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EDITORIAL

John Suh, MD, FASTRO, FACR 
Editor-in-Chief

Dr. Suh is the editor-in-chief of Applied Radiation 
Oncology, and professor and chairman, 
Department of Radiation Oncology at the 
Taussig Cancer Institute, Rose Ella Burkhardt 
Brain Tumor and Neuro-oncology Center, 
Cleveland Clinic, Cleveland, OH.

Developments in Head and  
Neck Cancer Treatment

Welcome to the March 2021 issue of ARO! This month’s focus is head and neck 
cancer (HNC), and we are pleased to kick off the issue with a well-written 

and timely article, Applications of Artificial Intelligence in Head and Neck Radia-
tion Therapy. Approved for SA-CME credit, this review delves beyond auto-seg-
mentation to examine the application and clinical impact of AI in dose calculation, 
adaptive radiation therapy, outcome prediction, quality assurance and more. Better 
understanding these fundamental concepts will help clinicians maximize the power 
of machine and deep learning capabilities as AI rapidly advances across numerous 
specialty areas and fields of medicine, in particular radiation oncology. 

Among research presented in the issue, Proliferation Saturation Index (PSI) to 
Characterize Response to Radiation Therapy and Evaluate Altered Fractionation 
in Head and Neck Cancer discusses an innovative approach toward personalized 
radiation treatment. Here, the authors show that the PSI model can simulate HNC  
patient-specific responses to RT and ultimately help identify which patients may 
most benefit from radiation treatments.

We also present Upfront Surgery With Adjuvant Radiation Therapy Versus 
Chemoradiation in HPV-Mediated Oropharyngeal Cancer in Intermediate-Risk 
Patients: A Multi-Institutional Review. This informative study underscores the im-
portance of examining a wider range of risks and toxicities when determining pri-
mary treatment, especially as more radiation oncologists begin to cautiously consider 
de-escalated therapy strategies.

Beyond the scope of HNC treatment, we are proud to present a terrific SA-CME 
accredited review on minimizing anxiety and sedation in pediatric oncology patients, 
a Technology Trends article summarizing updates in heavy particle ion therapy, the 
Resident Voice editorial urging development in the essential areas of leadership and 
advocacy, and noteworthy research findings on how prostate stereotactic body radia-
tion therapy with simultaneous moderate dose escalation to the dominant intrapros-
tatic lesion is feasible. 

Ten Years Strong
This issue also marks the journal’s 10th year in publication, a milestone we cel-

ebrate with immense pride and gratitude. While our mission remains the same – to 
provide practical applications for the management and treatment of cancer patients 
– we have evolved in many ways since our inception to better serve you. Highlights 
include the introduction of original research articles in the journal, free SA-CME 
credits, webinars, ARRO Resident Voice editorials, monthly enewsletters (soon to 
be biweekly), exponential social media growth, the transition to a robust double-blind 
peer review process, our ever-growing panel of expert reviewers, and a talented, ded-
icated editorial advisory board that has doubled in size. 

We are tremendously thankful to all those who have supported ARO and contrib-
uted to our growth over the last decade and look forward to a better 2021, especially 
as more of us receive our COVID-19 vaccines. Please stay healthy and safe.
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Training in Radiation Oncology:  
Missing Leadership and  
Advocacy Development

Justin D. Anderson, MD; Sarah A. Dooley, MD; Austin J. Sim, MD, JD

The Accreditation Council for Graduate Medical Education (ACGME) considers 
being an “effective member or leader of a health care team or other professional 

group”1 an essential milestone for residency training; however, formalized curric-
ula in leadership development in residency training programs across specialties are 
lacking. Several radiation oncology residency programs have developed independent 
curricular content surrounding leadership,2,3 but in general, the greater acquisition of 
leadership competency remains unmet. 

Many specialties in medicine are designed around health care teams that grant 
residents a gradual increase in leadership responsibilities as they mature from ju-
nior to senior residents. However, the apprenticeship model in radiation oncology 
limits opportunities to develop these skills, including team management and con-
flict resolution. This increases the need for investments in leadership training in 
radiation oncology.

Additionally, the ACGME notes that residents should be able to “advocate for 
quality patient care and optimal patient care systems.” One such avenue lies in polit-
ical advocacy. Recent legislation for prior authorization and reimbursement portends 
significant changes in our field, but only a few physicians are engaged in this process. 
A dedicated introduction to the legislative process has shown to increase physician 
understanding and willingness to participate in political advocacy in other special-
ties.4  The American Society for Radiation Oncology (ASTRO) Advocacy Day serves 
as one opportunity for trainees to engage and participate in political advocacy early in 
their careers and should be more widely supported. 

As the current pandemic has exposed flaws in our health care system and spurred 
significant change, becoming an effective advocate and leader is more important 
than ever. Developing these skills in young practitioners is important to ensure our 
field continues working with legislators to improve patient care and curate positive 
change. Implementing a standardized core curriculum in radiation oncology that in-
cludes education on leadership development and effective advocacy is a great place 
to start. 

References
1. The Radiation Oncology Milestone Project. A Joint Initiative of the Accreditation Council for Graduate 
Medical Education and the American Board of Radiology. 2015, Accessed December 31, 2020. https://www.
acgme.org/Portals/0/PDFs/Milestones/RadiationOncologyMilestones.pdf?ver=2015-11-06-120520-123
2. Berriochoa C, Amarnath S, Berry D, Koyfman SA, Suh JH, Tendulkar RD. Physician leadership develop-
ment: a pilot program for radiation oncology residents. Int J Radiat Oncol Biol Phys. 2018;102(2):254-256.
3. Song E, Frakes JM, Dilling TJ, Quinn JF, Harrison LB, Hoffe SE. A novel radiation oncology residency 
training leadership curriculum: baseline attitudes and of past and current residents. Int J Radiat Oncol Biol 
Phys. 2019;105(suppl):E157-E158.
4. Joseph N, Huang J, Som A, et al. The impact of physician exposure to organized political advocacy in the 
Society of Interventional Radiology. J Vasc Interv Radiol. 2021;S1051-0443(20)30966-30970. https://doi.
org/10.1016/j.jvir.2020.11.004 
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The role of artificial intelligence 
(AI) in radiation oncology has 
increased dramatically in the 

past 5 years, touching nearly every as-
pect of our field. Artificial intelligence 
can be broadly defined as “the use of a 
machine (computer) to perform tasks 
that typically require human thought.”1 
In radiation oncology, these tasks 
were previously limited to highly re-
petitive actions that could be scripted 
in common programming languages. 
Recently, though, as the widespread 
accessibility of powerful computing 
resources has enabled the utilization of 
machine learning, researchers are find-
ing novel applications for AI in many 
aspects of radiation oncology previ-
ously thought impossible. 

Machine learning techniques can be 
defined as algorithms that yield output 
from a given input without specific in-
structions. The algorithms “learn” by 
detecting underlying patterns in the 
input data. This period of learning is 
called model training. Training can be 

supervised (where the model is gener-
ated to produce known output) or unsu-
pervised (where the model determines 
its own output based on the data itself).1 
Deep learning is a specific type of ma-
chine learning that utilizes an artificial 
neural network that models human neu-
rocognitive design to simulate human 
thought and understanding. Deep-learn-
ing architectures have several hidden 
layers that process input data through 
deeper levels of abstraction to learn 
patterns and produce output.2 The pat-
terns or “features” are often complex 
and nonlinear in nature.2,3 One of the 
more common types of deep-learning 
methodologies for image-based tasks is 
a convolutional neural network (CNN). 
First introduced to nonmedical image 
classification by Krizhevsky et al in 
2012,4 CNNs convolve input data with 
multiple filters or “kernels” to produce 
progressively more abstract represen-
tations of the input data. Many AI ap-
plications in radiation oncology utilize 
some variation of the CNN. 

The purpose of this article is to re-
view recent advancements in AI as they 
specifically pertain to head and neck 
radiation oncology. Although some 
technical details regarding AI tech-
niques will be discussed, the main focus 
will be application and clinical impact  
of these techniques. Specifically, this 
article will focus on the following  

applications: autosegmentation of or-
gans at risk (OARs), autosegmentation 
of target volumes, treatment planning 
and predictive dose calculation, im-
age-guided adaptive radiation therapy, 
prognosis and outcome prediction, and 
quality assurance. For more granular de-
tail about AI methodologies in radiation 
oncology, the reader is referred to the ex-
cellent review articles cited here.1-3,5,6 

Organ-at-Risk Segmentation
OAR segmentation is an ideal task for 

automation due to its repetitive nature and 
the common geometric properties of nor-
mal anatomy shared among all members 
of the population. Furthermore, manual 
delineation of head and neck OARs is 
tedious and prone to variation among 
multiple observers.7 Early attempts at 
automatic OAR segmentation involved 
a posteriori region-growing and edge-de-
tection approaches. Following this early 
work, automatic OAR segmentation was 
accomplished with single- or multi-atlas-
based techniques that utilized deform-
able image registration to warp contours 
from a similar atlas patient to the current 
patient.8,9 Such atlas-based approaches 
are now widely available as commercial 
products by multiple vendors. 

