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Volumetric modulated arc
therapy based total marrow and
lymphoid irradiation: Workflow
and clinical experience

Colton Ladbury †, Chunhui Han †, An Liu
and Jeffrey Y. C. Wong*

Department of Radiation Oncology, City of Hope National Medical Center, Duarte, CA, United States
Background: The aim of this study is to report historical treatment planning

experience at our institution for patients receiving total marrow and lymphatic

irradiation (TMLI) using volumetric modulated arc therapy (VMAT) as part of the

conditioning regimen prior to hematopoietic stem cell transplant.

Methods: We identified a total of fifteen patients with VMAT TMLI, ten with a

prescription dose of 20 Gy (targeting the skeletal bones, lymph nodes, spleen,

and spinal canal, with 12 Gy to the brain and liver) and five with a prescription

dose of 12-16 Gy (targeting the skeletal bones, lymph nodes, spleen, and spinal

canal). Representative dosimetric parameters including total treatment time,

mean and median dose, D80, and D10 (dose covering 80% and 10% of the

structure volume, respectively) for targets and normal organs were extracted

and compared to historical patients treated with helical tomotherapy.

Results: The median treatment time for the first and subsequent fractions was

1.5 and 1.1 hours, respectively. All the target volumes had a mean dose greater

than the prescribed dose except the ribs, which had an average mean dose of

19.5 Gy. The skeletal bones had an average mean dose of 21.1 Gy. The brain and

liver have average mean doses of 14.8 and 14.1 Gy, respectively. The mean lung

dose had an average of 7.6 ± 0.6 Gy for the 20-Gy cohort. Relative to the

prescription dose of 20 Gy, the average mean dose for the normal organ

volumes ranged from 16.5% to 72.0%, and the average median dose for the

normal organs ranged from 16.5% to 71.0%. Dosimetry for patients treated to 12-

16 Gy fell within expected ranges based on historical helical tomotherapy plans.

Conclusions: Dosimetric data in the VMAT TMLI plans at our institution are

summarized for 20 Gy and 12-16 Gy cohorts. Dose distributions and treatment

times are overall similar to plans generated with helical tomotherapy. TMLI may

be delivered effectively using a VMAT technique, even at escalated doses.

KEYWORDS

TMLI (total marrow and lymphatic irradiation), IMRT (intensity modulated radiation
therapy), VMAT (volumetric modulated arc therapy), radiation, dosimetry, HCT
(hematopoietic cell transplant)
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1 Introduction

Total body irradiation (TBI) is a critical component of the

conditioning regimen for hematopoietic cell transplantation,

increasing the probability of a successful transplant by helping

eradicate cancerous cells and/or decreasing risk of graft rejection (1,

2). Traditionally, TBI has been administered using two-dimensional

treatment planning with an anteroposterior (AP) and posteroanterior

(PA) fields (3). When myeloablative doses, typically in the range of

12-13.2 Gy, are administered, this requires shielding of critical organs

such as the lungs to reduce the risk of morbidity. Organs that are not

shielded receive the full prescription dose. As a result, TBI is

associated with a multitude of acute and chronic complications

including pneumonitis, renal dysfunction, and hypothyroidism (4).

The morbidity associated with TBI treatment has proven prohibitive

for achieving dose escalation, which might otherwise be a valuable

means of decreasing risk of relapse (5–8).

Advances in radiation technology have offered an alternative

to conventional TBI that can help overcome those shortcomings.

Intensity modulated radiation therapy (IMRT), which has

become widely available in the early 2000s, has the capability

to provide focused and conformal dose distributions that can

better target regions of interest while limiting dose to organs at

risk (OARs) (9). This led to the development of total marrow

and lymphatic irradiation (TMLI), which focused radiation on

structures critical for reducing relapse rates (bone marrow ±

lymph nodes), and sparing other organs such as the brain, lungs,

heart, kidneys, and testis (10–13). This approach has been shown

to reduce toxicities (14). Further, by limiting dose to OARs, dose

escalation has been facilitated without excessive toxicity (15, 16).

Historically, TMLI treatments have been administered using

helical tomotherapy (HT) machines due to their ability to treat

the length of the body without requiring multiple isocenters and

treatment fields, and therefore multiple image acquisitions for

image guidance (13). To date, our institution has treated over

400 patients using HT-based TMLI. However, conventional C-

arm linear accelerators are more prevalent than HT machines,

and therefore a TMLI technique provides access for more

patients receiving TMLI treatments. Starting in 2021, our

institution began administering clinical TMLI treatments using

VMAT fields. We have delivered TMLI treatments using VMAT

fields on conventional linear accelerators for 15 patients with

prescription dose ranging from 12 Gy to 20 Gy. Herein, we

report our treatment planning and delivery experience.
2 Materials and methods

2.1 VMAT TMLI technique

2.1.1 Simulation
Patients are immobilized using a thermoplastic mask from

the head to shoulder region and covering the feet, in addition to
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a full body vacuum bag (VakLok). For patients shorter than 105-

135 cm, the CT simulation scan spans the top of the skull to the

bottom of the feet, in a feet-first supine position. For taller

patients, two separate simulation CTs are acquired: one for the

upper body in a head-first supine position and one for the lower

body in a head-first supine position, with overlap in the pelvis

and proximal thigh regions. Both arms are kept straight and

close to the body with hands forming loose fists. Three

radiopaque triangulation markers are placed in the abdominal

area in the same axial plane to mark the origin of the coordinates

used in the CT images. Additionally, two radiopaque markers

are placed in an axial plane at the upper thigh level to assist with

setup of treatment fields for the upper body and lower

extremities. Lastly, a set of three radiopaque triangulation

markers are placed at the mid-shin level to mark the origin for

the lower-extremity CT simulation.

