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Dynamic conformal arc therapy (DCAT) and flattening-filter-free (FFF) beams are commonly adopted for efficient 

conformal dose delivery in stereotactic body radiation therapy (SBRT). Off-axis geometry (OAG) may be 

necessary to obtain full gantry rotation without collision, which has been shown to be beneficial for peripheral 

targets using flattened beams. In this study dose distributions in OAG using FFF were evaluated and the effect 

of mechanical rotation induced uncertainty was investigated. For the lateral target, OAG evaluation, sphere targets 

(2, 4, and 6 cm diameter) were placed at three locations (central axis, 3 cm off-axis, and 6 cm off-axis) in 

a representative patient CT set. For each target, DCAT plans under the same objective were obtained for 6X, 

6FFF, 10X, and 10FFF. The parameters used to evaluate the quality of the plans were homogeneity index (HI), 

conformality indices (CI), and beam on time (BOT). Next, the mechanical rotation induced uncertainty was 

evaluated using five SBRT patient plans that were randomly selected from a group of patients with laterally located 

tumors. For each of the five cases, a plan was generated using OAG and CAG with the same prescription and 

coverage. Each was replanned to account for one degree collimator/couch rotation errors during delivery. 

Prescription isodose coverage, CI, and lung dose were evaluated. HI and CI values for the lateral target, OAG 

evaluation were similar for flattened and unflattened beams; however, 6FFF provided slightly better values than 

10FFF in OAG. For all plans the HI and CI were acceptable with the maximum difference between flattened and 

unflattend beams being 0.1. FFF beams showed better conformality than flattened beams for low doses and 

small targets. Variation due to rotational error for isodose coverage, CI, and lung dose was generally smaller 

for CAG compared to OAG, with some of these comparisons reaching statistical significance. However, the 

variations in dose distributions for either treatment technique were small and may not be clinically significant. 

FFF beams showed acceptable dose distributions in OAG. Although 10FFF provides more dramatic BOT 

reduction, it generally provides less favorable dosimetric indices compared to 6FFF in OAG. Mechanical 

uncertainty in collimator and couch rotation had an increased effect for OAG compared to CAG; however, the 

variations in dose distributions for either treatment technique were minimal.
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Introduction

Dynamic conformal arc therapy (DCAT) in full co-planar 

rotation is commonly adopted for efficient conformal dose deliv-

ery in stereotactic body radiation therapy (SBRT).1,2) Flattening- 

filter-free (FFF) beams can increase delivery efficiency by em-

ploying a high-dose rate that greatly reduces the beam on time 

(BOT).3-8) This makes them useful for treatments requiring a 
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Fig. 1. Central axis geometry 

(CAG) and off-axis geometry 

(OAG) for a laterally located 

target.

high dose per fraction, such as SBRT. The increased efficiency 

of FFF beams can also aid in respiratory motion management, 

including the use of voluntary breath hold techniques, by en-

abling entire beam delivery within a short number of breath 

holds.7) DCAT is currently being used with FFF beams to treat 

SBRT to further increase delivery efficiency.

For laterally located targets, which are commonly seen in 

lung and liver SBRT, it is often necessary to use off-axis ge-

ometry (OAG) to obtain full rotation of the gantry without 

collision of the gantry head with either the patient or the treat-

ment couch. OAG occurs when the isocenter is positioned at 

patient midline; however, the target is located laterally off-axis 

(Fig. 1). Central axis geometry (CAG) occurs when the iso-

center is located at the center of the target, regardless of its 

position within the patient. The use of a modified DCAT tech-

nique, which utilizes a midline isocenter, has been shown to 

be useful for the treatment of peripheral lung tumors using 

SBRT.9,10) These studies have demonstrated that the use of a 

modified DCAT technique results in enhanced PTV coverage, 

improved conformality, reduced BOT, and meets the require-

ments of RTOG protocols. We believe it is important to study 

this technique with FFF beams, which has not been done. FFF 

beams employ a dose rate much higher than the standard dose 

rate by removing the flattening filter from the path of the 

beam, which causes a significantly non-uniform incident flu-

ence profile. Because the off-axis profile of an FFF beam is 

not uniform, we investigated whether FFF beams can provide 

acceptable dose distributions in OAG.