Recently, researchers have assessed 
the use of machine learning in OAR seg-
mentation with impressive results. Sev-
eral authors have shown improvements 

Applications of Artificial Intelligence in  
Head and Neck Radiation Therapy

Adam C. Riegel, PhD, DABR 

Dr. Riegel is an associate chief phys-
icist, Department of Radiation Medi-
cine, Northwell Health, Lake Success, 
NY. Disclosure: The author has no con-
flicts of interest to disclose and has not 
received outside funding for the produc-
tion of this original manuscript. No part 
of this article has been previously pub-
lished elsewhere.
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in volume overlap with “ground truth” 
contours using models trained on com-
puted tomography (CT) datasets.10-16 In 
these studies, “ground truth” contours 
typically consisted of expert contours 
or consensus contours from public data-
bases. Metrics to compare automatically 
segmented volumes with ground truth 
included variations of the Dice similarity 
coefficient index (DSC), Hausdorff dis-
tance, or average surface distance.6 Not 
only were OARs more accurate, they 
were also generated faster using AI. 

Van Dijk et al reported significantly 
improved results using a deep-learning 
approach relative to atlas-based au-
tosegmentation for 19 of 22 head and 
neck OARs.11 The deep-learning ar-
chitecture consisted of multiple CNNs 
trained on a relatively large database 
of more than 500 CT image sets. Fur-
thermore, human observers found that 
CNN-based contours generated fewer 
obvious errors than atlas-based autoseg-
mentation (9% vs 30%, respectively) 
and, for most OARs, were found to re-
quire less correction than atlas-based 
segmentation. This algorithm is one of 
the few commercial deep-learning seg-
mentation tools and is known by the 
brand name DLCExpert (Mirada Med-
ical, Ltd.). 

Though less common than CT, 
researchers have also investigated 
autosegmentation on other imaging mo-
dalities such as MRI. Yang et al focused 
on segmentation of the parotid gland in 
pre- and post-treatment treatment MRI 
to better quantify changes in parotid 
volume. The authors used support vec-
tor machine classification to train the 
15-patient model. T1- and T2-weighted 
postcontrast MRIs were acquired pre-
treatment and at 3-, 6-, and 12-month 
intervals after treatment. Overlap with 
physician-drawn parotid contours was 
over 90% for both parotid glands in fol-
low-up MRI scans and autosegmented 
contours highlighted a 25% reduction in 
parotid volume at 3 months.17

Target Segmentation
Automatic segmentation of gross 

tumor volumes (GTVs) and clinical tar-
get volumes (CTVs) is more difficult 
than that of OARs due to the inherently 
abnormal nature of the anatomy, but 
potentially yields benefits in reducing 
delineation variability and increasing 
efficiency. Cardenas et al have written 
several papers on automatic CTV delin-
eation in head and neck cancers.18-20 In 
their first 2018 publication, the authors 
used manually segmented GTVs from 
52 node positive and negative oropha-
ryngeal patients to train a deep-learning 
model to generate high-risk CTVs with 
a nonuniform margin. The deep-learn-
ing model showed good overlap with 
manually segmented ground truth CTVs 
(mean DSC range from 0.755 to 0.840 
for all pathologies).20 In their second 
paper, the authors used a CNN to train 
a CTV-generating model on 285 oro-
pharyngeal patients and compared its 
performance to atlas-based segmenta-
tion. Overlap DSC was 0.816 for deep 
learning and 0.739 for atlas-based seg-
mentation.19 In their most recent paper, 
the authors focused specifically on nodal 
CTVs by training a new model with 51 
head and neck patients of varying pri-
mary site. Node level volumes were 
contoured and used as input in the CNN 
deep-learning architecture. The DSC for 
nodal CTVs ranged from 0.843 to 0.909 
compared to ground truth and, qualita-
tively, more than 99% were scored as ac-
ceptable by a panel of 3 experts.18

In a study aimed at contouring GTV 
(split into primary and nodal volumes) 
and CTV for nasopharyngeal cancer, 
Men et al set a deep deconvolutional 
neural network (with an added decon-
volution step at the end of the network 
to restore some high-resolution features) 
against a conventional CNN.21 The au-
thors demonstrated significantly better 
overlap with ground truth for all targets 
using the experimental architecture 
(82.6% and 80.9% vs 73.7% and 72.3% 

for CTV and GTV primary, respec-
tively), but nodal GTV lagged in per-
formance at 62.3%. Although this was 
better than 33.7% with the conven-
tional CNN, the authors highlighted a 
few reasons for the deficiency, includ-
ing lack of clear anatomical boundar-
ies, variable target locations, and poor 
contrast on CT.21 

The lack of contrast on CT can be mit-
igated by adding a second modality with 
supplementary information such as pos-
itron emission tomography (PET)/CT. 
Guo et al used a 3D CNN to develop a 
model to segment GTV using CT sim-
ulation and registered diagnostic PET/
CT. The model was trained using 140 
patients with squamous cell carcinoma 
whose PET was deformably registered 
to simulation CT. Three models were 
created: CT alone, PET alone, and CT 
simulation with registered PET. The 
combined PET/CT model outperformed 
CT alone and PET alone by 0.4 and 0.05 
in mean overlap metrics, respectively, 
demonstrating the advantage of incor-
porating functional information into the 
model.22 Berthon et al proposed a deci-
sion tree that, through machine learning, 
would select from multiple automatic 
segmentation algorithms. The decision 
tree was tested on 20 oropharyngeal pa-
tients and segmented GTVs overlapped 
with manually drawn ground truth with a 
DSC of 0.77.23 

Treatment Planning and  
Predictive Dose Calculation

The first step of the treatment plan-
ning process is CT simulation. For 
years, physicists have been researching 
ways to replace CT simulation with 
MRI simulation because of MRI’s su-
perior soft-tissue contrast. The larg-
est hurdle in replacing CT with MRI 
is arguably the loss of electron density 
information provided in CT that is used 
in dose calculation. Like automatic seg-
mentation, earlier approaches to “syn-
thetic” CT generation (electron density 
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maps produced from MRI) began with 
thresholding methods and atlas-based 
deformable image registration. Re-
searchers are now using deep learning 
to produce synthetic CTs. Dinkla et al 
rationalize the need for MRI-based plan-
ning in head and neck cancer in the con-
text of MR-guided linear accelerators. 
Thirty-four head and neck cancer pa-
tients received CT simulation and large 
field of view T2-weighted MRI on a 3T 
scanner. Average absolute errors were 
75 ± 9, 214 ± 26, 35 ± 3, and 130 ± 24 
HU for body, bone, soft tissue, and air, 
respectively. The authors speculate that 
HU values for bone in synthetic CT are 
slightly lower than actual CTs due to 
registration errors between CT and MRI. 
Dose distributions calculated on syn-
thetic CT were within 1% of dose cal-
culated on actual CT voxel by voxel.24 
Klages et al performed a similar study 
comparing 23 patients in two general ad-
versarial networks to generate synthetic 
CT. Mean absolute HU errors and dosi-
metric errors were comparable to Dinkla 
et al, but the authors found that combin-
ing results from three orthogonal views 
decreased HU errors.25

Automated treatment planning is an-
other potential application of AI. Cur-
rently, commercial knowledge-based 
planning systems use the relative geom-
etry of targets and OARs in previously 
treated patients to predict the dose-vol-
ume histograms for de novo patients.26 
Machine learning is being applied to 
dose prediction as well, with the goal 
that more accurate dose prediction will 
yield inverse optimization parameters 
to speed up the planning process. Chen 
et al used 70 nasopharyngeal cancer pa-
tients who had been treated with 6 MV 
step-and-shoot intensity-modulated ra-
diation therapy (IMRT) to train a CNN-
based dose prediction model. A unique 
aspect of this model was that the authors 
tested a general model against a modi-
fication that specifically identified out-
of-field voxels to potentially increase 
accuracy near the edges of beams. The 

model was then tested against 10 ad-
ditional nasopharyngeal patients and 
the predicted dose was compared voxel 
by voxel against the clinical treatment 
plan. For most regions of interest, the 
models performed comparably, but the 
“out-of-field” modification significantly 
improved agreement for the smaller re-
gions of interest such as chiasm, lenses, 
and optic nerves.27 In a more recent 
paper, the same group compared two 
CNN-based dose prediction models 
specifically for helical tomotherapy. 
The models were CResDevNet and a 
standard U-Net architecture. Using 136 
nasopharyngeal treatment plans and 24 
validation plans, the models were tested 
against 60 patients. The mean absolute 
error with clinical plans was between 
3.2 ± 2.5% and 3.7 ± 2.9% for the CRes-
DevNet and U-Net, respectively. CRes-
DevNet also had a slight advantage with 
the majority of OARs when the overlap 
of dose-volume histogram curves was 
measured.28 

Adaptive Radiation Therapy
Adaptive radiation therapy is a spe-

cialized form of image-guided radiation 
therapy frequently used in head and neck 
treatment sites due to the significant an-
atomical changes that can occur over the 
course of treatment. Currently, adaptive 
radiation therapy usually uses an “of-
fline” approach. The physician may set 
a predefined trigger point, perhaps half-
way through treatment, where the plan 
will be re-evaluated based on localization 
imaging such as cone-beam CT (CBCT) 
and adapted to current anatomy if neces-
sary. The physician may also call for ad 
hoc adaptation based on changes seen in 
image guidance or on-treatment visits. 
In offline adaptive therapy, the patient 
receives a new CT simulation and a new 
plan is generated for the remaining frac-
tions. This is extremely time-consuming 
and labor-intensive as the entire treat-
ment planning process must be repeated 
with the new CT. Although training AI 
models requires substantial time upfront, 

increased operational speed yields signif-
icant benefit to offline adaptive radiation 
therapy and opens the possibility of “on-
line” adaptive radiation therapy where 
the plan is adapted immediately after 
localization imaging is acquired and the 
patient remains on the table. Without the 
increased computational speed that ma-
chine learning provides, the feasibility of 
online adaptation is questionable. 