Computed tomography (CT) simulation is obtained using

7.5 mm slice thickness. Images are acquired with patients

breathing using shallow respirations. To fully model

respiratory movement, end of expiration and end of

inspiration breath hold CT scans are also acquired for the

thoracic and abdominal regions. CT simulation scans are then

sent to the Eclipse treatment planning system (Varian Medical

Systems, Palo Alto, CA). The scans are registered based on bony

anatomy to generate a whole-body image set used for a single

treatment plan.

To facilitate treatment planning, the upper body and lower

extremity CT simulation are concatenated to form a whole-body

CT image set. A commercial software application (Velocity,

Varian Medical Systems, Inc., Palo Alto, California) is used to

concatenate the CT images based on deformable image

registration results.

2.1.2 Treatment planning
All contouring and planning were performed using the

Eclipse (Varian Medical Systems, Palo Alto, CA) v16.1

treatment planning system. At our institution, all structures

are delineated the same way in VMAT and HT cases and the

same dosimetric guidelines are used for plan optimization,

facilitating comparison of the two techniques (17). Following

CT simulation, normal organs and target structures are

delineated on the image set according to the specific treatment

protocol. Artificial intelligence based auto-segmentation

algorithms are used to help contour both targets and normal

organs, which are manually adjusted by the treating physician

and dosimetrist as needed. Target volumes at minimum include

all bones and associated marrow, major lymph node chains, and

the spleen. Depending on the protocol, the brain, liver, and testes

are sometimes included as target volumes. The planning target

volume (PTV) includes a 5-10 mm margin on bone, cropped

away from skin, esophagus, and kidney by at least 5 mm. The

mandible is excluded to facilitate organ sparing. No anterior

margin is used for vertebra and pelvic bones, and no inner
frontiersin.org
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margin us used for ribs and skull to facilitate organ sparing.

Avoidance structures include the brain, eyes, lenses, optic nerves,

parotid glands, oral cavity, thyroid, lungs, heart, esophagus,

breasts (in females), stomach, small intestine, liver, kidneys,

bladder, rectum, ovaries and uterus (in females), and testes (in

males, unless included in target volume). Using the end-

expiration and end-inspiration scans, respiratory motion is

accounted for in relevant organs including esophagus, kidneys,

spleen, and liver.

Following delineation of treatment and avoidance structures,

treatment plans are generated for a Varian TrueBeam linear

accelerator with a 120-leaf multi-leaf collimator (MLC), with a

leaf width of 5 mm for the central 40 leaf pairs and a leaf width of

1 cm for the peripheral 20 leaf pairs. The maximum field

dimension is 40 cm × 40 cm and the maximum MLC travel is

15 cm. For adult patients, four to five isocenters are typically

required for the upper body to mid-thigh TMLI treatment plan,

with two VMAT arc fields per isocenter (one to two fields are

used for the inferior isocenter). Isocenters are placed along the

longitudinal axis, with no lateral or antero-posterior shifts.

Isocenters are typically separated by no more than 24 cm. The

collimator angle is at 90°C so that the MLC leaves move along

the longitudinal direction of the patient. Asymmetric jaws are

used along the patient’s longitudinal direction so that two arc

fields at each isocenter are coplanar and cover different lengths

of the patient body.

For the lower body, from the mid-thigh to the bottom of the

feet, either a VMAT or three-dimensional technique can be used.

For the VMAT technique, typically three large aperture,

coplanar fields are used. For the three-dimensional technique,

three to four static AP/PA photon fields in two to three

isocenters are planned in a feet-first supine position. Plans are

generated using a six-megavoltage photon beam for all VMAT

fields and optimization for all isocenters is carried out

simultaneously. The automatic feathering option for the

optimizer was enabled in plan optimization, which leads to a

smooth dose gradient with each VMAT field in the dose junction

regions to minimize dose variation due to setup uncertainties.

The upper body VMAT TMLI plan is summed with the lower

extremity plans for verification of adequate dose in the junction

region at the upper thigh. Visualization of field arrangement is

shown in Figure 1A.

Treatments are planned to total doses of 12-20 Gy based on

clinical protocol, given in 1.5-2 Gy fractions, respectively. For all

plans dose was prescribed to skeletal bones (excluding the ribs

and skull), ribs, skull, lymph nodes, spinal canal, and spleen. For

the 20 Gy plans, the brain and liver are treated to 12 Gy. Plans

are optimized such that a minimum of 85% of the PTV received

prescription dose. Planning dose constraints include mean lung

dose of less than 8 Gy based on prior toxicity analyses from our

institution and association with survival in a Children’s

Oncology Group study (18). This objective is achieved by

prioritizing lung sparing over target coverage in the thoracic
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region. The maximum dose to normal organs was based off

reference tables generated by historical TMLI plan data from our

institution. Overall hotspots were limited as possible.

