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Abstract
Background: Spatially fractionated radiotherapy (GRID) could effectively de-bulk tumor volumes for shallow and deep-seated

locally advanced tumors. A new treatment planning method using the three-dimensional-volumetric modulated arc therapy

(VMAT) technique combined with a novel, software-generated, virtual GRID block (VGB) was developed which allows better

conformity plans (VMAT-GRID) and maintain the GRID dosimetric characteristics. The dosimetric metrics calculated via the val-

ley/peak ratio (Dmin/Dmax), D90/D10, gross tumor volume (GTV) mean dose (Dmean), GTV equivalent uniform dose (EUD), and

normal tissue maximum dose. Methods: Twenty-five patients with tumor volumes ranging between 71.6 cc and 4683 cc at var-

ious tumor sites were retrospectively studied. The prescription was 20 Gy to the maximum point of GTV in a single fraction, and

the VMAT-GRID plan was generated using 6 MV/10 MV flattening-filter-free beams. Results: The optimized VGB was designed

with the median center-to-center distance of 27 mm, and 9 mm for the median diameter of the opening area in this study. These 2

values can be used to design any optimized VGB, the final VGB may be modified to generate a patient-specific VGB. The median

GTV mean dose was 918 (877- 938) cGy, and the median GTV EUD dose was 818 (597-916) cGy. In terms of dose inhomoge-

neity, the median valley-to-peak dose ratio was 0.07 (0.02-0.26); and the median ratio of D90/D10 was 0.70 (0.38-0.94). For the

organ-at-risk doses, there was a rapid dose drop-off in the normal tissue area immediately adjacent to the target, and the max-

imum global doses were all located inside the GTV. Conclusion: Our results indicated that the VMAT-GRID planning approach

could successfully deliver dose with acceptable GRID dose metric while sparing the normal tissue especially in the region near the

target due to the rapid dose drop-off and restricting maximum dose inside the target.
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Introduction
Spatially fractionated radiotherapy (GRID) has been used to treat
bulky tumors for decades. The clinical outcomes have been shown
that this specially designed radiation modality can effectively
de-bulk a large tumor volume.1–4 However, the techniques used
for GRID radiotherapy have not evolved at the same rate as
other radiotherapy techniques. Conventional GRID radiotherapy
usually delivers the dose using a collimated field with a GRID
block. The GRID block is either a cerrobend-alloy or brass phys-
ical block or made by the multileaf collimator (MLC).5 The GRID
block constricts the delivered dose in a checkerboard or honey-
comb pattern by delivering the radiation beam only through
open portions of the block and creates a dose gradient, the
valley dose, across the shielded area. Our previous study devel-
oped a novel method using helical tomotherapy for GRID

radiotherapy6,7 using an MLC-based virtual GRID block (VGB)
generated by DICOMan software8 to replace the conventional
3D GRID radiotherapy. Similarly, with the development of the
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volumetric modulated arc therapy (VMAT) techniques and the
availability of flattening-filter-free (FFF) beams, it is now feasible
to deliver GRID therapy using the VMAT.

Therefore, this study focused on the feasibility study of
3D-VMAT-based GRID radiotherapy (VMAT-GRID) using
software-generated VGBs. The shape of the VGB was cus-
tomized by software corresponding to tumor-specific shape
and location. The VMAT technique was used to optimize
the plan to be as conformal as possible and simultaneously
keep GRID therapy dosimetric characteristics (ie, spatially
fractionated peak and valleys doses, peak doses in open
channels, and valley dose gradient across the closed
channels).

Methods
Twenty-five patients were chosen among the previously treated
with GRID therapy in our clinic between the years 2012 and
2017. These patients represent a large range of tumor
volumes, various tumor sites, and both shallow and deeply
seated tumors. Patient characteristics are listed in Table 1.