Tong et al investigated the use of 
adversarial networks for OAR seg-
mentation on both CT simulation and 
low-field MRI acquired on an MR-
guided linear accelerator for online 
adaptation of image-guided therapy. 
The CT model was trained on 48 pa-
tients from the RTOG 522 dataset and 
the MRI model was trained on 25 MRI 
volumes acquired on the MRIdian sys-
tem (ViewRay). The authors found that 
the adversarial network that included 
multiple integrated neural networks 
(SC-GAN-DenseNet) performed better 
than other models for both CT and low-
field MRI. This is particularly notable 
given the low signal-to-noise environ-
ment of low-field MRI and the short 
contouring time for the deep-learning 
model (approximately 14 seconds com-
pared to 30 minutes for the comparable 
model-based algorithm).16 Although 
not currently a focus in head and neck 
applications, intrafraction motion man-
agement may also benefit from fast 
contour propagation in MR-guided lin-
ear accelerators with continuous image 
monitoring during treatment.29 

Guidi et al deformably registered 
daily localization MVCT or kV CBCT 
to CT simulations to measure the 
changes in dose due to changing anat-
omy over time. The authors focused 
on parotid glands as they are prone to 
substantial changes during the course 
of treatment. Using a support vector 
machine, changes in parotid volume 
were classified into categories ranging 
from “Correct Treatment” where plan-
ning was not necessary to “Suggested 
Replanning” where changes indicate 
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replanning would mitigate suboptimal 
dosimetric changes. The authors in-
cluded additional classifications to alert 
users of abnormal changes in volume 
data that are either extreme anatomical 
fluctuations or artifactual. The authors 
found that, by the fourth week of treat-
ment, approximately 55% of patients 
required retreatment. The authors vali-
dated their approach by comparing their 
classification to physician judgment and 
found good concordance between the 
model and physicians.30

One of the few commercial online im-
age-guided adaptive therapy solutions 
is the Ethos platform by Varian. Built 
on Halcyon hardware, the Ethos system 
contains proprietary deep-learning AI 
that drives online adaptation of the plan 
from iteratively reconstructed kV CBCT. 
In a recent publication, the authors 
(Varian employees) vaguely describe the 
deep-learning algorithm as CNN-based 
similar to U-net and DenseNet. After tar-
gets and organs at risk are propagated to 
current anatomy, the plan is reoptimized 
while the patient is on the treatment 
table.31 Though numerous abstracts were 
presented at recent national meetings 
about this adaptive platform, few manu-
scripts on clinical user experiences have 
yet been published. 

Outcome Prediction
Outcome prediction is another appli-

cation of AI in head and neck radiation 
therapy. Several authors have explored 
normal tissue complication probability 
(NTCP) prediction of xerostomia and 
dysphagia with machine learning meth-
ods.32-34 Lee et al used quality of life 
surveys to identify the most influential 
predictive factors in a multivariable xe-
rostomia model in squamous cell carci-
noma and nasopharyngeal carcinoma. 
Interestingly, the authors found that, 
in addition to ipsilateral and contralat-
eral parotid dose, features such as age, 
T-stage, financial status, and educa-
tion were also significant predictors of 
xerostomia.32,33 Dean et al built three  

dysphagia machine learning models 
based on prior work35 with 173 patients 
for training and 90 patients for validation 
from a variety of head and neck disease 
sites and several institutions. Dysphagia 
was scored using CTCAE version 3 and 
dose to the pharyngeal mucosa was con-
sidered along with other clinical factors. 
The authors compared models trained 
with dose-volume data alone vs inclusion 
of spatial dose information. The authors 
found that spatial dose information did 
not improve NTCP modeling of dyspha-
gia and therefore recommended the stan-
dard model that includes dose-volume 
information only, with the caveat that 
different spatial dose metrics may pro-
duce different results.34

Research in radiomics, the study of 
hundreds or thousands of subtle features 
within regions of interest contoured on 
diagnostic imaging, has been acceler-
ated by machine learning algorithms.36 
Ren et al developed a model to differen-
tiate between stage I-II and stage III-IV 
squamous cell carcinoma by extract-
ing 970 radiomic features from multis-
equence MRI.37 Van Dijk et al used the 
90th percentile of the MRI signal from 
pretreatment T1-weighted MRI to pre-
dict xerostomia.38 Gabryś et al compared 
conventional NTCP prediction models 
of xerostomia with machine learning 
models that included a variety of user-se-
lected radiomic and dosiomic features. 
Xerostomia was split into early, late, and 
long-term time periods, with acceptable 
predictive success occurring only for 
long-term toxicity. Small parotids with 
steep dose gradients in the lateral direc-
tion were more prone to xerostomia. The 
authors suggested this may be caused 
by the changes in anatomy during treat-
ment, pulling the smaller glands close to 
high dose regions.39 If this is true, such a 
finding would support the need for adap-
tive therapy as described above.

Quality Assurance
The use of machine learning in medical 

physics quality assurance procedures is 

rooted in the idea that physics resources 
are scarce and should be allocated where 
they can make the most impact. In other 
words, tasks that can be automated 
should be automated so that physicists, 
like physicians, can concentrate on tasks 
that truly require expert human judg-
ment. Several authors have investigated 
the utility of machine learning in identi-
fying plan parameter outliers,40 finding 
erroneous contours,41 calculating output 
factors in proton therapy,42 predicting 
MLC leaf position errors,43 and predict-
ing gamma index passing rates in IMRT 
QA.44-48 

In their 2016 paper, Valdes et al 
state their intent to create virtual IMRT 
QA46 where planners would be able to 
predict the gamma indices of a given 
plan before running the QA, poten-
tially avoiding overmodulated plans 
and ultimately saving time. This is 
particularly applicable to head and 
neck treatment plans as they tend to be 
more complex than other anatomical 
sites. The authors began by training a 
generalized linear model with Pois-
son regression and LASSO regular-
ization on nearly 500 Eclipse-based 
treatment plans (Varian) for a variety 
of sites.46 The authors then augmented 
this model with portal dosimetry mea-
surements from a different institution47 
and, in their most recent publication, 
updated their 500-plan model using 
a CNN called VGG-16. The authors 
found comparable results between 
the CNN and their Poisson-regres-
sion model, although the CNN yielded 
several advantages over the Poisson 
model including calculation speed 
(after model training) and indepen-
dence from user-selected features.48

Limitations of Artificial Intelligence in 
Radiation Therapy 

There is tremendous potential in AI-
based approaches to solving our most 
pressing problems in head and neck 
radiation therapy. There are, however, 
limitations to what AI can currently 
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accomplish. Image reconstruction pa-
rameters, for example, significantly 
impact the performance of image-based 
AI algorithms for CT,49,50 PET,51 and 
MRI.52 Quality of autosegmentation 
and radiomics analysis is dependent on 
the accuracy of ground truth contours, 
which are typically drawn by physi-
cians prone to intra- and interobserver 
variation.53 Deep-learning algorithms 
are abstract by nature and the source 
of errant results can be difficult to pin-
point.2,3,54 Large high-quality datasets 
are required for adequate training and 
validation of deep-learning algorithms 
to prevent overfitting.2,5,54 Even with an 
adequate sample, deep-learning tech-
niques can be fooled by subtle changes 
in imaging,2 which is potentially trou-
bling if imaging artifacts occur. Given 
the “black box” nature of artificial in-
telligence, thorough validation proce-
dures are required to ensure models are 
yielding reasonable results. Regulators 
are understandably cautious about certi-
fying such powerful and complex tools 
for clinical use, which may explain the 
relatively limited number of commer-
cially available AI tools.

Conclusion
Advancements in AI continue at 

a rapid pace. Given the plethora of 
digital data generated for patients un-
dergoing head and neck radiation 
therapy, radiation oncology is well 
positioned to harness the power of 
machine learning and deep learning to 
improve decision-support algorithms, 
autosegmentation, treatment plan-
ning, outcome prediction, and quality 
assurance. Although few commercial 
products exist using AI technology,  
it is only a matter of time until such 
products are available. It will be incum-
bent upon us as medical professionals 
to familiarize ourselves with the basics 
of AI so we may shine a light in the 
“black box” and provide the most in-
telligent care (artificial or otherwise) to 
our patients. 
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The use of radiation therapy (RT) 
is an integral part of the treatment 
process in the field of pediatric 

oncology. RT requires a high degree of 
precision to successfully target malig-
nant cells while sparing normal tissue. 
As a result, patients must remain still 
for extended periods and are frequently 
required to use immobilization devices 
during treatment. This, in combination 
with the need to be isolated in a treat-
ment room, undoubtedly produces con-
siderable anxiety for children. 