Plan optimization typically requires at least 2-3 hours. At

our institution, we have developed a standalone application to

automatically optimize VMAT TMLI plans. This application can

be run overnight without user intervention. This application is

written in the C# programming language and is built on top of

the Eclipse Scripting Application Programming Interface

(ESAPI) from Varian Medical Systems. The dosimetrist first

delineates the structures and sets up the fields. Then this

application is run to optimize the plan. All the VMAT fields at

multiple isocenters are optimized in one single plan. The

application automatically applies optimization parameters to

the targets and normal organs; it also sets up other relevant

parameters for the optimizer. The optimization parameters are

dosimetric parameters used in construction of the objective

function for optimization. These include upper and lower

dose-volume objectives for each target, upper dose-volume

objectives for normal organs, mean dose objectives for certain

organs, and priority values for each objective. Other relevant

parameters for the optimizer” refer to those settings that are not

dosimetric constraints but are used by the optimizer. Examples
A

B

FIGURE 1

Upper body field arrangement (A) and setup (B) for patient
treated with VMAT TMLI.
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of such settings are whether jaw tracking will be used in

optimization and the MU objective in optimization. The

optimization parameters are determined from prior dosimetric

planning experience. At the end of optimization, the application

calculates the plan dose and performs dosimetric evaluation. The

application will re-optimize the plan automatically if necessary

to improve the dosimetric quality of the treatment plan. The

application checks plan quality by evaluating representative

dosimetric parameters. If certain dosimetric parameters do not

meet planning criteria, the application can adjust relevant

optimization parameters and re-optimize the treatment plan.

The in-house application currently does not change constraints

and priority values based on individual patient anatomy. The

application does not use artificial intelligence techniques.

2.1.3 Treatment delivery
Prior to treatment delivery, plans undergo quality assurance

with standard IMRT protocols. Currently our institution utilizes

machine trajectory files and an independent calculation engine.

A commercial software application (MobiusFX version 4.0,

Varian Medical Systems, Inc., Palo Alto, California) analyzes

trajectory log data after the VMAT TMLI fields are run on the

Linac. The software calculates three-dimensional dose

distribution based on the trajectory log data and compares the

dose with the plan dose. Our institution uses three-dimensional

Gamma analysis to check patient-specific QA results from the

MobiusFX system. To facilitate more efficient treatment delivery,

a separate setup appointment occurs either the Friday before or

the day before the start of treatment to obtain imaging to aid

with determining optimal patient alignment. Patients are

immobilized using a thermoplastic mask in the head and neck

and feet regions and a full body vacuum bag (Figure 1B).

Treatments are then administered twice a day, with at least six

hours between treatments. For image guidance, two cone beam

(CB) CTs are obtained for each fraction: one in the head and

neck isocenter region and one in abdominopelvic isocenter
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region. The CBCTs are registered to the simulation CT, with

the shifts required for two CBCT scans averaged to correct the

couch position. In addition, for each isocenter, orthogonal

kilovoltage port films, at 45°C and 315°C in the thoracic

region to obtain a clear view of the spine without obstruction

from the arms, are taken to confirm accurate positioning. The

120 Gy plans were given in eight equal fractions with two

fractions (separated by at least 6 hours) delivered each day.

The 20 Gy plans were given in ten equal fractions with two

fractions (separated by at least 6 hours) delivered each day.
2.2 Treatment plan analysis

In this study, treatment plans were analyzed for the 20 Gy

(10 patients) and 12-16 Gy (five patients) cohorts. An example

treatment plan with dose-volume histograms (Figure 2A) and

three-dimensional dose distribution (Figure 2B) of a patient

treated to 20 Gy is visualized. We extracted the total duration of

treatment for each fraction, calculated as the total time the

patient was on the treatment table. Due to the first fraction

requiring additional time, the first fraction was analyzed separate

from remaining fractions. This time does include a brief break

between treatment of the upper body and the legs where the

patient is allowed to rest when orientation changes. We extracted

and analyzed dosimetric parameters including mean and median

dose (D50), D80, and D10 for all plans. The TMLI treatment

plan for each patient was retrieved and the treatment plan data

containing dose and structure contours were exported as

DICOM files. In-house software applications were developed

to extract and analyze dosimetric parameters for the targets and

normal organs from the DICOM data files. To illustrate the

spread of values for each dosimetric parameter, we calculated

and presented the 1st quartiles and 3rd quartiles, in addition to

the average values, for each dosimetric parameter in each cohort,

where the 1st quartile is defined as the middle value between the
A B

FIGURE 2

Target and organ-at-risk dose volume histograms (A) and three-dimensional dose distribution (B) of patient treated with VMAT TMLI to 20 Gy.
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minimum value and the median value, and the 3rd quartile is

defined as the middle value between the maximum value and the

median value for a given parameter. Statistical analysis in this

study was performed with a data analysis software system (Excel

version 2102, Microsoft Corp., Redmond, WA).
3 Results

A total of 15 patients’ treatment plans were analyzed. All

patients were diagnosed with acute myeloid leukemia (AML).