While the incident fluence profile of FFF beams is sig-

nificantly non-uniform, there are several advantages of FFF 

beams compared to conventional beams that could influence 

dosimetry for lateral lesions. FFF beams have less variation of 

off-axis beam hardening due to the removal of the flattening 

filter from the path of the beam. FFF also has less pho-

ton-head scatter due to removing the flattening filter, which re-

sults in less field size dependence, as well as less leakage out-

side of beam collimation. The peripheral dose far from the 

field edge (15∼20 cm) is influenced by the treatment head 

leakage, which has been shown to be reduced by 52% for 6 

MV and 65% for 10 MV unflattened beams.11) The penumbra 

size and multi-leaf collimator leakage are also reduced for FFF 

beams.12,13)

While these advantages may make it desirable to use FFF 

beams, it is necessary to quantitatively characterize methods 

for dose planning and delivery for lateral lesions. Parameters 

associated with implementing FFF treatments were systemati-

cally investigated in this study. Additionally, due to the dis-

tance between the axis of rotation and the target for OAG, ro-

tational error will have an increased effect on the dose dis-

tribution compared with CAG. If OAG is used, there is the 

possibility of increased delivery uncertainty due to mechanical 

errors associated with collimator or couch rotation. We inves-

tigated the effect of collimator and couch mechanical error 

with an error uncertainty analysis to examine whether the de-

livery uncertainty is acceptable.

Materials and Methods

1. Lateral target, off-axis geometry evaluation

A total of nine sphere targets were placed on a representa-
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Fig. 2. Lateral target, off-axis evaluation. Sphere targets of three 

sizes (2, 4, and 6 cm diameter) were placed at three locations 

(center of the patient, 3 cm lateral, and 6 cm lateral) for a total 

of 9 targets.

tive computed tomography (CT) image set selected from lung 

SBRT patients treated at Mayo Clinic in Florida (GE 

LightSpeed RT CT Scanner; GE Healthcare, Waukesha, 

Wisconsin) to represent a typical SBRT patient. Lung SBRT 

patients are simulated supine with arms down in a whole body 

Vac-Q-Fix CushionTM (Qfix, Avondale, PA) and abdominal 

compression using a balloon with a pressure gauge.14,15) The 

CT image set was transferred to a Pinnacle treatment planning 

system (Pinnacle Version 9 software; Philips Medical Systems, 

N.A., Bothell, Washington). Fig. 2 shows the nine sphere tar-

gets have three different sizes (2, 4, and 6 cm diameter) and 

are placed at three different locations (center of the patient, 3 

cm lateral, and 6 cm lateral). The isocenter was located at the 

center of the patient for all targets. For each target, DCAT 

plans were obtained using four different beams (6X, 6FFF, 

10X, and 10FFF) for a Varian TrueBeam LINAC (Varian 

TrueBeam; Varian Medical Systems, Palo Alto, California). 

Plans were normalized such that 95% of the target volume re-

ceived the prescription dose. For all plans, two conformality 

indices (CI), CI-100 (prescription isodose volume to target vol-

ume) and CI-50 (50% prescription isodose volume to target 

volume) were calculated. The minimum possible CI-100 value 

is 0.95 with exact 95% coverage. Homogeneity index (HI) was 

also calculated for each plan using the definition commonly 

used for radiosurgery (ratio of max dose to prescription 

dose).16,17) BOT was estimated based on planned monitor units 

(MU) and the maximum dose rate available in each beam 

mode. The ratio of BOT for FFF to flattened beams was cal-

culated for each target. 

2. Mechanical rotation induced dosimetric uncertainty 

evaluation

The effect of collimator and couch rotational uncertainty on 

plan quality in OAG was evaluated. Five representative patient 

plans were selected from SBRT patients with laterally located 

tumors treated at Mayo Clinic in Florida. The tumors ranged 

from 5.1 to 9.7 cm in lateral distance from the midline of the 

patient to the center of the tumor. Each case was planned with 

Pinnacle software using 6FFF for a Varian TrueBeam. For 

each of the five cases, a plan with a single full arc rotation 

was generated for OAG with 95% target volume in pre-

scription dose (48 Gy in 4 fractions). This original plan was 

then copied and three new plans were generated with the fol-

lowing modifications: collimator rotation of one degree, couch 

rotation of one degree, and both collimator and couch rotations 

of one degree. One degree was chosen as a conservatively 

large estimate of rotation errors. The same MU settings were 

used for all plans. The same procedure was then repeated for 

CAG with the same prescription dose and normalization; how-

ever, only a partial arc was used. A full 360 degree arc rota-

tion would not be deliverable with CAG because of a collision 

of the gantry with either the patient or treatment couch due to 

the lateral position of the isocenter. A total of eight plans 

were generated for each of the five cases.