Due to pediatric distress from the 
treatment process, general anesthesia 
is frequently required in RT for seda-
tion purposes. Provider surveys suggest 
the median age at which anesthesia is 
no longer required is approximately 6 
years.1 Some institutions routinely use 
general anesthesia for all patients up 
until age 7.2,3 While sedation has ben-
efits regarding ease of immobilization, 
there are considerable drawbacks to 
this process. First, sedation is invasive 
and carries potential health risks includ-
ing increased risk of sepsis associated 
with central line placement routinely 
required for administration of medica-
tions.4 In addition, anesthesia increases 

total time spent in the treatment center 
while dictating rigid scheduling re-
straints for both treatment facilities and 
patients (eg, fasting before treatment).1 
These requirements may be disruptive 
to a child’s ability to maintain social 
connection and attend school. 

More time in the facility also trans-
lates to increased staffing requirements, 
including individuals capable of han-
dling sedated patients, thus leading to a 
significant cost burden to treatment fa-
cilities. Health care cost savings as high 
as 36% have already been noted in stud-
ies that seek ways to reduce the sedation 
requirement in RT.5 

The invasive nature, as well as in-
creased risks and costs have led toward 
a conscious movement to minimize an-
esthesia in pediatric RT.3 Several studies 
have demonstrated the efficacy of partic-
ular interventions to reduce anxiety and 
sedation in pediatric radiation oncology 
patients through the facilitation of ef-
fective coping methods.5-14 Adequate 
implementation of these interventions, 
however, remains difficult for many fa-
cilities. Providers surveyed on this topic 
have suggested that lack of awareness of 
available tools and strategies continues 

to be a leading obstacle to putting these 
practices into use.1 As such, this review 
seeks to provide a thorough outline of 
various modalities to help guide imple-
mentation of strategies to reduce anxiety 
in treatment facilities. 

Interventions Prior to Initiation of 
Radiation Therapy Treatment 
Psychoeducational Interventions 

Psychoeducational interventions are 
humanistic methods of providing pa-
tients and caregivers with resources to 
cope with an illness. In general, these in-
terventions tend to provide information 
in a way that addresses the psycholog-
ical and emotional challenges a patient 
may face. This ranges from explaining 
general information about treatment and 
side effects to providing problem-solv-
ing strategies for coping with the dis-
ease.15 Psychoeducational interventions 
in this review are categorized by nonin-
teractive and interactive methods: 

Noninteractive education. This 
provides passive education by a vari-
ety of methods including meeting with 
the staff/nurses prior to treatment, a 
tour of the facility, video information 
about treatment, and information pam-
phlets.1,16 These traditional interventions 
intend to familiarize pediatric patients 
and caregivers with the medical team 
and treatment process. Meeting in ad-
vance with the treatment team gives 
patients and caregivers the opportunity 
to ask questions and plan coping strate-
gies before treatment begins. Seeing the 
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treatment suite either by video or via 
in-person tour provides the child an early 
opportunity to become comfortable with 
unfamiliar medical equipment. 

Interactive education. This allows 
the patient to relate to the treatment 
experience at a slower pace and de-
velop effective coping strategies. In 
medical settings, interactive education 
has been shown to be more effective 
than traditional, noninteractive educa-
tion in terms of promoting information 
recall and compliance with medical 
advice.17 RT facilities use a variety of 
realistic and virtual interactive tools that 
mainly work to desensitize the child to 
the RT process. Realistic tools include 
practicing laying still at home or at the 
treatment center and performing a “dry 
run” of the intended treatment. Virtual 
interventions utilize web-based tools, 
apps, and augmented/virtual reality to 
explore the treatment space. Both meth-
ods provide children ample opportunity 

to develop coping strategies for laying 
still prior to initiation of treatment. The 
“dry run” strategy has the additional 
benefit of allowing children to become 
comfortable with the imaging and radi-
ation equipment and has been shown to 
contribute to patient desensitization and 
reduce sedation needs in pediatric RT.12 

Play Therapy
Another intervention commonly used 

before treatment involves the use of play. 
The therapeutic use of play includes a 
spectrum of interventions varying by the 
complexity of problems the child faces.18 
These interventions allow the child to in-
teract with the environment in a way that 
relieves anxiety and builds familiarity 
within an unfamiliar setting: 

Spontaneous play. This is utilized 
for less complex problems and allows 
the child to naturally interact with their 
surroundings without intervention 
from others. Methods of this type of 

play involve animal therapy and use 
of a children’s play area. Although this 
method of play may not be effective 
for developing coping around complex 
problems, spontaneous play can effec-
tively reduce overall anxiety with an 
unfamiliar environment. For example, 
simply providing children with toys be-
fore undergoing medical procedures has 
been shown to relieve patient anxiety.19 
These interventions can be effectively 
implemented in the waiting area so chil-
dren can relieve stress prior to and even 
after treatment. In this manner, children 
will develop a positive association with 
the treatment facility. 

Medical play. This is used for more 
complex emotional problems and is 
administered by a trained professional, 
often a child life specialist (CLS) or so-
cial worker, in the health care setting. 
This type of play involves letting the 
child interact with medical devices with 
the goal of developing effective coping 
methods before treatment. This type of 
therapy allows children to “play out” 
their feelings and anxieties.20 An expe-
rienced professional can then help the 
child build strategies for dealing with 
these negative emotions. Medical play 
can be implemented in a way that al-
lows the patient to develop a feeling of 
agency in their own treatment. For ex-
ample, playing with teaching dolls and 
treatment machine models allows the 
child to play the role of provider. They 
can then externalize the fears their doll 
may have, which can be addressed by 
the CLS. Based on recent provider sur-
veys received by members of the Chil-
dren’s Oncology Group (COG) from 84 
institutions, the most common medical 
play intervention used by providers is 
mask decoration (71%).1 Masks can be 
decorated by the child to depict a favor-
ite superhero or cartoon character to de-
velop a degree of pride. Some creative 
examples are demonstrated in Figure 
1. In addition, children can make masks 
for family and members of the treat-
ment team to create a sense of shared 
experience. To gain familiarity with 

FIGURE 1. Select examples of creative mask decorations for pediatric patients receiving 
radiation therapy at our institution. Permission granted by Adeline Li, RTT, a radiation thera-
pist at New York-Presbyterian Hospital, to showcase the masks she created.
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radiation treatment itself, sites also use 
models of treatment machines, radiol-
ogy coloring books, and teaching dolls. 
These interventions allow the child to 
understand how treatment works and 
what RT accomplishes. Medical play 
is among the most researched and ef-
ficacious intervention in pediatric RT 
with multiple studies showing either a 
reduction in sedation requirement7,10 or 
in patient anxiety with this technique.13 
This intervention also produces a signif-
icant health care cost reduction largely 
through decreased anesthesia use.7 

Interventions During Radiation 
Therapy Treatment 
Specialized Staff

Pediatric patients have unique de-
velopmental and psychological needs 
in the medical setting. Specially 
trained staff, including CLS staff and 
social workers, are frequently utilized 
by RT facilities to care for their pedi-
atric population. CLS staff are report-
edly utilized in over half of pediatric 
RT centers.1,16 CLSs use developmen-
tally appropriate and individualized 
strategies to assist children and fami-
lies with the psychological burden of 
pediatric illness.21 In addition, CLS 
staff are trained in a variety of inter-
ventions already mentioned. Inte-
grating a CLS program in RT helps 
decrease psychological anxiety and 
sedation needs,7 as well as reduce 
overall treatment costs.7,21,22 In RT 
facilities that see a smaller volume of 
pediatric patients, CLSs may not be 
available. In such cases, regular staff 
specially trained in various interven-
tions discussed here can be utilized. 
If special training is not possible, a 
consistent treatment team can increase 
a child’s familiarity with the staff. 
Although not specifically studied in 
pediatric RT, the use of a consistent 
treatment team is commonly imple-
mented by RT providers1 and has 
precedented use for pediatric patients 
at increased risk of distress in pediat-
ric medical oncology.23 

Environmental Modifications
The medical environment where a 

child receives care has been shown to 
have a significant effect on a patient’s 
anxiety.24 Therefore, designing inter-
ventions aimed at making the medical 
environment more comforting to pe-
diatric patients can have a significant 
psychological impact on children un-
dergoing treatment. RT providers have 
reported using child-friendly décor 
and allowing patients to ride into the 
treatment vault on a toy car or airplane. 
Modifying the environment in this way 
creates a sense of comfort with the 
medical setting and has been shown to 
improve patient satisfaction in compa-
rable pediatric settings.24 

Distraction
This includes interventions that aim 

to shift the child’s attention away from 
negative emotion toward more favor-
able stimuli. This form of intervention 
is one of the most frequently utilized by 
pediatric RT providers.1,16 and serves 
primarily to alleviate anxiety during 
treatment. Frequent techniques involve 
the use of comfort objects for the child 
to hold, music therapy, aromatherapy, 
movies, or audiobooks. In the setting of 
pediatric RT, music therapy has been the 
most extensively studied with noted ben-
efit during treatment as well as making 
children potentially open to additional 
psychosocial support.6 Music therapy 
appears to be effective when the child is 
able to create an individualized playlist 
beforehand. This method could be imi-
tated for other distraction techniques by 
allowing the child to select an audiobook 
or video to watch during treatment.

Another form of distraction involves 
allowing communication with the care-
giver during treatment setup or treat-
ment delivery. Roughly half of pediatric 
RT providers report using some form of 
caregiver interaction with the patient 
once treatment has begun.1,16 When the 
child is in the treatment vault, commu-
nication with the caregiver can be main-
tained via two-way audio or video, or 

by allowing the caregiver to remain in 
the treatment vault with a lead shield. 