An “MLC-based VGB” was generated by DICOMan soft-
ware and it consists of 2 new structures, GRID target and
GRID avoidance. Both the GRID target and GRID avoidance
were inside the gross tumor volume (GTV). The GRID target

mimics the open area of the cerrobend-alloy physical GRID
block, and the GRID avoidance mimics the blocked area of
the physical GRID block. The VGB constricted the dose distri-
bution allowing only high dose (peak dose) inside the cylindri-
cal opened areas and low dose (valley dose) within the blocked
areas. The user can define the GRID target’s opening diameter
and center-to-center distance. The 2 new contours (GRID target
and GRID avoidance) generated in DICOMan were transferred
to the Eclipse planning system (v.15.6) for optimization. The
prescription is optimized to deliver the dose to the GRID
target. The GRID avoidance is used in the planning process
as an avoidance structure to create the low dose or valleys
within the target volume (Figure 1). The VGB needs to be opti-
mized by first adjusting the values of dopen and dc-c to fit the
individual patient’s anatomy. Once the dose is calculated, the
plan is evaluated to assure that the set clinical goals are met.
These clinical goals include target mean dose, EUD, achieving
a minimum valley/peak dose ratio, D90/D10, and doses to the
organ-at-risks (OARs). Finally, the design of the VGB needs
to be further optimized by adjusting the values of dopen and
dc-c, or adding/removing the numbers of open areas if the clin-
ical goals are not met. More details of generating a patient-
specific VGB can be found in our previous studies.6–9

For each selected patient in this study, a VMAT-GRID treat-
ment plan was generated using Eclipse treatment planning soft-
ware. Treatment plans were created for Varian Truebeam linear
accelerators with high definition MLC with the central leaves’
width of 2.5 mm. The prescription was 2000 cGy to the
maximum point of GTV in a single fraction. Treatment plans
were optimized with the VMAT technique using 2 to 4 arcs
with a collimator of 90° and 270°, and 6 MV flattening-filter-
free (FFF) beams with 1400 MU/min or 10 MV FFF beams
with 2400 MU/min dose rate. Here, we took advantage of the
fact that the FFF beam allows high dose rate delivery, which
can significantly reduce the treatment time and reduce the pos-
sibility of patient motion.

The planning goal for GTV dose constraints was as follows:
the maximum dose of GRID target (the opening area on the
VGB) was 2000 cGy; the GTV mean dose was between 800
and 1000 cGy; this value was based on our previous experience
of treating conventional Linac-GRID patients.6,7,9 The equivalent
uniform dose (EUD) was used to further evaluate the target dose
coverage. The definition of EUD was used as the following10:

EUD = Dref
ln

∑N
i=1 vi(SF2)

DiDref
[ ]

ln(SF2)
(1)

where vi is the partial volume corresponding to dose Di. SF2= 0.5
for moderately radiosensitive tumor target with a reference dose
of 2 Gy per fraction. For a more detailed calculation method,
please refer to the paper by Niemierko.10

Normal tissue doses were optimized to receive a rapid
dose drop-off in the normal tissue area immediately adjacent
to the target. Two new planning structures, ring 1 and ring 2,
represented 2 different normal tissue areas close to the target
to evaluate the dose drop-off. Ring 1 represented the area

Table 1. Main characteristics of the tumors studied in this work.

Pt
# Location

Volume
(cc)

Max
dimension
(S-I, cm)

Max
dimension
(R-L, cm)

Deptha

(cm)

1 Neck 525.10 10.22 10.40 0.00
2 Pelvis 234.70 13.41 5.90 0.81
3 Shoulder 653.70 12.30 9.80 2.54
4 Chest 1014.20 15.80 14.4 1.67
5 Chest 4683.90 19.50 20.6 2.29
6 Abdomen 643.10 15.70 9.70 3.38
7 Neck 185.00 8.06 7.10 0.39
8 Extremity 3859.50 35.90 14.7 0.00
9 Head&neck 155.00 7.40 7.60 0.48
10 Neck 346.20 11.10 10.0 0.18
11 Shoulder 439.90 9.80 13.6 0.20
12 Neck 629.70 11.60 9.10 0.15
13 Chest 390.00 9.90 8.70 0.13
14 Chest 336.00 7.50 7.70 0.50
15 Abdomen 3066.20 22.70 17.7 2.80
16 Pelvis 720.70 14.60 10.4 2.67
17 Pelvis 469.50 11.10 9.70 6.27
18 Neck 105.00 7.10 4.50 0.46
19 Head&neck 387.00 12.10 8.20 0.00
20 Pelvis 481.30 9.90 9.10 1.83
21 Neck 71.60 5.10 4.80 0.38
22 Shoulder 295.70 6.00 8.40 0.32
23 Head&neck 316.00 13.50 10.4 0.13
24 Pelvis 1417.10 12.10 15.6 4.50
25 Head&neck 440.30 8.90 10.0 0.00

Abbreviations: S-I, superior to inferior; R-L, the right to left.
aDistance from the skin to the proximal edge of the target.
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that was 5 mm away from the GTV surface and extended
outward by 5 mm to estimate the normal tissue doses imme-
diately near the target. Ring 2 represented the area that
extends outward of 1 cm from the outer circumference of
ring 1.