None patients were male. Median age was 53 (range 25-69).

Median height was 167.5 cm (range 155-186 cm). Median weight

was 70.2 kg (range 46.9-95.5 cm).

Table 1 lists treatment duration statistics for the VMAT

TMLI plans. The median treatment time for the first and

subsequent fractions was 1.5 (range: 1.2-2.4) and 1.1 (range:

0.6-1.9) hours, respectively. The mean treatment time decreased

from 1.3 hours for the first two patients treated in 2017 to 0.9

hours for the final two patients treated in 2022.

Table 2 lists mean dose and median dose statistics (average,

standard deviation, and 1st and 3rd quartiles) for each structure

with the 20-Gy cohort. Of note, the brain and liver were

prescribed 12 Gy while the other target volumes were

prescribed 20 Gy. All the target volumes had a mean dose

greater than the prescribed dose except the ribs, which had an

average mean dose of 19.5 Gy. The skeletal bones had an average

mean dose of 21.1 Gy. The brain and liver have average mean

doses of 14.8 and 14.1 Gy, respectively. Relative to the

prescription dose of 20 Gy, the average mean dose for the

normal organ volumes ranged from 16.5% to 72.0%, and the

average median dose for the normal organs ranged from 16.5%

to 71.0%. Among the normal organ structures, the lenses showed

the lowest average mean and median dose values while the

female breasts showed the highest average mean and median

dose values. The mean lung dose had an average of 7.6 ± 0.6 Gy

for the 20-Gy cohort. Table 3 lists statistics of D80 and D10 for

targets and normal organs with the 20-Gy cohort.

Figure 3 shows distributions of mean dose for target volumes

and major normal organ volumes in the VMAT TMLI plans for

the 20-Gy cohort. The minimum, maximum, and first, second,
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and third quartiles of the mean dose are shown in the box plot

for each target and each normal organ. Figure 4 shows the mean

dose data to targets and normal organ volumes in the three 12-

Gy VMAT TMLI treatment plans overlain over dosimetry from

our historic 12-Gy helical tomotherapy cohort. Additional dose

statistics for the two patients treated with 14 or 16 Gy are shown

in Table 4.
4 Discussion

This study details the treatment technique our institution

has used for our initial fifteen VMAT based TMLI patients, as

well as a dosimetric summary of the resulting treatment plans.

Using this technique, suitable target volume coverage and

normal organ sparing is achievable, even with dose escalation

to 20 Gy. Our approach could be used by other institutions to

implement TMLI using VMAT, particularly when helical

tomotherapy is not available.

Han et al. have performed the largest dosimetric analysis to

date of patients treated with TMLI, including patients treated to

an escalated dose of 20 Gy (17). Their analysis included a total of

120 patients treated to 20 Gy, with almost all patients treated

with helical tomotherapy (four patients were treated with

VMAT). The dosimetry in our study, with average mean dose

to the target volumes ranging from 19.5 Gy (ribs) to 21.1 Gy

(skeletal bones) is nearly identical to their cohort, where doses

ranged from 19.3 Gy (ribs) to 20.8 Gy (skeletal bones).

Dosimetry to the intermediate dose regions of the brain and

liver were also similar, at 14.8 and 14.1 Gy, respectively, in our

study and 13.6 and 12.9 Gy, respectively, in their study. Normal

organ dose ranged from 13.0-76.0% in their study compared to

16.5% to 72.0% in our study, corresponding to lens dose and

female breast dose in both studies. The same trends can be

applied to the three patients treated to 12 Gy in our study.

Although we had insufficient numbers to generate descriptive

statistics, the mean doses fell within the same range as our

historical helical tomotherapy cohort. In total, these data

support the idea that VMAT TMLI can achieve comparable

dosimetry to plans generated using helical tomotherapy. The

ability to deliver TMLI with VMAT is critical for more

widespread availability of TMLI as a treatment option when

designing transplant conditioning regimens. Initial trials of

TMLI utilized helical tomotherapy due to increased ease of

treating lengths of the body without requiring several

isocenters (10–13). However, traditional C-arm linear

accelerators are more commonly available in radiation

oncology departments , so VMAT would fac i l i ta te

implementation of TMLI in institutions where it otherwise

would not be feasible.

The feasibility of VMAT TMI was first established in 2011

(19, 20). VMAT was shown to lead to comparable dosimetry to

helical tomotherapy approaches, as well as a reduction in beam
TABLE 1 Statistics of treatment times for patients treated with VMAT
TMLI.

First Fraction
(hrs)

Subsequent Fractions
(hrs)

Mean 1.6 1.1

Median 1.5 1.1

Range 1.2-2.4 0.6-1.9

Interquartile range
(IQR)

1.3-1.9 1.0-1.2
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TABLE 2 Statistics of mean dose and median dose (D50) for each structure with the 20-Gy cohort.