Each plan was evaluated for planning target volume cover-

age, dose conformality, and critical organ dose. The target cov-

erage was evaluated by the prescription isodose surface cover-

age (percent of the target volume receiving the prescription 

dose) for each of the plans. Conformality indices investigated 

were CI-100 and CI-50. The V20 of lung (percent of total 

normal lung receiving 20 Gy or more) was also determined.

3. Statistical analysis

For the systematic study, the results for the nine sphere tar-

gets are summarized descriptively. For the dosimetric mechan-

ical uncertainty evaluation, we calculated absolute differences 

(ie, the absolute value of the difference) from the original plan 

for one degree collimator rotation, one degree couch rotation, 

and both collimator and couch rotations of one degree. These 
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Table 1a. Lateral target, off-axis geometry evaluation results for 6 MV.

Target Diameter 

(cm)

Axis 3 cm Off-Axis 6 cm Off-Axis

Flattened FFF Flattened FFF Flattened FFF

HI 2 1.19 1.17 1.16 1.15 1.14 1.13

4 1.11 1.11 1.11 1.12 1.12 1.10

6 1.11 1.13 1.11 1.13 1.12 1.11

CI-100 2 1.11 1.11 1.06 1.06 1.04 1.04

4 0.98 0.99 0.99 0.99 1.00 1.00

6 0.98 0.99 0.99 1.00 1.00 1.01

CI-50 2 4.23 4.12 4.33 4.28 4.33 4.30

4 3.36 3.36 3.36 3.29 3.39 3.38

6 3.11 3.17 3.17 3.17 3.21 3.24

BOT ratio 2 0.46 0.47 0.50

4 0.47 0.48 0.50

6 0.48 0.49 0.51

HI: homogeneity index, CI: conformity index, BOT: beam on time. Note, FFF offers faster BOT than flattened beams.

Table 1b. Lateral target, off-axis geometry evaluation results for 10 MV. 

Target Diameter 

(cm)

Axis 3 cm Off-Axis 6 cm Off-Axis

Flattened FFF Flattened FFF Flattened FFF

HI 2 1.23 1.25 1.20 1.21 1.17 1.19

4 1.13 1.17 1.14 1.19 1.14 1.17

6 1.12 1.20 1.13 1.23 1.13 1.21

CI-100 2 1.12 1.13 1.06 1.08 1.03 1.07

4 0.99 0.99 0.99 1.04 0.99 1.03

6 0.98 1.00 0.99 1.04 0.99 1.04

CI-50 2 4.59 4.49 4.73 4.64 4.71 4.65

4 3.48 3.40 3.54 3.53 3.56 3.52

6 3.13 3.12 3.24 3.29 3.25 3.29

BOT ratio 2 0.26 0.27 0.31

4 0.27 0.29 0.32

6 0.29 0.30 0.32

HI: homogeneity index, CI: conformity index, BOT: beam on time. Note, FFF offers faster BOT than flattened beams.

absolute differences were calculated separately for OAG and 

CAG for: prescription isodose surface coverage, CI-100, CI-50, 

and lung V20. The absolute differences from the original plan 

were compared between OAG and CAG using a paired t-test. 

P-values of 0.05 or lower were considered statistically signifi-

cant. Statistical analyses were performed using R Statistical 

Software (version 2.14.0; R Foundation for Statistical 

Computing, Vienna, Austria).

Results and Discussion

1. Lateral target, off-axis geometry evaluation

Results are shown in Table 1. 6FFF HI values were similar 

to 6X for all targets. 10FFF showed consistently worse HI val-

ues than 10X for all targets. Though differences in HI values 

were larger for 10 MV beams than for 6 MV beams, 10 MV 

did not show considerable difference between flattened and un-

flattened beams, with the maximum HI difference being 0.10. 

6FFF CI-100 values were similar to 6X for both CAG and 
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Fig. 3. Mechanical rotation induced dosimetric uncertainty 

evaluation. Representative axial slice with OAG shown on the 

left and CAG on the right for each case.