In summary, dosimetric evaluation parameters included
GTV mean dose (Dmean), GTV EUD, GTV inhomogeneity
including the valley to peak ratio, which is the ratio of the
minimum dose to the maximum dose (Dmin/Dmax) inside the
target, and the ratio of D90/D10, and normal tissue doses (ring
1 and ring 2). The Dmax is defined as the maximum dose in
0.5 cc of the target, and the Dmin is the minimum dose covering
100% of the target volume (D100). In this study, all plans were
reviewed and approved by a single physician.

Results
Figure 2 shows the achieved optimized VGB parameters: the
center-to-center distances (dc−c), and the diameters of the
opening area (dopen) for each VGB used in this study.

Figure 2 also shows that the median center-to-center distance
was around 27 mm, and the median diameter of the opening
area was 9 mm for all 25 patients. Figure 3 and Table 2 show
the results of the GTV mean dose, GTV EUD. Table 2 also
shows the GTV inhomogeneity (Dmin/Dmax and D90/D10), and
the normal tissue doses (ring 1 and ring 2).

Table 2 shows that the median mean GTV dose was 918 cGy
with the range from 876.6 cGy to 938 cGy, and the median GTV
EUD dose was 818 cGy with the range from 740 cGy to 916 cGy.
The global median maximum dose was 2043 cGy with the range
of 1915 cGy to 2104 cGy and all the maximum doses were
located inside the GTV. For the dose inhomogeneity, the
median valley to peak dose ratio was 0.098, with the range of
0.03 to 0.26; and the median ratio of D90/D10 was 0.70 with the
range of 0.38 to 0.94. Figure 4 shows an example of the GTV
dose distribution for a typical VMAT-GRID therapy treatment

plan, and the GTV mean dose was around 900 cGy, which was
the planning goal in this study. Figure 5 shows an example of
GTV dose inhomogeneity with the peak and valley dose distribu-
tion for the same patient as Figure 4.

Figure 1. Illustration of a virtual GRID block (VGB) generated by the DICOMan software8.

Figure 2. Virtual GRID block (VGB): center-to-center distance
(diamonds), diameter of opening area (triangles). The horizontal lines
represent the optimized median values for center-to-center distance
(27 mm), and for the diameter of the opening area (9 mm).

Figure 3. GTV mean dose and GTV EUD for all 25 patients: GTV
mean dose (diamonds); GTV EUD (triangles). The horizontal lines
represent the median mean doses (918 cGy) and EUD doses (818 cGy).
Abbreviations: GTV, gross tumor volume; EUD, equivalent uniform dose.
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Regarding normal tissue doses, the median of the mean
doses was 453.3 cGy (361-644.9 cGy) for ring 1 and was 302
cGy (210-519.4 cGy) for ring 2. The median of the maximum
doses was 1093 cGy (865.8-1485 cGy) for ring 1 and 916.4
cGy (612-1225 cGy) for ring 2 (Figure 6).

Discussion
A feasibility study of a VMAT-based GRID plan using a cus-
tomized VGB has been performed. Generally, conventional
GRID therapy using a physical GRID block collimator has
the limitation of higher normal tissue dose, especially near or
beyond the target location where the maximum dose may fall
outside of the target on occasion. It is also challenging to use
a conventional GRID therapy plan for a large deeply seated
bulky tumor, because of large entrance and exit dose
streaks.11 Some studies have reported that the traditional 3D