Mean dose (Gy) Median dose (Gy)

Structure Avg ± StdDev 1st quartile 3rd quartile Avg ± StdDev 1st quartile 3rd quartile

Skeletal Bones 21.1 ± 0.2 20.9 21.2 21.4 ± 0.4 21.2 21.6

Lymph Nodes 20.5 ± 0.5 20.3 20.8 21.3 ± 0.6 21.0 21.7

Spinal Canal 20.5 ± 0.5 20.3 20.6 21 ± 0.7 20.7 21.1

Skull 20.7 ± 0.7 20.1 21.2 21.2 ± 0.7 20.7 21.6

Ribs 19.5 ± 0.7 19.2 19.8 20.5 ± 0.8 20.2 20.8

Bladder 9.3 ± 1.5 8.3 10.2 8.4 ± 1.8 7.0 9.6

Body 13.3 ± 1.5 12.1 14.2 15 ± 1.6 14.1 16.0

Brain 14.8 ± 1.1 13.9 15.1 14.6 ± 1.2 13.7 14.8

Breasts 14.4 ± 0.8 14.0 14.8 14.2 ± 1.2 13.6 14.8

Esophagus 6.8 ± 1.4 6.1 7.0 6.1 ± 1.2 5.5 6.1

Eyes 4.2 ± 1 3.2 5.1 3.7 ± 0.9 3.0 4.3

Heart 7.5 ± 1.1 7.0 7.6 6.6 ± 1.3 6.1 6.8

Kidneys 7.5 ± 0.5 7.0 7.8 6.2 ± 0.5 5.7 6.6

Lens 3.3 ± 1 2.4 4.2 3.3 ± 1 2.4 4.1

Liver 14.1 ± 1.1 13.5 14.4 14.2 ± 1 13.5 14.9

Lower GI 9.6 ± 1.6 8.3 11.1 8.5 ± 2 7.0 10.4

Lungs 7.6 ± 0.6 7.4 7.9 6.7 ± 0.5 6.4 7.1

Oral Cavity 4.8 ± 1 4.0 5.3 3.9 ± 1 3.1 4.5

Ovaries 6.7 ± 3.1 4.9 7.9 6.1 ± 3 4.3 7.1

Parotids 8.2 ± 1 7.6 8.7 7.3 ± 1 6.6 7.7

Rectum 6.7 ± 0.9 6.1 7.2 5.7 ± 0.8 4.9 6.3

Thyroid 7.7 ± 1.2 6.8 8.1 7.1 ± 1.2 6.2 7.9

Upper GI 8.6 ± 1.3 7.8 9.1 7.7 ± 1.4 6.8 8.1
F
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TABLE 3 Statistics of D80 and D10 for each structure with the 20-Gy cohort.

D80 (Gy) D10 (Gy)

Structure Avg ± StdDev 1st quartile 3rd quartile Avg ± StdDev 1st quartile 3rd quartile

Skeletal Bones 20.4 ± 0.2 20.3 20.6 22.6 ± 0.6 22.2 22.9

Lymph Nodes 20.1 ± 0.4 19.7 20.3 22.5 ± 0.6 22.0 23.0

Spinal Canal 20.1 ± 0.4 20.0 20.2 21.8 ± 0.8 21.3 22.5

Skull 19.7 ± 0.6 19.5 20.1 22.6 ± 1 22.1 23.0

Ribs 17.3 ± 1.5 16.0 18.1 22.5 ± 0.7 22.1 23.0

Bladder 6.4 ± 1.2 5.7 7.3 14.4 ± 2 13.4 15.3

Body 5.1 ± 3.4 3.2 7.1 21.7 ± 0.5 21.4 22.1

(Continued)
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on time. However, it is important to note that treatment time is

still significant due to additional time required to set up multiple

fields and isocenters, as shown in Table 1, though the total

treatment time is still comparable to our experience with helical
Frontiers in Oncology 07
tomotherapy, where the median treatment time for the first and

subsequent fractions was 1.6 (range: 1.2-2.6) and 1.4 (range: 0.6-

2.3) hours, respectively. Further improvements in workflows

therefore may be able to better capitalize on VMAT to speed up
TABLE 3 Continued

D80 (Gy) D10 (Gy)

Structure Avg ± StdDev 1st quartile 3rd quartile Avg ± StdDev 1st quartile 3rd quartile

Brain 13.2 ± 0.8 12.5 13.6 17.6 ± 1.5 16.8 17.9

Breasts 11.2 ± 0.5 10.9 11.5 19.3 ± 1 18.8 19.7

Esophagus 5.1 ± 0.9 4.8 5.2 10 ± 2.5 8.6 10.1

Eyes 3 ± 0.8 2.4 3.4 6.4 ± 2.1 4.3 7.3

Heart 5.1 ± 1.1 4.5 5.6 11.7 ± 1.6 11.2 12.3

Kidneys 4.9 ± 0.5 4.6 5.2 12.6 ± 1 12.0 12.8

Lens 2.8 ± 0.8 2.2 3.1 4 ± 1.6 2.5 5.5

Liver 12.8 ± 0.7 12.4 13.4 16.7 ± 1.9 15.5 17.0

Lower GI 6.2 ± 1.5 5.0 7.9 16 ± 2.1 15.4 17.3

Lungs 5.4 ± 0.4 5.1 5.8 11.5 ± 1.3 11.5 12.1

Oral Cavity 3 ± 0.7 2.4 3.4 8.6 ± 2 7.5 9.7

Ovaries 4.7 ± 1.3 4.0 5.2 9.4 ± 5.2 6.5 11.5

Parotids 5.5 ± 0.9 5.2 5.8 12.9 ± 1.6 11.5 13.9

Rectum 5.1 ± 0.7 4.5 5.7 10.3 ± 2.2 9.5 11.1

Thyroid 5.6 ± 0.9 5.0 5.8 11.3 ± 1.7 9.8 12.7

Upper GI 6.2 ± 1.1 5.4 6.4 12.9 ± 2.2 11.3 13.5
FIGURE 3

Distribution of mean dose (Dmean) for target volumes and major
normal organs in the 20-Gy cohort. The median value of Dmean

