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Abstract

Asadvanceddelivery techniques suchas intensity-modulated radiation therapy (IMRT)

become conventional in veterinary radiotherapy, highly modulated radiation delivery

helps to decrease dose to normal tissues. However, IMRT is only effective if patient

setupandanatomyareaccurately replicated for each treatment.Numerous techniques

have been implemented to decrease patient setup error, however tumor shrinkage,

variations in the patient’s contour and weight loss continue to be hard to control and

can result in clinically relevant dose deviation in radiotherapy plans. Adaptive radio-

therapy (ART) is often the most effective means to account for gradual changes such

as tumor shrinkage and weight loss, however it is often unclear when adaption is nec-

essary. The goal of this retrospective, observational study was to review dose delivery

in dogs and cats who received helical radiotherapy at University of Wisconsin, using

detector dose data (D2%, D50%, D98%) and daily megavoltage computed tomography

(MVCT) images, and to determinewhether ART should be consideredmore frequently

than it currently is. A total of 52 treatment plans were evaluated and included cancers

of the head and neck, thorax, and abdomen. After evaluation, 6% of the radiotherapy

plan delivered had clinically relevant dose deviations in dose delivery. Dose devia-

tions were more common in thoracic and abdominal targets. While adaptation may

have been considered in these cases, the decision to adapt can be complex and all fac-

tors, such as treatment delay, cost, and imaging modality, must be considered when

adaptation is to be pursued.
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1 INTRODUCTION

As advanced delivery techniques such as intensity-modulated radia-

tion therapy (IMRT) become conventional in veterinary radiotherapy,

highly modulated radiation delivery helps to decrease dose to normal

tissues. As we become more precise in radiation delivery, identifica-

tion, and management of variation in patient positioning and anatomy

is of paramount importance.1 Numerous techniques have been imple-

mented to decrease patient setup error, however tumor shrinkage,

variations in the patient’s contour and weight loss continue to be hard

to control and can result in relevant dose deviation in radiotherapy

plans in humans.2

Adaptive radiotherapy (ART) is often the most effective means

to account for gradual changes such as tumor shrinkage and weight

loss, however it is often unclear when adaption is necessary.3 Ideally,

ART implementation should include (1) treatment dose assessment, (2)

treatment variation identification/evaluation, (3) treatment modifica-

tion decisions, and (4) adaptive treatment modification.4 This can be

loosely translated to the process of (1) using one of many dose eval-

uation platforms to identify dose alterations, (2) identifying where in

the plan dose alteration has occurred, (3) deciding whether adapting

would improve this deviation and how tomodify the radiotherapy plan

to improve dose delivery, and (4) performing the adaptation. Many

human radiotherapy institutions have investigated dosimetrically trig-

gered ART, however this technology is likely not readily available in

veterinary medicine.5

The objective of this study was to evaluate treatment dose delivery

in dogs and cats using detector data and daily megavoltage computed

tomography (MVCT) images so that wemay identify relevant deviation

in dose delivery and assess whether adaptation should be considered

more frequently than it currently is at our institution. Our null hypoth-

esiswas that none of the evaluated planswould display dose deviations

of more than 10%.

2 MATERIALS AND METHODS

2.1 Selection and description of subjects

This was a retrospective observational study design. Data from radia-

tion plans for dogs and cats that completed radiotherapy protocols on

a helical radiotherapy device at the University of Wisconsin-Madison

School of Veterinary Medicine (RadixactTM Treatment Delivery Sys-

tem,Accuray Inc., Sunnyvale, CA,USA) between July 2020 to July 2021

were evaluated by a veterinary radiation oncology specialist and radi-

ation oncology resident. To be included in the study, patients had to

have available datawithin the adaptive dose calculation software (MIM

Software, MIM Maestro / PreciseART, MIM Software Inc, Cleveland,

OH,USA),whichpatients are automatically enrolled inwhen treatment

plans are approved. The nature of this study did not require approval

by an Institutional Animal Care and Use Committee. All patients were

treated with approval from owners. Data were evaluated for dose

deviation by an American College of Veteirnary Radiology (Radiation

Oncology) [ACVR (RO)] certified radiation oncologist and a radia-

tion oncology resident. This was done in agreement between the two

observers. In regard to the data, no information about the patient was

censored from the observers evaluating the data. Dogs and cats were

separated according to the location of the target (head and neck, chest,

abdomen) by the same observers listed above. There were no dogs or

cats with two target locations.