Reward/Incentive Systems
Use of a reward system provides in-

centives for children to complete RT 
and instills a sense of accomplishment 
throughout the treatment process. Re-
wards can be used both after each treat-
ment session as well as at the conclusion 
of the entire treatment course. Incentives 
after each RT session include allowing 
the child to select a prize from a treasure 
chest and implementing a bravery bead 
program. Bravery beads are common in 
pediatric oncology due to the number of 
procedures/interventions involved. This 
activity involves the child creating a 
necklace of different types of beads that 
are given after various procedures. This 
necklace becomes a way to commem-
orate the treatment process and helps 
children communicate their experience 
to others.25 End-of-treatment celebra-
tions are also common in the RT setting, 
although it is important to note that, in 
adults, ringing a cancer bell to celebrate 
treatment completion has been associ-
ated with increased levels of overall dis-
tress from cancer treatment at follow-up. 
However, it is unclear if this association 
is present in the pediatric population.26

A unique way to allow children to doc-
ument and memorialize their treatment 
is to encourage them to record a video 
documentary of themselves throughout 
the process.11 Children who undergo this 
movie-making project report increased 
willingness to undergo treatment since 
they can record in real-time what RT is 
like for them. This project also facilitates 
the ability to communicate their expe-
riences and allows for smoother reinte-
gration back to school. After the fact, a 
movie-making program could serve as 
a form of psychoeducation if videos are 
shared with children who have not yet 
begun treatment. 

Conclusion
This review highlights multiple re-

sources in practice that lead to a reduction 
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in anxiety and better toleration of RT for 
children. Anxiety minimization is cru-
cial, especially given increased cost and 
morbidity associated with the anesthesia 
requirements. While the types of inter-
ventions outlined above are being imple-
mented at several facilities with large 
pediatric patient volume,1,14,16 additional 
research is needed to validate specific 
practices in pediatric RT and determine 
which are most effective. 

While interventions can be useful for 
many children to reduce the need for 
sedation, it is important to determine 
which patients will be most amenable 
to this additional support. The use of a 
screening survey is a valuable tool for 
RT providers who wish to implement 
various practices discussed in this re-
view. Screening can be particularly 
useful in RT facilities with limited re-
sources dedicated to their pediatric 
population as screening will better di-
rect resources to patients most likely 
to benefit. Screening can be used to 
stratify patients into three groups: 1) 
those likely to require sedation regard-
less of intervention, 2) those amenable 
to an intervention (ie, “gray zone”), or 
3) those unlikely to require sedation 
regardless of intervention.3 Resources 
can then be targeted toward children 
in the “gray zone” since they are most 
likely to benefit from chosen interven-
tions. Various pediatric RT studies de-
scribe use of a screening step as part of 
their intervention process for reducing 
sedation3,7,9,10 while others report spe-
cific success targeting patients in the 
“gray zone.”3 Many criteria charac-
terize a child’s likelihood of requiring 
support to avoid sedation but common 
themes include the child’s ability to 
communicate, physical limitations, 
level of pain or anxiety, understanding 
and experience with medical treatment, 
ability to separate from caregivers, 
and various other developmental as-
sessments.3,7,9,10 Additional research is 
needed to determine the criteria that 

best stratify patients into these three 
categories. 

It is recognized that RT facilities 
have different resources and patient 
populations. Therefore, we hope this re-
view will serve as an outline of tools for 
centers to use in adopting an individual-
ized approach to their pediatric patients. 

References
1. Holt DE, Hiniker SM, Kalapurakal JA, et al. 
Improving the pediatr ic patient experience 
during radiation therapy – a children’s oncology 
group study. Int J Radiat Oncol Biol Phys. 2020; 
109(2):505-514.
2. McFadyen JG, Pelly N, Orr RJ. Sedation and anes-
thesia for the pediatric patient undergoing radiation 
therapy. Curr Opin Anaesthesiol. 2011;24(4):433-438. 
doi:10.1097/ACO.0b013e328347f931
3. Jacques A, Udowicz M, Bayliss Y, Jensen K. 
Thinking differently about the kids: an innovative 
approach to improve care provided to pediatric 
patients undergoing external beam radiation ther-
apy. J Med Imaging Radiat Sci. 2014;45(3):269-275. 
doi:10.1016/j.jmir.2013.12.009
4. Fortney JT, Halperin EC, Hertz CM, Schul-
man SR. Anesthesia for pediatr ic external 
beam radiation therapy. Int J Radiat Oncol Biol 
Phys. 1999;44(3):587-591. doi:10.1016/s0360-
3016(99)00058-9
5. Haeberli S, Grotzer MA, Niggli FK, et al. A psy-
choeducational intervention reduces the need for 
anesthesia during radiotherapy for young child-
hood cancer patients. Radiat Oncol. 2008;3:17. 
doi:10.1186/1748-717X-3-17
6. Barry P, O’Callaghan C, Wheeler G, Grocke 
D. Music therapy CD creation for initial pediat-
ric radiation therapy: a mixed methods analysis. 
J Music Ther. 2010;47(3):233-263. doi:10.1093/
jmt/47.3.233 
7. Grissom S, Boles J, Bailey K, et al. Play-based 
procedural preparation and support interven-
tion for cranial radiation. Support Care Cancer. 
2016;24(6):2421-2427. doi:10.1007/s00520-015-
3040-y
8. Klosky JL, Tyc VL, Srivastava DK, et al. Brief 
report: evaluation of an interactive intervention 
designed to reduce pediatric distress during radi-
ation therapy procedures. J Pediatr Psychol. 
2004;29(8):621-626. doi:10.1093/jpepsy/jsh064 
9. Mizumoto M, Oshiro Y, Ayuzawa K, et al. Prepa-
ration of pediatric patients for treatment with proton 
beam therapy. Radiother Oncol. 2015;114(2):245-
248. doi:10.1016/j.radonc.2015.01.007
10. Scott L, Langton F, O’Donoghue J. Minimising the 
use of sedation/anaesthesia in young children receiv-
ing radiotherapy through an elective play preparation 
programme. Euro J Oncol Nurs. 2002;6(1):15-22. 
11. Shrimpton BJ, Willis DJ, Tongs CD, Rolfo AG. 
Movie making as a cognitive distraction for paediatric 
patients receiving radiotherapy treatment: qualita-
tive interview study. BMJ Open. 2013;3(1):e001666. 
doi:10.1136/bmjopen-2012-001666

12. Slifer KJ. A video system to help children cooper-
ate with motion control for radiation treatment without 
sedation. J Pediatr Oncol Nurs. 1996;13(2):91-97. 
doi:10.1177/104345429601300208
13. Tsai YL, Tsai SC, Yen SH, et al. Efficacy of ther-
apeutic play for pediatric brain tumor patients during 
external beam radiotherapy. Childs Nerv Syst. 
2013;29(7):1123-1129. doi:10.1007/s00381-013-
2099-3
14. O’Connor M, Halkett GK. A systematic review 
of interventions to reduce psychological distress 
in pediatric patients receiving radiation ther-
apy. Patient Educ Couns. 2019;102(2):275-283. 
doi:10.1016/j.pec.2018.09.023
15. Oncology Nursing Society. Psychoeduca-
tion/Psychoeducational Interventions. Accessed 
October  15,  2020. h t tps : / /www.ons.org /
node/901?display=pepnavigator&sort_by=creat-
ed&items_per_page=50
16. Boik N, Hall MD. Psychosocial support for pedi-
atric patients at proton therapy institutions. Int J Part 
Ther. 2020;7(1)28-33.
17. Levenson PM, Morrow JR, Signer B. A compar-
ison of noninteractive and interactive video instruc-
tion about smokeless tobacco. J Educ Technol Sys. 
1986;14(3):193-202. doi:10.2190/tpb2-wybe-97q0-
qrdb
18. Play Therapy International. The Therapeutic 
Play Continuum. Accessed October 8, 2020. http://
playtherapy.org/Play-Continuum
19. Ghabeli F, Moheb N, Hosseini Nasab SD. Effect 
of toys and preoperative visit on reducing children’s 
anxiety and their parents before surgery and sat-
isfaction with the treatment process. J Caring Sci. 
2014;3(1):21-28. doi:10.5681/jcs.2014.003 
20. Medical Play. Children’s Hospital of Philadelphia. 
Accessed October 8, 2020. https://www.chop.edu/
health-resources/medical-play 
21. Boles J. The Value of Certified Child Life Spe-
cialists: Direct and Downstream Optimization of 
Pediatric Patient and Family Outcomes. 2020. 
Accessed October 14, 2020. https://www.childlife.
org/docs/default-source/the-child-life-profession/
value-of-cclss-full-report.pdf?sfvrsn=5e238d4d_2 
22. Scott MT, Todd KE, Oakley H, et al. Reducing 
anesthesia and health care cost through utilization 
of child life specialists in pediatric radiation oncology. 
Int J Radiat Oncol Biol Phys. 10 2016;96(2):401-405. 
doi:10.1016/j.ijrobp.2016.06.001 
23. Kazak AE. Pediatric Psychosocial Preventative 
Health Model (PPPHM): research, practice, and 
collaboration in pediatric family systems medicine. 
Fam Syst Health. 2006;24(4):381-395. 
24. Hamdan AB. The impact of creating a child-
friendly hospital environment in pediatric cancer 
patients and their families in comprehensive cancer 
center at King Fahad Medical City. Curr Pediat Res. 
2016;20(1). 
25. What are Bravery Beads? Children’s Hospital 
Foundation. 2020. Accessed October 14, 2020. 
https://www.youtube.com/watch?v=RnbGfLiHtNA 
26. Williams PA, Hu J, Yang D, Cao S, Jennelle RL. 
The cancer bell: too much of a good thing? Int J 
Radiat Oncol Biol Phys. 10 2019;105(2):247-253. 
doi:10.1016/j.ijrobp.2019.06.012