for each structure is shown at the horizontal bar in the middle of
each rectangle. The 1st and 3rd quartiles are shown as the lower
and upper horizontal sides of each rectangle. The minimum and
maximum range of Dmean is shown as the vertical lines extending
from each rectangle.
FIGURE 4

Distribution of mean dose (Dmean) for target volumes and major
normal organs in the historical 12-Gy TMLI treatment plans. The
median value of Dmean for each structure is shown at the
horizontal bar in the middle of each rectangle. The 1st and 3rd
quartiles are shown as the lower and upper horizontal sides of
each rectangle. The minimum and maximum range of Dmean is
shown as the vertical lines extending from each rectangle. The
red dots are Dmean data in the three VMAT TMLI treatment plans
in the 12-Gy cohort.
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treatment delivery. Importantly, using flattening filter free

beams would not decrease treatment time, as it is maximum

gantry speed and not dose rate that is the primary limitation on

delivery time.

Compared to helical tomotherapy, VMAT has the potential

advantage of allowing dose rate modulation in certain

anatomical regions, although the dose rate effect on normal

tissue complications needs further investigation. Most modern

C-arm linacs allows the user to change the nominal dose rate for

each VMAT field. Currently, the maximum nominal dose rate of

600 monitor units (MU)/min was used in all the VMAT TMLI

fields at our institution. At this nominal dose rate, effective dose

rates between VMAT and helical tomotherapy techniques are
Frontiers in Oncology 08
comparable: with a fractional dose of 2 Gy, the dose rate to

targets and lung are 1.6 Gy/min and 0.8 Gy/min, respectively,

with VMAT compared to 1.8 Gy/min and 0.9 Gy/min with

helical tomotherapy. If the nominal dose rate for VMAT fields in

the lung region is reduced by 100 MU/min, the effective dose rate

to the lung can be further reduced at the expense of longer beam-

on time in the lung region.

Several subsequent studies have now been performed using

VMAT TMLI. An initial report by Han et al. was the first to

compare VMAT TMLI plans to helical tomotherapy plans (21).

In this analysis, VMAT plans were found to have a more than

10% reduction of average median dose in 16 organs. Further,

beam-on time for VMAT plans was about 50% shorter. Larger
TABLE 4 Dose statistics for patients treated to 14 and 16 Gy.

14 Gy 16 Gy

Structure
Mean dose

(Gy)
Median dose

(Gy)
D80
(Gy)

D10
(Gy)

Mean dose
(Gy)

Median dose
(Gy)

D80
(Gy)

D10
(Gy)

Skeletal
Bones 14.86 15.04 14.43 15.79 16.65 16.98 16.3 17.81

Lymph
Nodes 14.49 15.2 14.43 15.89 16.21 16.96 16.21 17.77

Spinal Canal 14.84 14.77 14.46 15.52 16.25 16.73 15.6 17.26

Skull 14.89 15.27 14.21 16.2 16.3 16.91 16.14 17.82

Ribs 14.13 14.9 13.47 15.84 16.3 16.72 15.63 17.68

Bladder 5.43 4.57 3.98 8.6 7.91 7.97 5.68 10.68

Body 8.07 8.67 0.63 15.06 11.24 12.56 5.67 17.29

Brain 5.73 4.33 2.7 11.99 9.03 8.49 4.38 15.24

Breasts 8.39 7.96 6.19 12.03 N/A N/A N/A N/A

Esophagus 4.43 3.84 3.42 6.31 5.28 4.39 3.88 8.11

Eyes 3.06 2.67 2.37 4.58 2.64 2.55 2.2 3.28

Heart 4.27 3.94 2.86 6.26 6.32 5.47 4.06 10.25

Kidneys 4.33 3.65 3.21 6.65 5.85 5.09 3.99 9.14

Lens 2.39 2.4 2.19 2.68 2.27 2.24 2.11 2.47

Liver 7.56 6.22 5.08 12.83 10.27 9.69 7.73 14.75

Lower GI 5.91 5.1 3.64 9.83 8.27 8 5.16 12.75

Lungs 5.98 5.28 4.16 9.51 6.99 5.9 4.66 11.32

Oral Cavity 3.18 2.49 1.95 6.14 3.41 3.02 2.07 5.62

Ovaries 4.53 4.05 3.68 5.81 N/A N/A N/A N/A

Parotids 4.57 4.06 3.34 6.72 6.02 5.7 4.07 9.01

Rectum 4.72 3.98 3.48 7.75 5.47 4.9 4.36 7.56

Thyroid 4.72 4.34 3.9 6.27 5.76 5.3 4.55 7.94

Upper GI 4.45 3.79 3.33 6.93 6.91 6.48 5.46 9.38

N/A, not applicable.
fro
ntiersin.org

https://doi.org/10.3389/fonc.2022.1042652
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Ladbury et al. 10.3389/fonc.2022.1042652
studies have evaluated the use of VMAT TMLI to a total dose of