2.2 Data recording and analysis

Two dose distribution datasets were obtained from each dog using the

MIM dose evaluation software: the Planned and Delivered doses. The

‘Planned dose’ was the initial optimized plan calculated on the simula-

tion CT. The ‘Delivered dose’ was calculated by creating a daily merged

image consisting of the dailyMVCT (augmented with the planning CT),

deforming the planning contours onto the daily merged image, and cal-

culating dose on the daily merged image. After this, the daily dose is

deformed back onto the planning image (Figure 1). The D2%, D50%,

andD98%doses were tabulated for targets contours and theD2% and

D50% doses were tabulated for organs at risk (OAR).6 The difference

between the planned and delivered dose, or dose difference, was con-

sidered “clinically relevant” if the delivered dose was found to deviate

more than 10% from the planned dose. The cutoff of 10% was an esti-

mation by the authors as there is no current defined dose deviation

cutoff for cases that would need to be adapted as the decision to adapt

is often multifactorial. Gross tumor volume (GTV) and planning tumor

volume (PTV) dose data were obtained for all patients. OAR data was

obtained according to the tumor location. Each plan required available

data for targets and OARs to be included. For head and neck tumors,

data from the left and right eyes, brain and spinal cord were obtained.

For tumors within the chest, data from the heart, lungs and spinal cord

were obtained. For tumorswithin the abdomen, data from liver, kidney,

bladder, colon, and rectum were obtained. If the delivered dose to the

OAR was less than planned, this data was not considered clinically rel-

evant and was not evaluated to determine if a plan should have been

adapted.

2.2.1 Radiation setup and planning

As part of the inclusion criteria for head and neck tumors, all patients

were set up in sternal recumbency with a bite block and vacuum mat-

tress (Vac-Lock). Occasionally, a stockinet was placed on the neck to

better limit themotion ofmobile skin folds. For abdominal and thoracic

tumors, patients were setup in either sternal or lateral recumbency

using a Vac-Lock mattress. The immobilization techniques mentioned

abovewere a requirement to be included in this study.Motionmanage-

ment techniques such as 4-dimensional computed tomography (4DCT)

were not used. For daily imaging, the Radixact has a single row xenon

ion chamber array that is located opposite of the linear accelerator and

stays within the primary beam during radiation delivery. Slice spacing

ranges between 1 to 6 mm reconstruction intervals. Image resolution
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F IGURE 1 Isodose curves and dose volume histograms (DVH) of a dog with a heart-basedmass which displayed a significant decrease of
D98% to its PTV (Above image) and a dogwith a nasal tumor which displayed a significant increase in D50% to its right eye (Below image). In the
above image, the dotted line and non-dotted line correspond to the planned and delivered dose to the PTV (red line) and GTV (orange line)
respectively. In the below image, the dotted line and non-dotted line correspond to the planned and delivered dose to the PTV (red line) and the
right eye (blue line) respectively. A table displaying representative isodose curves is located on the right side of the figure. [Color figure can be
viewed at wileyonlinelibrary.com]

is 512×512 pixels (0.76 mm pixel size). Targets contoured (GTC, CTV,

PTV) and intent (definitive vs palliative) varied between plans depend-

ing on the goals of treatment and this was not standardized within this

study. MVCT images were obtained during each day of treatment and

registration was confirmed by either a radiation oncology resident or

board-certified radiation oncologist. All plans underwent inverse com-

puter planning using the Precision (Accuray Inc., Sunnyvale, CA, USA)

treatment planning software using a collapsed cone convolution (CCC)

algorithmwith heterogeneity correction to create a planwhere 95%of

the PTV received 95% of the prescribed dose. This planning goal is our

minimal acceptable institutional target dose that is routinely exceeded.

All plansweredeliveredusingahelical radiotherapymachine (Radixact,

Accuray Inc., Sunnyvale, CA, USA).

2.2.2 Analyses

Quality analysis was performed by a medical physicist using a biplanar

diode array dosimeter (Scandidos Delta4 System, Scandidos, Sweden).

The agreement was calculated using gamma analysis, with a dose

agreement of 3% and distance to agreement of 3 mm, with acceptance

criteria of gamma less than 1 for more than 95% of the comparison
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TABLE 1 Dose data for GTV and PTV targets in the three radiotherapy plans that were found to have greater than 10% dose deviation
between the planned and delivered dose within the thorax and abdomena

D98 (Gy) D50 (Gy) D2 (Gy)

Planned Delivered Planned Delivered Planned Delivered

Dog 1 (Thorax) PTV 4Gy× 5 fx Daily 18.96 14.14 20.42 19.96 20.7 20.17

Dog 2 (Thorax) PTV 4Gy× 5 fx Daily 19.28 15.73 20.25 20.41 20.65 20.72

Dog 1 (Abdomen) GTV 4Gy× 5 fx Daily 20.09 9.13 20.2 20.54 20.75 20.79

PTV 16.95 8.62 20.37 20.46 20.68 20.74

points. In order to calculate the percentage change to the planned

dose, the following equation was used: Planned Dose ÷ Delivered

Dose× 100.