18       n        APPLIED RADIATION ONCOLOGY                                    www.appliedradiationoncology.com March  2021

applied radiation oncology

Proliferation Saturation Index to Characterize 
Response to Radiation Therapy and Evaluate 
Altered Fractionation in Head and Neck Cancer

Dr. Zahid is a postdoctoral fellow, Department of Integrated Mathematical Oncology, H. Lee Moffitt Cancer Center & Research Institute, 
Tampa, FL. Dr. Mohamed is an instructor, and Dr. Fuller is an associate professor, both in the Department of Radiation Oncology, The 
University of Texas MD Anderson Cancer Center, Houston, TX. Dr. Latifi is an assistant member, Dr. Rishi is a resident physician, Dr. Har-
rison is the chair and a senior member, Dr. Moros is a senior member and chief of medical physics, and Dr. Caudell is an associate member, 
all in the Department of Radiation Oncology, H. Lee Moffitt Cancer Center & Research Institute, Tampa, FL. Dr. Enderling is an associ-
ate member, Department of Integrated Mathematical Oncology, and  Department of Radiation Oncology, H. Lee Moffitt Cancer Center & 
Research Institute, Tampa, FL. Disclosure: Dr. Caudell reports grants, personal fees and other fees from Varian, outside of the submitted 
work. Dr. Enderling reports grants from NIH/NCI Physical Sciences in Oncology Network (1 U01 CA244100-01), while conducting the 
study. Dr. Zahid and Dr. Enderling have a patent “Personalized Radiation Therapy” (63/010,327) pending. Dr. Fuller reports grants from 
NIH, NIBIB, Elekta, NSF, University of Texas Health Science Center at San Antonio, and the American Association of Physicists in Medi-
cine. Dr. Moros reports grants/payments from Varian outside of the submitted work. No other authors have conflicts of interest to disclose, 
and no part of this article has been previously published elsewhere. 

Mohammad U. Zahid, PhD; Abdallah S.R. Mohamed, MD; Kujtim Latifi, PhD;  
Anupam Rishi, MD; Louis B. Harrison, MD; Clifton D. Fuller, MD, PhD;  
Eduardo G. Moros, PhD; Jimmy J. Caudell, MD, PhD; Heiko Enderling, PhD 

Abstract  
Objective: To personalize radiation therapy dose fractionation protocols, it will be necessary to first quantitatively describe 

tumor volume reduction dynamics and subsequently simulate the results of alternative fractionation schemes.
Methods and Materials: The proliferation saturation index (PSI) model of tumor volume dynamics was fit to weekly tumor 

volume data from computed tomography scans of n = 39 head and neck cancer patients who received 66 to 70 Gy in standard 
daily fractions or with accelerated fractionation. Using the outputs of this model, we additionally simulated how these patients 
would respond to hyperfractionation with 1.2 Gy fractions twice a day. We identified PSI values that would improve responses 
and outcomes to hyperfractionation compared to single daily fractions. 

Results: The PSI model fit volumetric tumor response dynamics data with high accuracy (R2 = 0.92) using patient-specific 
PSI values. Simulations of an alternative fractionation protocol demonstrated that a subset of patients with intermediate PSI 
values could potentially have improved locoregional control by switching to hyperfractionation.

Conclusions: This is the first demonstration of the PSI model fitting data from head and neck cancer patients, and the results 
suggest a benefit from alternative fractionation schemes for a selected subset of patients. 
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Head and neck cancers (HNC) 
are commonly treated with de-
finitive radiation therapy (RT) 

with or without systemic therapy, with 
RT being the single most common on-
cologic treatment.1,2 Few inroads have 
been made to synergize biological and 
quantitative approaches with radiation 
biology and radiation oncology meth-
odologies to personalize and optimize 
RT. Standard treatment is 56 to 70 Gy 
in 1.8 to 2 Gy fractions once daily with 
or without concurrent chemotherapy,1 
derived from maximum tolerable dose 
concepts and dose-escalation trials pre-
mised on a “one-size-fits-all” RT dose. 
Current radiation oncology clinical 
practice is that every patient receives 
the same treatment, planned strictly 
on pre-radiation American Joint Com-
mittee on Cancer (AJCC) TNM stage 
(Tumor size, lymph Node involvement, 
Metastasis presence), without regard 
to individual tumor dynamics that may 
influence RT outcome. Oropharyngeal 
cancer still represents significant het-
erogeneity within the same stage group. 
Thus, it remains unclear why some pa-
tients with similar clinical stage, treated 
with identical RT dose and dose frac-
tionation, are cured while others are not. 
There is a strong need for personalized 
RT for individual patients.3 

Adaptive RT delivery has been sug-
gested primarily for anatomical and 
spatial adjustments during the course 
of treatment.4 Although alternative 
fractionation schemes have been tested 
in clinical trials with modest improve-
ments from altered fractionation, it 
is possible that these benefits may be 
offset by increased toxicities across 
the cohort.5 This sets up the need to be 
able to identify specific patients who 
may benefit from alternative fraction-
ation protocols. To rigorously evaluate 
every possible radiation dose and dose 
fractionation is experimentally and 
clinically unfeasible.6 However, the 
burgeoning field of integrated math-
ematical oncology may make such 

analyses possible. The integration of 
quantitative approaches could provide 
novel, reliable biomarkers based on 
mathematics and patient-specific dis-
ease dynamics to guide RT treatment 
personalization.7-9

Mathematical modeling in radiation 
oncology has a long history, with the lin-
ear-quadratic (LQ) model,10-14 biolog-
ically effective dose (BED),15-19 tumor 
control probability,20–22 and normal tis-
sue complication probability (NTCP)23-25 
being widespread in research and prac-
tice. Recent mathematical modeling 
and simulation studies of the canonical 
radiobiological principles have led to the 
concept of temporally feathered radia-
tion therapy (TFRT). In TFRT, different 

treatment plans are developed for each 
weekday of fractionated radiation to 
spare organs at risk in fractionated ra-
diation schedules.26,27 In close collab-
oration with experimental biologists, a 
mathematical model of glioma response 
to radiation has been calibrated and val-
idated to develop and subsequently ex-
perimentally confirm radiation protocols 
that optimally counteract stem cell de- 
differentiation dynamics.28

One mainstay of mathematical mod-
eling in radiation oncology is to simulate 
the volume regression profiles during 
RT,29-33 and to predict responses to a va-
riety of dose and dose fractionation pro-
tocols.33-37 Previous analyses revealed 
that parameters of complex models may 

Table 1. Patient Characteristics

		  Moffitt Cancer Center  	 MD Anderson Cancer Center  
		  Cohort	 Cohort 
		  n = 17	 n = 22
Primary Site	 n (%)	 n (%)
	 Bilateral	 1 (5.9%)	 0 (0%)
	 Base of tongue	 0 (0%)	 8 (36.4%)
	 Gum	 0 (0%)	 1 (4.6%)
	 Oral cavity	 2 (11.8%)	 0 (0%)
	 Oropharynx	 14 (82.4%)	 0 (0%)
	 Soft palate	 0 (0%)	 1 (4.6%)
	 Tongue	 0 (0%)	 2 (9.1%)
	 Tonsil	 0 (0%)	 10 (45.5%)
T stage	
	 T1	 3 (17.7%)	 7 (31.8%)
	 T2	 8 (47.1%)	 8 (36.4%)
	 T3	 4 (23.5%)	 2 (9.1%)
	 T4	 0 (0%)	 5 (22.7%)
	 TX	 2 (11.8%)	 0 (0%)
N stage	
	 N0	 1 (5.9%)	 0 (0%)
	 N1	 1 (5.9%)	 2 (9.1%)
	 N2	 13 (76.5%)	 20 (90.9%)
Metastases?	
	 No	 17 (100.0%)	 22 (100.0%)
	 Yes	 0 (0%)	 0 (0%)
Treatment	
	 RT alone	 0 (0%)	 11 (50.0%)
	 Chemo + RT	 17 (100.0%)	 11 (50.0%)
p16 status	
	 Positive	 6 (35.3%)	 16 (72.7%)
	 Negative	 5 (29.4%)	 5 (22.7%)
	 Unknown	 6 (35.3%)	 1 (4.6%)
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be impossible to determine with limited 
clinical data,38 suggesting that the num-
ber of patient-specific parameters must 
be kept to a minimum to avoid overfit-
ting and model uncertainty. To this ex-
tent, the novel concept of a proliferation 
saturation index (PSI) has been previ-
ously introduced to simulate non-small 
cell lung cancer patient-specific response 
to RT with a single parameter.39,40 Math-
ematical analysis revealed that PSI can 
robustly describe clinical data for a wide 
range tumor growth models.41 Here we 
show that the PSI model can simulate 
head and neck cancer patient-specific 
responses to RT with data from two clin-
ical cohorts from Moffitt Cancer Center 
and MD Anderson Cancer Center. We 
then use the model to run in silico com-
parisons of a hyperfractionation protocol 
to identify which patients may most ben-
efit from hyperfractionated radiation.