12 Gy (22, 23). In the study by Mancosu et al., plans for 21

patients were evaluated, demonstrating 95% of prescription dose

covered greater than 99% of the PTV in junctional regions

between isocenters (22). In the study by Loginova et al, 157

patients treated with helical tomotherapy and 52 patients treated

with VMAT were evaluated (23). There were no observed

differences in acute, subacute, or late toxicities, as well as

similar dose distributions. In total, these studies in

combination with the present study demonstrate the overall

feasibility and desirability of implementation of VMAT

TMLI techniques.

This study is limited due to sample size, particularly for

treatment doses less than 20 Gy. However, the dosimetry is

consistent with prior reports, and to our knowledge this is the

largest dosimetric report of dose-escalated VMAT TMLI to date.

Due to a lack of dose escalated VMAT TMLI in the literature, this

study further supports its implementation, at both standard

myeloablative doses and escalated doses. Though implementation

of VMATTMLI is logistically challenging and is still associated with

long treatment times due to requiring multiple image acquisitions

for patient setup, we are actively seeking to further optimize

planning and clinical workflows, which will be crucial for making

TMLI more widely available in the radiation oncology community.
5 Conclusions

Treatment delivery with VMAT has the potential to increase

availability of TMLI. Based on our initial experience, delivery of

TMLI with VMAT is feasible and achieves target volume and

normal organ dosimetry comparable to historical helical

tomotherapy TMLI plans. Treatment procedures detailed in

this study, and resulting dosimetry, can be used to inform

implementation of VMAT TMLI at other institutions.
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5. Marks DI, Forman SJ, Blume KG, Pérez WS, Weisdorf DJ, Keating A, et al. A
comparison of cyclophosphamide and total body irradiation with etoposide and
total body irradiation as conditioning regimens for patients undergoing sibling
allografting for acute lymphoblastic leukemia in first or second complete remission.
Biol Blood Marrow Transplant (2006) 12:438–53. doi: 10.1016/j.bbmt.2005.12.029

6. Clift RA, Buckner CD, Appelbaum FR, Bearman SI, Petersen FB, Fisher LD,
et al. Allogeneic marrow transplantation in patients with acute myeloid leukemia in
first remission: a randomized trial of two irradiation regimens. Blood (1990)
76:1867–71. doi: 10.1182/blood.V76.9.1867.1867

7. Clift RA, Buckner CD, Appelbaum FR, Bryant E, Bearman SI, Petersen FB,
et al. Allogeneic marrow transplantation in patients with chronic myeloid leukemia
in the chronic phase: a randomized trial of two irradiation regimens. Blood (1991)
77:1660–5. doi: 10.1182/blood.V77.8.1660.1660

8. Clift RA, Buckner CD, Appelbaum FR, Sullivan KM, Storb R, Thomas ED.
Long-term follow-up of a randomized trial of two irradiation regimens for patients
receiving allogeneic marrow transplants during first remission of acute myeloid
leukemia. Blood (1998) 92:1455–6. doi: 10.1182/blood.V92.4.1455

9. Bucci MK, Bevan A, Roach IIIM. Advances in radiation therapy:
Conventional to 3D, to IMRT, to 4D, and beyond. CA: A Cancer J Clin (2005)
55:117–34. doi: 10.3322/canjclin.55.2.117

10. Wong JYC, Liu A, Schultheiss T, Popplewell L, Stein A, Rosenthal J, et al.
Targeted total marrow irradiation using three-dimensional image-guided
tomographic intensity-modulated radiation therapy: An alternative to standard
total body irradiation. Biol Blood Marrow Transplant (2006) 12:306–15.
doi: 10.1016/j.bbmt.2005.10.026

11. Rosenthal J, Wong J, Stein A, Qian D, Hitt D, Naeem H, et al. Phase 1/2 trial
of total marrow and lymph node irradiation to augment reduced-intensity
transplantation for advanced hematologic malignancies. Blood (2011) 117:309–
15. doi: 10.1182/blood-2010-06-288357
Frontiers in Oncology 10
12. Schultheiss TE, Wong J, Liu A, Olivera G, Somlo G. Image-guided total
marrow and total lymphatic irradiation using helical tomotherapy. Int J Radiat
OncologyBiologyPhysics (2007) 67:1259–67. doi: 10.1016/j.ijrobp.2006.10.047

13. Hui SK, Kapatoes J, Fowler J, Henderson D, Olivera G, Manon RR, et al.
Feasibility study of helical tomotherapy for total body or total marrow
irradiationa). Med Phys (2005) 32:3214–24. doi: 10.1118/1.2044428

14. Shinde A, Yang D, Frankel P, Liu A, Han C, Del Vecchio B, et al. Radiation-
related toxicities using organ sparing total marrow irradiation transplant
conditioning regimens. Int J Radiat OncologyBiologyPhysics (2019) 105:1025–33.
doi: 10.1016/j.ijrobp.2019.08.010