3 RESULTS

A total of 52 canine and feline patients were treated with radiother-

apy plans during the included time and all these plans were included

in this evaluation. Thirty-seven of these plans were head and neck

tumors, six were thoracic tumors and nine were abdominal tumors.

Of the thirty-seven head and neck tumors, six were cats. All the tho-

racic and abdominal tumors were dogs. PTV expansion in the majority

of all head and neck targets was 2 mm, while an 8 mm expansion was

used when the mandibular and/or retropharyngeal lymph nodes were

included within the plan. Thoracic PTV expansions ranged from 5–8

mmwhile abdominal PTV expansions ranged from 8mm to 1 cm. Dose

statistics and prescriptions from plans that were found to have dose

differences of more than 10% are provided in Tables 1 and 2. All plans

that receivedmore than a10%deviationof dosewithin theGTVorPTV

were individually evaluated using isodose distributions displaying the

dose difference of the planned and delivered dose as well as dose vol-

ume histograms (DVH) displaying the planned/delivered PTV and GTV

curves (Figure 1).

For head and neck targets, none of the plans with >10% dose

deviation were found to have relevant alterations in dose coverage.

However, three of the thoracic and abdominal targets that were found

to have >10% change in dose delivery displayed potentially clinically

relevant loss of dose coverage to the target on their respectiveDVH, as

seen in the two examples of abdominal and thoracic radiotherapy plans

within Figure 1. There were three plans in total whose DVH showed a

drop in dose coverage below the planned objective of 95%dose to 95%

of the PTV. These three plans were considered to have relevant clinical

deviations in dose.

Although many dose alterations to OARs within the head and neck,

abdomen, and thorax were identified, many of these changes in dose

deliverywere considered clinically irrelevant, especiallywhen theOAR

was found to have received less radiation than originally planned. Only

one increase in planned dosewas observedwithin the evaluatedOARs.

This was in the right eye of a dog receiving definitive radiation for a

nasal tumor (4.2 Gy × 10 fractions). In this case, the planned D50%

and D2% were 22.33 and 41.77 Gy respectively, while the delivered

D50% and D2% were 26.56 and 42.64 Gy respectively. The isodose

lines as well as DVH of the planned and delivered doses are included in

Figure1. Therewereno reportedadverseeffects to the right eyewithin

themedical record of this patient.

In total, three patients were found to have clinically relevant dose

deviations that would have warranted a discussion on whether to

adapt (Table 1). This accounts for approximately 6% of the total plans

delivered. When considering location, 2 of the thoracic plans and 1

abdominal planwere found tohavepotentially clinically relevant devia-

tion in dose delivery while none of the head and neck plans were found

to have clinically relevant deviation in dose delivery.

4 DISCUSSION

The data refuted our null hypothesis that there would beminimal dose

deviation from the planned dose, as we did find three plans within the

thorax and abdomen that showed clinically relevant dose deviation.

However, there were no radiotherapy plans within our head and neck

patients that showed relevant divergence of dose. These data suggest

that our radiation oncology service could benefit from closelymonitor-

ing our thoracic and abdominal targets. Frequent dose evaluation using

dose assessment software such asMiM throughout the treatmentmay

identify cases in the future in need of adaptation. There were a select

few proactively adapted cases throughout July 2020 to July 2021 year

that were not included in this analysis. These were cases that had large

changes in tumor size before the start of or during treatment (feline

nasal lymphoma). There are previous publications that investigate the

positive impacts of adaptation for tumors that are suspected to have

a rapid and robust response to radiation.7 The goal of this study was

focused more on identification of plans where adaptation should have

been considered but was not pursued in real time.

It is unclear why there was such discrepancy between thoracic and

abdominal cases compared to head and neck cases. It is likely there

is more physiologic variation within the thorax and abdomen com-

pared to the head and neck. Changes in position of the contents within

the chest and abdomen (heart, lungs, diaphragm, and bowel loops)

as a result of breathing and physiologic function (bladder filling) may

result in alterations in the deposition of radiation. Additionally, there

may be inherent error within the collapsed cone convolution (CCC)

algorithm that is used within the Precision treatment planning soft-

ware. Although CCC is considered very accurate compared to the gold

standard of Monte Carlo,8 there is evidence that lung-tissue inter-

faces can result in significant error in dose calculation.9 Regardless,
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TABLE 2 Dose data for organs at risk within the head and neck, thorax, and abdomen that showed a>10% dose deviation between the
planned and delivered dose.

