing delivered faster than the one-arc treatment and with fewer
MU. Dosimetric data of their approach, however, are missing
because their technique had not been implemented clinically at
the time of publication [35].

We performed dosimetry with EDR2 films and ionization
chambers because this method is stable and has been extensive-
ly validated. With increasing patient load based on the possible
acceleration of modulated treatments, verification with 2D de-
tector arrays will soon gain importance. Early reports indicate
their reliability and validity 2, 14, 27] and this approach is cur-
rently validated for VMAT at our department [3].

An important issue for dosimetric accuracy is the distance
of the control points (CP) during the setup of our VMAT plans.
A larger number of CP not only results in better plan quality
because of more degrees of freedom for modulation but also
results in better dosimetric accuracy. This is because the TPS
uses a pencil-beam algorithm for dose calculation in a static
fashion at every CP. Consequently the dose calculation is per-
formed in a discrete way but the delivery is dynamic, which
leads to disagreements in measurements against calculation es-
pecially in the low dose region outside the PTV at the border of
the phantom. We chose a distance between the CP of 5° which
is sufficient to create plans of excellent plan quality but led to
a lower number of pixels passing the y-test with the criteria
3%/3 mm (78.56 + 5.34%) than usually expected. Since Figure 3
clearly indicates that this disagreement was only in the low dose
region with percentage differences translating into only small
absolute differences, this trade-off was accepted to keep treat-
ment times low while still obtaining excellent target coverage
and organ at risk sparing. Continuous Monte Carlo dose calcu-
lation instead of a static approximation would solve this issue.

As a positive collateral result, a constant reduction in treat-
ment time and MU while maintaining plan quality of modu-
lated treatments as indicated in this manuscript and by others
reduces the concern that secondary tumors might be caused by
a high number of MU with modulated techniques [12]. Simi-
larly, potentially detrimental effects of treatment protraction
[4,9, 16] are less likely with these fast modern techniques.
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Conclusion
With plan quality being similar to static IMRT, VMAT is an
efficient treatment technique for target volumes with a central
avoidance structure. The increased treatment efficiency reduc-
es the treatment time without imaging for the patient down to
less than 5 min. This efficient treatment approach is dosimetri-
cally sound and has successfully been implemented clinically.
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