15. Stein A, Palmer J, Tsai N-C, Al Malki MM, Aldoss I, Ali H, et al. Phase I trial
of total marrow and lymphoid irradiation transplant conditioning in patients with
relapsed/refractory acute leukemia. Biol Blood Marrow Transplant (2017) 23:618–
24. doi: 10.1016/j.bbmt.2017.01.067

16. Al Malki MM, Palmer J, Tsai N-C, Mokhtari S, Hui S, Tsai W, et al. Total
marrow and lymphoid irradiation as conditioning in haploidentical transplant with
posttransplant cyclophosphamide. Blood Adv (2022) 6:4098–106. doi: 10.1182/
bloodadvances.2022007264

17. Han C, Liu A, Wong JYC. Target coverage and normal organ sparing in
dose-escalated total marrow and lymphatic irradiation: A single-institution
experience. Front Oncol (2022) 12:946725. doi: 10.3389/fonc.2022.946725

18. Esiashvili N, Lu X, Ulin K, Laurie F, Kessel S, Kalapurakal JA, et al. Higher
reported lung dose received during total body irradiation for allogeneic hematopoietic
stem cell transplantation in children with acute lymphoblastic leukemia is associated
with inferior survival: A report from the children’s oncology group. Int J Radiat Oncol
Biol Phys (2019) 104:513–21. doi: 10.1016/j.ijrobp.2019.02.034

19. Fogliata A, Cozzi L, Clivio A, Ibatici A, Mancosu P, Navarria P, et al.
Preclinical assessment of volumetric modulated arc therapy for total marrow
irradiation. Int J Radiat OncologyBiologyPhysics (2011) 80:628–36. doi: 10.1016/
j.ijrobp.2010.11.028

20. Aydogan B, Yeginer M, Kavak GO, Fan J, Radosevich JA, Gwe-Ya K. Total
marrow irradiation with RapidArc volumetric arc therapy. Int J Radiat
OncologyBiologyPhysics (2011) 81:592–9. doi: 10.1016/j.ijrobp.2010.11.035

21. Han C, Schultheisss TE, Wong JYC. Dosimetric study of volumetric
modulated arc therapy fields for total marrow irradiation. Radiother Oncol
(2012) 102:315–20. doi: 10.1016/j.radonc.2011.06.005

22. Mancosu P, Navarria P, Castagna L, Reggiori G, Stravato A, Gaudino A,
et al. Plan robustness in field junction region from arcs with different patient
orientation in total marrow irradiation with VMAT. Physica Med (2015) 31:677–
82. doi: 10.1016/j.ejmp.2015.05.012

23. Loginova AA, Tovmasian DA, Lisovskaya AO, Kobyzeva DA, Maschan MA,
Chernyaev AP, et al. Optimized conformal total body irradiation methods with
helical TomoTherapy and elekta VMAT: Implementation, imaging, planning and
dose delivery for pediatric patients. Front Oncol (2022) 12:785917. doi: 10.3389/
fonc.2022.785917
frontiersin.org

https://doi.org/10.1182/blood.V49.4.511.511
https://doi.org/10.1016/j.critrevonc.2018.01.011
https://doi.org/10.1016/j.critrevonc.2018.01.011
https://doi.org/10.1016/j.ijrobp.2018.04.071
https://doi.org/10.1016/0360-3016(95)02178-7
https://doi.org/10.1016/0360-3016(95)02178-7
https://doi.org/10.1016/j.bbmt.2005.12.029
https://doi.org/10.1182/blood.V76.9.1867.1867
https://doi.org/10.1182/blood.V77.8.1660.1660
https://doi.org/10.1182/blood.V92.4.1455
https://doi.org/10.3322/canjclin.55.2.117
https://doi.org/10.1016/j.bbmt.2005.10.026
https://doi.org/10.1182/blood-2010-06-288357
https://doi.org/10.1016/j.ijrobp.2006.10.047
https://doi.org/10.1118/1.2044428
https://doi.org/10.1016/j.ijrobp.2019.08.010
https://doi.org/10.1016/j.bbmt.2017.01.067
https://doi.org/10.1182/bloodadvances.2022007264
https://doi.org/10.1182/bloodadvances.2022007264
https://doi.org/10.3389/fonc.2022.946725
https://doi.org/10.1016/j.ijrobp.2019.02.034
https://doi.org/10.1016/j.ijrobp.2010.11.028
https://doi.org/10.1016/j.ijrobp.2010.11.028
https://doi.org/10.1016/j.ijrobp.2010.11.035
https://doi.org/10.1016/j.radonc.2011.06.005
https://doi.org/10.1016/j.ejmp.2015.05.012
https://doi.org/10.3389/fonc.2022.785917
https://doi.org/10.3389/fonc.2022.785917
https://doi.org/10.3389/fonc.2022.1042652
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Volumetric modulated arc therapy based total marrow and lymphoid irradiation: Workflow and clinical experience
	1 Introduction
	2 Materials and methods
	2.1 VMAT TMLI technique
	2.1.1 Simulation
	2.1.2 Treatment planning
	2.1.3 Treatment delivery

	2.2 Treatment plan analysis

	3 Results
	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