Methods and Materials 
Patient Data

A total of 39 head and neck cancer 
patients were treated with 66 to 70 Gy 
RT with and without concurrent che-
motherapy. Seventeen patients were 
treated at Moffitt Cancer Center where 
they received a total of 66 to 70 Gy RT 
in 2 Gy weekday fractions with concur-
rent chemotherapy, and the remaining 
22 patients were treated at MD Ander-
son Cancer Center where they received 
a total of 66 to 70 Gy RT (2 or 2.12 Gy 
weekday fractions or with accelerated 
fractionation) with half of the patients 
receiving concurrent chemotherapy. 
The patient cohort was comprised of 
different primary sites (oropharyngeal, 
laryngeal, nasopharyngeal), HPV sta-
tus, and clinical stage (stage T1-T4). 
Patient characteristics for the two co-
horts are detailed in Table 1.

Tumor volumes were delineated on 
weekly cone-beam computed tomog-
raphy (CBCT) or CT-on-Rails system 
combining a GE Smart Gantry CT 
scanner (GE Healthcare) and a 2100EX 
linear accelerator (Varian) (256 total 
CT-scan-derived tumor volumes). It 

should be noted that contouring tumor 
volumes from CBCT scans is highly 
dependent on adequate image quality. 
Insufficient contrast, obstruction of the 
tumor by other patient anatomy, and 
other factors may prevent delineation 
of tumor volumes. We only included 
tumor volumes from patients who had 
contourable images. Nearly 50% of the 
patients considered for the study had 
inadequate image quality and were thus 
excluded. Locoregional control cen-
sored up to 5 years was abstracted as 
outcome measure and determined by bi-
opsy confirmation or imaging sufficient 
to initiate additional treatments.

Mathematical Model
Tumor growth was modeled as logis-

tic growth as governed by the following 
differential equation:

where λ is the intrinsic volumetric 
growth rate [day-1], V is the gross tumor 
volume [cc], and K is the tumor carry-
ing capacity [cc], which is defined as 
the maximum tumor volume that the 
local tissue can support. We have pre-
viously proposed characterizing indi-
vidual patient tumor growth rates with 
the PSI, as opposed to the patient-spe-
cific growth rates.41 PSI is defined as the 
ratio of the initial tumor volume at the 
start of RT, V0, to the tumor carrying 
capacity:

PSI is defined between 0 and 1 and PSI 
represents the fraction of nonprolifera-
tive cells in the tumor (Figure 1).

Response to radiation was mod-
eled using the linear-quadratic (LQ) 
model:13

where SF(d) is the surviving fraction 
of cells after receiving a radiation dose, 
d [Gy]; and α [Gy-1] and β [Gy-2] are 
radiosensitivity coefficients. This is 
connected to the change in tumor vol-
ume by assuming that only proliferat-
ing cells are killed by radiation, in line 
with the Norton-Simon hypothesis that 
the rate of tumor regression under ther-
apy is proportional to the tumor growth 
rate.42-44 The change in tumor volume 
with each radiation fraction is modeled 
as follows:

where  is the volumetric death term 
per radiation fraction that is coupled to 
the LQ model as follows:

Implementation and Optimization
Custom scripts were written in MAT-

LAB (Mathworks) to simulate volume 
trajectories given inputs of fractionation 
schedule, dose per fraction, λ, PSI, α, 
and α/β. To evaluate the ability of the 
model to fit the patient data, an optimiza-
tion script was written using the particle 
swarm optimization function from the 
MATLAB Global Optimization Tool-
box to find patient-specific PSI values, 
given a particular (λ,α) pair for the en-
tire cohort, assuming α/β = 10 Gy. The 
optimal values for λ and α were found 
by performing a full grid search over λ 
∈ (0.02, 0.18) day-1 with a step size of 
0.025 and α ∈ (0.04, 0.25) Gy-1 with a 
step size of 0.01 to find the (λ,α) pair that 
minimized the mean square error to the 
patient data across the entire cohort for 
the first 4 weekly measurements.

Results
The parameter optimization iden-

tified that the values of λ = 0.07 day-1 
and α = 0.09 Gy-1 best fit the tumor 
volume dynamics across the entire pa-
tient cohort. Although the values of λ 
and α were the same for all patients, the  
patient-specific PSI values allowed the 
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FIGURE 1. Schematic depiction of proliferation saturation index (PSI). Assuming a fixed growth rate and initial tumor size, an increasing PSI 
indicates both a decreasing proliferative cell fraction and tumor carrying capacity. Green circles indicate proliferating cells; black circles nonpro-
liferating cells; dashed circle the putative carrying capacity.

FIGURE 2. Model fit results with uniform λλ and α values across the cohort and patient-specific PSI values. (A) Representative fitting results for 3 
patients with 3 different PSI values, using λλ = 0.07 day-1 and αα = 0.09 Gy-1. The green markers indicate weekly tumor volumes at the start of RT; 
black markers show weekly tumor volumes during RT; blue curves show the model fits. (B) Correlation of simulated volumes (derived from the 
model fits) to the measured tumor volumes for all 39 patients. Green markers indicate individual weekly time points and the black line has a slope 
of 1. The R2 value shows the degree of correlation to this line and thus the accuracy of the simulations. (C) Box plot of fitted PSI values with individ-
ual values indicated. The center line indicates the median; the bottom and top edges of the box show the 25th and 75th percentiles, respectively. 
(D) PSI as a function of initial tumor volume, showing no significant correlation. Black line indicates the best-fit linear regression, with R2 indicated. 
P-value is shown for comparison against the null model. (E) PSI as a function of percent tumor volume change by week 4 of RT, showing significant 
correlation. Black line indicates the best-fit linear regression, with R2 indicated. P-value is shown for comparison against the null model.
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model to fit both shallow-volume regres-
sion dynamics (high PSI) and rapid-vol-
ume reduction responses (low PSI) with 
high accuracy (Figure 2A). Across the 
entire cohort, the model fit the weekly 
tumor volumes with high confidence; R2 
= 0.92 (Figure 2B). Notably, while PSI 
was allowed to range from 0 to 1, only 
values > 0.5 were obtained from the fit-
ting procedure using the optimized λ and 
α values, which indicates that the model 
was not overconstrained or overfitting 
the data (Figure 2C). 

To assess the clinical significance of 
the model parameters, we compared pa-
tient-specific clinical measures with the 
fitted model parameters. Initial tumor 
size did not correlate with PSI (Figure 
2D), but percent change in tumor volume 
after 4 weeks of RT showed a strong cor-
relation with PSI (Figure 2E). 

To translate tumor volume reduc-
tion to long-term patient outcomes, we 
tested midtreatment tumor volume re-
duction as a predictor for locoregional 
control (LRC). We found that the me-
dian tumor volume reduction at week 
4 (-ΔV = 32.2%) perfectly separates 
out those patients who had early lo-
coregional recurrence (Figure 3). This 
is comparable to the recent observation 

that midtreatment nodal decrease  
≥ 43% in oropharyngeal cancer is prog-
nostic for locoregional control.45

Given that the standard protocol with 
2 Gy weekday fractions results in a sub-
set of patients recurring locoregionally, 
we simulated an alternative hyperfrac-
tionation scheme of 1.2 Gy fractions 2 
times a day (1.2 Gy BID). These simu-
lations were performed using the previ-
ously optimized λ, α values across the 
cohort, and patient-specific PSI values. 
As expected, these simulations pre-
dicted that all the patients would have 
increased tumor volume reduction due 
to the higher total dose (Figure 4A). 
However, only a subset of patients with 
intermediate PSI ([0.835-0.91], Case II: 
12/38 patients, 32%) is predicted to have 
sufficient marginal increase in tumor 
volume reduction to cross the previously 
determined volume-reduction threshold 
for LRC, indicating a potential to bene-
fit from a switch to hyperfractionation 
(Figure 4B). On the other hand, patients 
with low PSI values have highly prolif-
erative and radiation-sensitive disease 
(PSI < 0.835; Case I: 15/38, 39%), with 
both 2 Gy QD and 1.2 Gy BID yielding 
midtreatment tumor volume reductions 
> 32.2% indicating no additional benefit 

from hyperfractionation. On the other 
extreme, patients with high PSI values 
have less proliferative and more radio-
resistant tumors (PSI > 0.91; Case III: 
12/38, 32%), and in this case neither 
fractionation protocol provides robust 
midtreatment tumor volume reduction. 

Discussion
Herein, we presented a simple math-

ematical model based on proliferation 
saturation index, PSI, that was able to 
characterize head and neck cancer pa-
tient-specific volume changes to frac-
tionated RT with only 1 patient-specific 
parameter with high accuracy. Notably, 
the growth rate is assumed to be constant 
across the entire cohort, and all interpa-
tient heterogeneity is captured in the PSI 
values. Of interest, initial tumor size, and 
thusly T stage, did not correlate with PSI 
and midtreatment response. The need to 
only determine one patient-specific pa-
rameter may facilitate future patient-spe-
cific modeling and predictions. It may 
be possible to estimate patient-specific 
PSI values using midtreatment volume 
reduction, which was shown to correlate 
with PSI. Furthermore, these modeling 
results demonstrate that treatment re-
sponse dynamics may provide valuable 

FIGURE 3. Median tumor volume reduction at week 4 of RT can stratify for locoregional control. (A) Weekly tumor volumes normalized by 
initial tumor volume before start of RT during the course of treatment. Patients with eventual locoregional failure are highlighted in purple. The 
indicated median volume reduction at week 4 of RT perfectly separates the locoregional failures at week 4. (B) Kaplan-Meier survival plot for 
locoregional control (LRC) separated by percent tumor volume reduction at 4 weeks of RT. 