GRID therapy lacked the ability to develop a conformal plan,
especially for irregular tissue geometries or deep targets.6 In
this study, a large range of tumor volumes from 71.6 to 4683
cc and various tumor sites such as head & neck, shoulder,
chest, abdomen, pelvis, and extremity were studied. In addition,
both shallow and deeply seated tumors were included, with dis-
tances from the proximal edge of the target to the skin surface
ranging from 0 (skin surface) to 6.27 cm. Gram et al12 showed a
planning approach for using VMAT-GRID on 2 cases of large
bulky tumors. The author’s planning technique differs from
ours because the GRID targets are placed manually, and the
maximum doses are much higher than prescription (up to
56% higher). In our opinion, this approach is more akin to
lattice therapy.13

One of this study’s salient features is that all VMAT-GRID
plans employed a VGB, which was first optimized by adjusting
dopen and dc-c to fit the individual tumor shape, tumor volume,
and tumor location. The final optimized VGB was achieved
by assuring that the clinical goals are met. These clinical
goals include target mean dose, EUD, achieving a minimum
valley/peak dose ratio, D90/D10, and doses to the OARs.
Optimization of the physical GRID block is not possible. The
VGB design can be further modified by adding or removing
open areas during treatment planning to spare the critical
OARs, taking into account the trade-off between the plan
quality and delivery time. In this study, the VGB has the
median value of dopen of 9 mm, and the median value of dc-c
of 27 mm (Figure 2). The commercially available
cerrobend-alloy physical GRID block has a dopen of 14 mm
and dc-c of 21 mm at the isocenter plane (Radiation Products
Design, Inc.). The VGB used in this study had smaller dopen
and larger dc-c. The reasons for this are the following: the
VGB was generated using MLC. The dose under the blocked
area consisted of beam penetration directly through the virtually
blocked areas, the adjacent open-area exposure, and the dose
leakage from the MLC. Larger dopen and smaller dc-c would
increase the dose under the blocked area, thus increase the
valley dose in our case. The biological factors related to these
parameters are unknown, especially how this might affect the
tumor response, however, in terms of overall tumor cell kill,
it has been reported that the therapeutic ratio advantage of
GRID therapy is related to the design of GRID collimator.14,15

For each patient plan, the VGB was optimized to fit the
patient’s anatomy and form an acceptable GRID beam
pattern. Gholami et al16 reported that GRID blocks with hole
diameters of 1.0 and 1.25 cm may lead to about 19% higher
therapeutic ratio relative to the GRIDs with hole diameters
smaller than 1.0 cm or larger than 1.25 cm (with 95% confi-
dence interval). Besides a therapeutic ratio advantage, there
are other considerations related to the design of GRID collima-
tor, such as the values of dopen and dc-c is directly related to the
target volume and target shape, the MLC leaf width will also
need to evaluate when designing a VGB with an opening diam-
eter of <1.0 cm. However, no criteria are currently available
regarding the optimal center-to-center distance and opening
diameter.

Table 2. GTVDmean, EUD, D90/D10, valley to peak ratio (Dmin/Dmax),
and normal tissue doses (ring 1 and ring 2).

Patient
#

GTV
Dmean

(cGy)

GTV
EUD
(cGy)

GTV
(D90/
D10)

a

GTV
(Dmin/
Dmax)

b

Normal
tissue
ring1c

(cGy)

Normal
tissue
ring2d

(cGy)

1 933.10 841.00 0.65 0.05 395.40 254.70
2 915.60 802.00 0.73 0.07 361.00 245.00
3 899.80 879.00 0.67 0.07 420.80 299.80
4 908.50 807.00 0.67 0.07 468.60 344.20
5 932.20 916.50 0.94 0.26 644.90 519.40
6 927.00 846.00 0.82 0.06 579.00 436.00
7 931.00 804.00 0.65 0.10 407.00 248.00
8 906.20 844.00 0.75 0.05 502.60 383.10
9 885.00 760.80 0.70 0.06 431.70 281.20
10 918.60 821.20 0.59 0.08 451.80 284.00
11 876.60 764.30 0.69 0.02 464.10 309.90
12 905.20 797.00 0.67 0.06 402.50 272.00
13 921.40 794.30 0.66 0.02 476.50 360.00
14 911.20 780.24 0.70 0.04 430.90 276.00
15 906.20 866.40 0.91 0.09 577.80 477.60
16 935.00 870.00 0.87 0.19 549.00 405.00
17 919.30 837.00 0.86 0.14 532.00 393.00
18 915.00 747.70 0.47 0.16 387.00 232.00
19 922.00 804.00 0.75 0.05 410.40 302.00
20 938.00 841.00 0.38 0.07 527.00 376.80
21 891.20 768.00 0.71 0.04 376.70 210.10
22 925.80 830.00 0.82 0.11 475.80 315.00
23 928.00 818.00 0.79 0.08 500.60 325.00
24 920.40 844.00 0.78 0.15 453.30 107.30
25 862.70 771.40 0.70 0.10 353.00 233.00