OAG for all target sizes. In contrast, CI-100 values were sim-

ilar for 10 MV flattened and unflattened beams in CAG, but 

for targets 3 cm OAG and 6 cm OAG, 10FFF CI-100 values 

were slightly worse compared to 10X. FFF beams gave better 

CI-50 values for 2 cm targets for 6 and 10 MV in CAG and 

OAG. The advantage of FFF for CI-50 declined with increas-

ing target diameter. Using FFF beams always reduced the 

BOT, as evidenced by ratios of BOT from 0.26-0.32 for 10 

MV and 0.46-0.51 for 6 MV. The benefit of reduced BOT 

with FFF decreased with off-axis distance of the target. The 

use of FFF beams with OAG increased the MU. This effect 

was greatest for the large targets at 6 cm off-axis. The max-

imum MU increase for FFF to flattened beams was 19% for 6 

MV and 28% for 10 MV.

2. Mechanical rotation induced dosimetric uncertainty 

evaluation

The isodose coverage, conformality, and V20 for all plans 

with mechanical rotation induced dosimetric uncertainty meet 

the requirements for RTOG protocols. Fig. 3 shows a repre-

sentative axial slice for each case. As displayed in Table 2, 

the absolute difference in prescription isodose surface coverage 

from the original plan for collimator rotation, couch rotation, 

and collimator plus couch rotations of one degree ranged from 
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Fig. 4. Prescription Isodose Surface Coverage for off-axis 

geometry (OAG) and central axis geometry (CAG) for the 

original plan, one degree collimator rotation, one degree couch 

rotation, and one degree of both collimator and couch rotations. 

Points and lines for the same patient are shown in the same 

color.

Fig. 5. CI-100 for off-axis geometry (OAG) and central axis 

geometry (CAG) for the original plan, one degree collimator 

rotation, one degree couch rotation, and one degree of both 

collimator and couch rotations. Points and lines for the same 

patient are shown in the same color.

0.10% to 3.00% for OAG and from 0.00% to 0.20% for CAG. 

In general, the effect of simulated couch or collimator rotation 

was to decrease the prescription isodose coverage. The varia-

tion from the original plan was significantly smaller for CAG 

compared to OAG for collimator rotation (P=0.024) and colli-

mator plus couch rotation (P=0.028), with a similar, though 

not quite significant finding for couch rotation (P=0.068). 

Differences in prescription isodose surface coverage for each 

plan are further summarized in Fig. 4. 

The conformality was evaluated for each plan. The absolute 

difference in CI-100 and CI-50 from original OAG and CAG 

plans for mechanical rotational error is shown in Table 2. 

These absolute differences from baseline regarding collimator 

rotation, couch rotation, and collimator plus couch rotations 

were generally similar for CAG compared to OAG (P≥0.18), 

with one small, but statistically significant difference occurring 

regarding CI-50 for couch rotation (P=0.016). The con-

formality was found to increase or decrease depending on the 

shape of the target. CI-100 and CI-50 for OAG and CAG for 

collimator and couch rotational error are further illustrated in 

Fig. 5 and 6.

The V20 for normal lung was calculated for each plan. The 

mechanical rotation uncertainty improved the V20 in some 

cases, but caused it to be worse for other cases. The V20 was 

acceptable for all cases with all plans having a V20 less than 

6%. The absolute difference in V20 from the original OAG 

and CAG plans for collimator rotation, couch rotation, and col-

limator plus couch rotations are shown in Table 2 and Fig. 7. 

The variation from the original plan was relatively small for 

all cases; although it was smaller for CAG compared to OAG 

for collimator plus couch rotation (P=0.027).

Discussion

The results of this study demonstrate that 6FFF beams can 
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Fig. 6. CI-50 for off-axis geometry (OAG) and central axis 

geometry (CAG) for the original plan, one degree collimator 

rotation, one degree couch rotation, and one degree of both 

collimator and couch rotations. Points and lines for the same 

patient are shown in the same color.

Fig. 7. Lung V20 for off-axis geometry (OAG) and central axis 

geometry (CAG) for the original plan, one degree collimator 

rotation, one degree couch rotation, and one degree of both 

collimator and couch rotations. Points and lines for the same 

patient are shown in the same color.

be utilized in OAG without dosimetric compromise. 10FFF 

was shown to have less favorable HI values compared to 10X, 

but the differences were small. For both 6 and 10 MV beams, 

FFF provided a benefit for CI-50 for small targets in CAG 

and OAG. The advantage of FFF for CI-50 declined with tar-

get diameter. 10FFF can provide more dramatic BOT reduction 

compared to 6FFF; however, the benefit decreases with target 

off-axis distance when treating with OAG. 