D50 D2

Planned Delivered Planned Delivered

Head andNeck Right Eye 4.2 Gy× 10 fx Daily 22.33 26.56 41.77 42.64

2.5 Gy× 20 fx Daily 2.37 3.41 23.37 22.01

8Gy× 4 fxWeekly 2.23 2.47 5.99 6.26

4Gy× 5 fx Daily 3.63 4.04 7.76 8.1

8 Gy× 3 fx Daily 0.17 0.19 0.58 0.65

Left Eye 2.5 Gy× 20 fx Daily 1.75 2.98 14.75 18.24

8Gy× 4 fxWeekly 3.8 4.1 15.55 13.5

8 Gy× 3 fx Daily 0.09 0.1 0.02 0.19

8Gy× 3 fx Daily 0.15 0.15 0.29 0.32

8 gy× 1 fx Daily 0.23 0.32 1.31 1.32

Spinal Cord 4.2 Gy× 10 fx Daily 5.02 5.56 24 28.27

4Gy× 5 fx Daily 1.63 2.2 10.43 9.66

8 gy× 1 fx Daily 0.01 0.02 0.02 0.03

Brain 4.2 Gy× 10 fx Daily 2.91 3.23 43.71 43.12

4.2 Gy× 10 fx Daily 2.09 2.59 39.99 40.01

Thorax Spinal Cord 6 Gy× 5 fxMThMThM 10.27 10.53 17.58 21.24

Abdomen Rectum 4Gy× 5 fx Daily 9.19 12.97 19.98 19.96

4Gy× 5 fx Daily 11.15 13.25 19.98 19.96

4Gy× 5 fx Daily 0.39 0.39 0.76 0.84

4Gy× 5 fx Daily 1.34 4.29 20.68 20.69

the results of this study can be used to inform on the need for more

frequent imaging and dose deviation analysis.

There were no clear cases where OARs received more radiation

than was tolerable. However, one case of a potentially significant over-

dose toa right eye in adogwith anasal tumor. There arenoclear normal

tissue constraints for canine ocular structures, however this dog may

have been more at risk for acute or chronic ocular side effects such as

keratoconjunctivitis sicca or lenticular cataracts.We generally attempt

to keep the eyes under the constraint of 15 Gy to no more than 60%

of the eye at University of Wisconsin,10 however it is clear in Figure 1

that the tumor was immediately adjacent to the right eye, so we were

unable to satisfy this constraint in the original plan and side effects

were expected. It is unclear whether adaptation would have benefited

this dog. This is especially true because the eyes are sometimes hard to

define on MVCT images. Discrepancies of radiation delivery to OARs

may become more important to monitor when delivering stereotactic

protocols, where the Dmax of a stereotactic plan may be located very

close to sensitive organs like the spinal cord.

Alterations in dose delivery resulting in reduced dose coverage to

targets may increase the risk of tumor progression. However, adapta-

tion is associated with inherent risk and increased cost. At University

of Wisconsin, patients are adapted using the MVCT that was obtained

during positioning verification. MVCT is obtained using a variation of

the high energy treatment beam which means that contouring accu-

racymaybe hindered by poor soft tissue resolution, specificallywhen it

comes to intra-abdominal or intra-thoracic targets.11 Ifwewereunable

to use the MVCT for adaption, a repeat CT simulation would need to

be obtained, which carries increased cost, can delay treatment, and

increases time under general anesthesia. For this reason, although this

investigation has identified radiotherapy plans with significant dose

alterationswithin the chest and abdomen, the decision to adapt cannot

bemadewithout consideration of all these factors.

The authors do not recommend using 10% as distinct criteria for

adaptation. Numerous publications have debated how accurate we

should aim to bewhen delivering radiation, and although there is yet to

be a consensus, many authors have brought forth an intended accuracy

of ±5%.12 A more conservative value of 10% was chosen in this study

as there has never been a clearly defined threshold for adaptation in

veterinary medicine. Our goal in this publication was not to define a

threshold for adaptation. Instead, our aim was to identify distinct and

explicit trends and patterns and to begin a discussion of criteria for

adaptation. Additionally, we do not know the accuracy of the MIM

software used in this study, as discussed below.

The main limitation within this study was the unknown accuracy

of the software that was used for this analysis. The gold stan-

dard for confirmation of dose would be in-vivo dosimetry, which is

logistically difficult. This software provides a middle ground where

daily detector data can be back-projected onto the dailyMVCT. Finally,

an additional limitation is that our dosimetry data is based on contours

that are deformed byMiM for eachMVCT that is obtained throughout
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the treatment. Errors in deformation of these contours may result in

altered dose data.

In conclusion, this investigation identified the potential alteration of

dose to targets within a small fraction of radiotherapy plans, specifi-

cally within the thorax and abdomen. This will result in an increased

frequency of dose evaluation during radiotherapy protocols for all tho-

racic and abdominal tumors that will be treated in the future. However,

the decision to adapt can be complex and all factors, such as treatment

delay, cost, and imaging modality, should be considered when adap-

tation is to be pursued. Future studies are needed to investigate the

clinical significance of these dose deviations as well as the accuracy of

the softwareused to calculate thedosedeviation reported in this study.
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