Abbreviations: GTV, gross tumor volume; EUD, equivalent uniform dose.
aD90 is the dose to cover 90% of the target volume and D10 is the dose to cover
10% of the target volume.
bDmax is defined as the maximum dose in 0.5 cc of the target and the Dmin is the
minimum dose covering 100% of the target volume (D100).
cRing 1: the area that was 5 mm away from the GTV surface and extended
outward by 5 mm to estimate the normal tissue doses immediately near the
target.
dRing 2: the area that extends outward of 1 cm from the outer circumference of
ring 1.
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In this study, the virtual GRID beam pattern mimics the
GRID beam pattern using the physical block and modifying
the parameters based on patient-specific anatomy and tumor
shape. A wide range of tumor volumes and locations was
selected in this study. The median value of dopen= 9 mm, and
the median value of dc-c= 27 mm. Our study indicates that
the 2 median values can be used as the starting parameters to
design the VGB. After the biological co-relationship of GRID
therapy parameters become known, ultimately these features
may be tailored to each patient’s tumor type, biology, and
other concomitant treatments being administered (chemother-
apy or immunotherapy). Figure 2 also showed that the diameter
of the openings was nearly constant corresponding to various
center-to-center distances. So, the other option was to keep
the open diameter fixed (dopen= 9 mm) and change the distance

Figure 4. illustration of Head and Neck VMAT-GRID patient isodose distribution and its respective dose-volume histogram (DVH) for the GTV,
showing the mean dose around 900 cGy.
Abbreviations: VMAT, volumetric modulated arc therapy; GRID, spatially fractionated radiotherapy; GTV, gross tumor volume.

Figure 5. illustration of dose inhomogeneity for the same Head and Neck VMAT-GRID patient in the Figure 4, showing one profile with valley
to peak dose distribution.
Abbreviations: VMAT, volumetric modulated arc therapy; GRID, spatially fractionated radiotherapy.

Figure 6. The maximum dose in gross tumor volume (GTV;
diamonds) and normal tissue Ring 1 (circles) & Ring 2 (triangles).

Zhang et al 5



between the 2 opening areas to accommodate treatment plan-
ning goals.

Valley-to-peak ratio is a critical dosimetric parameter to eval-
uate the GRID therapy treatment plan. The VMAT-GRID therapy
generally had a higher valley-to-peak ratio than the conventional
cerrobend-alloy GRID block because of the higher dose under the

GRID blocking area. The valley-to-peak dose ratio is remarkably
consistent across the axial plane for the traditional GRID therapy,
but this ratio is variable corresponding to different targets in
VMAT-GRID therapy. Figure 7 shows a VMAT-GRID beam
that achieved similar peak/valley values compared to conven-
tional cerrobend block GRID therapy.

Figure 7. Example of an ideal VMAT-GRID therapy plan (pelvis): 3-planes’ view and dose profile. This case example is considered ideal due the
similar peak/valley distribution as in a conventional GRID block.
Abbreviations: VMAT, volumetric modulated arc therapy; GRID, spatially fractionated radiotherapy.