The mechanical rotation induced dosimetric variation was 

less for CAG compared to OAG, with some indices showing 

statistical significance, as seen in Table 2. Regardless, the dif-

ferences were small in both CAG and OAG, and may not be 

clinically significant. The target isodose coverage decreased by 

an average of 1.00% for OAG when rotation error was present 

and by an average of 0.00% for CAG. The maximum absolute 

difference caused by rotational error was 0.05 and 0.08 for 

conformality indices and lung V20, respectively. All lung V20 

results in this study met the RTOG dose objectives of less 

than 10%. It should be noted that this study investigated the 

effects of one fraction. If additional fractions are used and the 

rotational error is random, then the dosimetric variation would 

be reduced. 

The collimator and couch rotation investigated in this study 

was 1 degree, which is a conservatively large estimate to what 

may be expected in clinical practice. The tolerance for colli-

mator or couch rotation is 0.5 degree. At our institution, annu-

al quality assurance of the TrueBeam has demonstrated less 

than 0.3 degree and 0.2 degree for collimator and couch angle 

indicators, respectively. Therefore, the dosimetric variation due 

to rotation error found in this study is conservatively large.

While this study found that the effect of mechanical rotation 

error with OAG is acceptable, patient rotation during treatment 

could have an effect on the delivered dose distribution when 

treating in OAG. Josipovic et al investigated intra- and inter-

fractional errors in patient position of SBRT and found with 

correction of translational errors the remaining rotational errors 
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were approximately 1 degree.18) It is important in SBRT to cor-

rect patient oriented errors using image guidance techniques. 

Use of daily image guided radiation therapy (IGRT) is neces-

sary to ensure accurate patient alignment and is part of the 

ACR-ASTRO practice guidelines for SBRT.19)

To evaluate which technique gave better dosimetric results, 

original CAG and OAG plans with no collimator or couch ro-

tation can be compared (Table 2 and Fig. 3). This demon-

strates OAG gave better dosimetric results for some cases, but 

not for others. The dosimetric results depend on the length of 

the arc rotation in relation to the tumor shape. For example, 

OAG with a full arc rotation gave a better dose distribution 

than CAG for spherical targets. CAG with a partial arc rota-

tion was better than OAG for elliptical targets when the long 

axis of the target was in the direction of the arc. Both of these 

effects are more pronounced for low dose, as seen with CI-50. 

It should be noted that this comparison is influenced by the 

effect of using a full arc rotation in OAG and a partial arc ro-

tation in CAG. While this is not a fair comparison, it does 

represent the clinical situation.

This study found that FFF beams in OAG can provide ac-

ceptable dose distributions. There are benefits and limitations 

to OAG and CAG. The selection of which to use when treat-

ing a laterally located target with FFF will depend on the sit-

uation and it may be influenced by whether a full or partial 

arc is desirable. This study showed an advantage of using 

OAG for small, spherical targets, which are often seen in 

SBRT. OAG is also beneficial for IGRT where a full gantry 

rotation is needed for cone-beam CT. However, it can also be 

argued that CAG is advantageous for IGRT because it is desir-

able to place the isocenter at the location of the target for 

imaging. Other benefits of CAG include reduced MU and less 

BOT. In some cases the choice to use OAG or CAG may de-

pend on critical organs. Using a partial arc may reduce critical 

organ dose. It is also possible that a partial arc may be pre-

ferred over a full arc due to the possibility of retreatment, es-

pecially if SBRT is repeated for additional lesions. 

Conclusion

6FFF can be used in OAG without dosimetric compromise. 

10FFF provides more BOT reduction than 6FFF; however, it 

provides less favorable dosimetric indices compared to 6FFF 

in OAG. The benefit of reduced BOT with FFF decreases with 

distance of the target off-axis for both 6 and 10 MV. 

Mechanical error in collimator and couch rotation produces in-

creased dosimetric variation for OAG compared to CAG; how-

ever, the variations in dose distributions for either treatment 

technique were small and may not be clinically significant. 

This study found that FFF beams can provide acceptable dose 

distributions in OAG.
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