Figure 8. Examples of VMAT-GRID dose profiles with suboptimal GRID beam. (Upper: H&N, bottom: Chest). The suboptimal GRID beam
means the nonuniform peak/valley ratio in the dose distribution inside the GTV.
Abbreviations: VMAT, volumetric modulated arc therapy; GRID, spatially fractionated radiotherapy; GTV, gross tumor volume.
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Some patients received a suboptimal GRID beam pattern
because of the patient-specific anatomical constraints. Figure 8
shows an example of dose profiles (1 H&N, patient No. 1 and
1 chest, patient No. 5) with suboptimal beam profiles. The
valley-to-peak ratio was significantly changed across the axial
plane, especially for the chest VMAT-GRID plan compared to
the relative ideal VMAT-GRID plan in Figure 7. This chest
patient had a larger tumor volume (4683.9 cc) among all patients
selected in this study, and it also had an irregular tumor shape.
This result indicated that the valley-to-peak ratio may not be the
only parameter to evaluate the beam inhomogeneity for all
patients, such as the example of patients shown in Figure 8. In
this study, we also calculated D90/D10 to further evaluate the
GRID beam pattern. A white paper for GRID therapy physics-
related guidelines was recently published by the Radiosurgery
Society (RSS) GRID therapy working group.17,18 Dosimetric
metrics have been recommended, including both the
valley-to-peak ratio and D90/D10. However, no tolerance range
was established for any individual parameter by the RSS group.
Researchers and clinicians still use an in-house standard to eval-
uate their GRID therapy treatment plan.

Because of the intended dose inhomogeneity of GRID
therapy, traditional dose coverage evaluations such as D95 are
not appropriate for evaluating GRID therapy plans. In this
study, GTV mean dose and GTV EUD were calculated to eval-
uate the GTV coverage. The GTV mean dose constraint was set
to 800 to 1000 cGy, and this value was based on our previous
experience of treating conventional Linac-GRID patients.
Figure 3 showed the GTV mean doses and GTV EUDs for all
patients from this study. Of note is that the GTV EUD doses
had a relatively large dose variation compared to the GTV
mean doses (Figure 3). This is due to the suboptimal GRID
beam pattern with heterogeneous valley doses delivered to
some VMAT-GRID patients. Figure 9 shows an isodose distri-
bution for one of the patients with the lowest EUD in this study.
This target volume had a very irregular shape, and the VGB

generated from the software did not have any resulting open
holes at the 2 elongated ends. A possible option would be
that the VGB can be modified during Eclipse planning by
adding open spots to increase the dose in these areas;
however, even in this case, the plan still had some low doses
around these 2 areas because of the suboptimal GRID pattern.

To further investigate the considerable variation of EUD,
more patient numbers and dosimetric parameters are needed,
such as the peak-to-peak distance, and these will be included in
our upcoming iterations of the planning approach in future work.

There is a well-known issue for conventional GRID therapy
where the maximum dose often falls outside of the target
volume. In these cases, OARs adjacent to the target may
receive relatively higher doses that could exceed their tolerance.
In this study, the global maximum dose was evaluated to deter-
mine whether the maximum dose was located inside the GTV or
not. In addition, 2 normal tissue structures surrounding the GTV
were defined to investigate the normal tissue dose drop-off from
the target (ring 1 was set at 0.5 cm away from the target surface
and ring 2 was set at 1.5 cm away from the target surface). In
this study, all results had the maximum doses located inside
the GTV, and there was a rapid dose drop-off from target to
ring 1 (Figure 6). The median of the maximum doses inside
the target was 2043 cGy (1914.7-2104.5 cGy), and the
median of the maximum doses inside the 0.5 cm margin set
by ring 1 was 1093 cGy (865.8-1485 cGy). Normal tissue
dose within 1.5 cm at ring 2 was comparable to other
non-GRID radiotherapy plans (Dmedian-ring2= 302 cGy). This
was primarily because VMAT techniques were used to optimize
the plan to meet the plan goal.

Conclusions
We have developed a novel treatment planning method for GRID
therapy using 3D-VMAT techniques. The VMAT-GRID plan
was generated using software-generated VGBs, and the VGB
can be further customized to fit the individual tumor anatomy
and tumor shape. The average values of preliminary optimized
parameters (dopen= 9 mm and dc-c= 27 mm) can be applied as
the starting point to design the VGB, and such to reduce the
required planning time to obtain a more robust VMAT-GRID
plan.

More dosimetric parameters are needed to further correlate
with the clinical benefits as suggested by the RSS GRID
therapy working group. Nonetheless, VMAT-GRID can poten-
tially spare normal tissue better than a conventional 3D GRID
therapy plan based on the use of optimization structures to
reduce the dose to normal tissue adjacent to the target. In addi-
tion, evidence of this potential was found in the GTV maximum
point doses being inside the GTV target for all patients, and the
sharp dose fall-off immediately outside the target.
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