A B



www.appliedradiationoncology.com                                        APPLIED RADIATION ONCOLOGY            n       23March  2021

PROLIFERATION SATURATION INDEX TO CHARACTERIZE RESPONSE TO RADIATION THERAPY

applied radiation oncology  

insights to understanding the nature of 
the disease. These results complement 
previous analysis of pretreatment tumor 
volume dynamics associated with out-
comes in patients with oropharyngeal 
cancer.46 

Additionally, since the tumor volu-
metric death term was coupled to the 
LQ model, we were able to simulate the 
potential response to an alternative frac-

tionation scheme of hyperfractionation 
with 1.2 Gy BID. Although hyperfrac-
tionation is not widely used in clinical 
practice to treat squamous cell head and 
neck cancers, large meta-analyses have 
shown an 8% difference in overall sur-
vival at 5 years post-treatment compared 
with standard fractionation.5,47 However, 
this benefit may be offset by long-term 
toxicities from the increased overall dose 

and logistical difficulties in delivering 
multiple fractions a day. Mathematical 
models of tumor volume dynamics may 
eventually serve as part of a framework 
to identify patients who would benefit 
from hyperfractionation over standard 
fractionation.  

It is important to note that the α val-
ues identified in this study are for radio-
sensitivity for the entire tumor volume 

FIGURE 4. In silico comparison of 2 radiation fractionation schemes for the entire cohort using previously optimized parameters. (A) Normalized 
tumor volume trajectories for original fractionation scheme (2 Gy QD) compared to an alternative fractionation scheme (1.2 Gy BID) for repre-
sentative patients from the 3 possible cases (I. Both original and alternate fractionation are below the LRC volume reduction threshold. II. The 
original fractionation scheme is above the LRC threshold and the alternate fractionation scheme is below the threshold. III. Both fractionation 
schemes are above the threshold). Black solid lines indicate 32.2% tumor volume reduction at week 4 of RT. (B) Waterfall plot of percent tumor 
volume reduction for both radiation fraction schemes, sorted by degree of tumor volume reduction. Gray bars indicate percent tumor volume 
reduction with 2 Gy QD; green bars show percent tumor volume reduction for 1.2 Gy BID; horizontal black line shows the 32.2% tumor volume 
reduction threshold correlated with LRC; and red box highlights patients calculated to cross the volume reduction threshold correlated with LRC 
with the alternate fractionation scheme.
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and are not directly comparable to ra-
diosensitivity parameters derived from 
clonogenic assays in vitro. With the 
correlation of locoregional control with 
a volumetric reduction threshold at 4 
weeks of RT, we used these simulations 
to identify which patients could bene-
fit from hyperfractionation to achieve 
robust midtreatment tumor volume re-
ductions that correlate with locoregional 
control. This study demonstrates math-
ematical-modeling-derived PSI as a ra-
dioresponse biomarker in head and neck 
cancer and supports previous findings in 
non-small cell lung cancer that patients 
with intermediate PSI values may benefit 
from hyperfractionation protocols.

Of interest mathematically, it is diffi-
cult to accurately identify a unique (λ,α) 
parameter pair that fits the entire cohort, 
as other parameter pairs with the same 
λ/α ratio would yield similar model fits. 
Thus, it is important to accurately iden-
tify either the volumetric growth rate 
before the start of therapy or tumor ra-
diosensitivity. This can potentially be ac-
complished with just two pre-treatment 
CT scans spaced a few weeks apart, such 
as at diagnosis and at treatment planning 
or simulation, similar to a previous study 
of tumor volumetric growth velocity.46 
Radiation sensitivity index, RSI, may be 
a candidate for radiosensitivity that will 
be explored in future studies.3 The alter-
native fractionation simulations are also 
limited by the canonical radiobiological 
assumptions of the LQ model. It will be 
important to verify whether this method 
of accounting for different dose sizes 
holds up in similar data with different 
doses per fraction.

Notably, our model cannot capture 
transient increases in tumor volume 
during the first few weeks of RT. These 
types of small increases in tumor vol-
ume, or pseudo-progression, in early 
weeks of treatment have been seen in 
the other studies. In a recent study of 
44 node-positive oropharyngeal can-
cers,45 the authors saw changes in nodal 
volume ranging from a 74.3% volume 

increase to a 73.6% volume decrease 
at day 10 of chemoradiation; a 48% 
volume increase to a 94.9.% volume de-
crease at day 20; and a -18.1% volume 
increase to a 95.6% volume decrease 
at day 35. This can potentially be ad-
dressed by building a model with a de-
layed effect of RT.

Conclusion
We acknowledge that this analysis 

was performed on a small number of 
patients (n = 39), but we would like to 
note that our methodology of analyz-
ing longitudinal tumor volumes (6 to 
8 CT scans per patient) increases total 
data points to n = 256 CT scans, sig-
nificantly strengthening the analysis. 
The usability of this model in making 
patient-specific predictions and clini-
cal recommendations still requires in-
dependent parameter calibration and 
validation in independent datasets with 
larger and more homogenous cohorts.48 
However, the results presented here 
are important steps in the mathematical 
modeling of RT response in this cancer 
type and demonstrate the potential for 
testing alternative treatment schemes in 
silico to inform the design of clinical tri-
als for personalizing RT prescriptions.
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Localized Prostate Cancer Recurrence 

CASE SUMMARY 
A 70-year-old man presented with persistent rising pros-

tate specific antigen (PSA) of 3.2ng/mL in July 2020. The 
patient was post retropubic radical prostatectomy (RRP) for 
Gleason 3+4=7 in 2006. Subsequently, the patient experi-
enced biochemical recurrences for which he received sal-
vage external beam radiation therapy to the prostate bed 
in 2007, cryotherapy to the vesicourethral anastomosis in 
2015, and external beam radiation therapy to the pelvic 
lymph nodes in 2016, followed by hormone therapy for 
approximately one year. In February 2019, the patient’s PSA 
level started to rise to detectable levels at 0.45ng/mL, reach-
ing 1.1ng/mL in July 2019. 

A PET/MR scan revealed increased uptake in a perirectal 
lymph node. In September 2019, the patient underwent 
MRI-guided cryoablation of this perirectal lymph node. 
Interestingly, despite treatment, the PSA continued to rise to 
2.3 ng/mL in March 2020, and to 3.2 ng/mL in July 2020.

The patient underwent evaluation with MRI of the abdo-
men and pelvis, C-11 choline PET/CT scan, and Ga-68 PSMA 
PET/CT scan. 

IMAGING FINDINGS 
MRI of the abdomen and pelvis revealed a post-ablation 

defect in the left posterolateral aspect of the vesicourethral 
anastomosis.  However, there was prominent increased sig-
nal that could not exclude recurrent tumor in this region.  In 
addition, there was increased activity around the ablated 
left perirectal lymph node.  There were multiple tiny lymph 
nodes worrisome for nodal metastases within the perirectal 
and presacral regions. Additionally, there was a 3-mm right 
internal iliac chain lymph node also worrisome for meta-
static involvement.

C-11 choline PET/CT scan revealed a left presacral soft tis-
sue nodule with trace choline uptake.  There was no definite 
choline uptake above background activity along the vesicoure-
thral anastomosis; however, the area was partially obscured by 
physiologic activity of urine.  There was no other choline-avid 
lymphadenopathy or osseous or visceral metastases.

Ga-68 PSMA PET/CT scan, in comparison, revealed mul-
tiple small posterior and left lateral perirectal tracer-avid 
lymph nodes or soft tissue nodules. There was also another 
tracer-avid anterior right perirectal soft tissue nodule or 
lymph node abutting the posterior aspect of the bladder just 
to the right of midline. In addition, there was intense tracer 
uptake at the vesicourethral anastomosis as well as minimal 
tracer activity in a right internal iliac lymph node. There were 
no tracer-avid bone lesions. 

Of interest, both the MRI and C-11 choline PET/CT scan 
were suspicious for local recurrence as well as perirectal 
nodal recurrence, however, these lesions were very obvious 
on Ga-68 PSMA PET/CT scan. 

DIAGNOSIS 
Localized prostate cancer recurrence

FOLLOW-UP
The patient re-initiated treatment with Lupron hormone 

therapy of three months’ duration. The patient responded 
very well to the treatment and the PSA decreased rapidly to 
undetectable levels <0.10ng/mL in one month. 

DISCUSSION 
Prostate cancer accounts for nearly 33,000 deaths annu-

ally, representing the second-most common cause of can-
cer death among men, ranking only behind lung cancer.1 
While primary prostate cancer can be managed with radi-
cal prostatectomy or radiation therapy, 40% of patients 
will experience disease relapse.2 Recurrent prostate cancer 
requires personalized management that depends on the 
location of disease relapse. In 2013, the US Food and Drug 
Administration approved C-11 choline PET/CT scanning for 
detecting prostate cancer relapse after primary treatment 
failure, with an optimum PSA level of ≥ 2.0ng/mL.3 Despite 
the higher sensitivity of the C-11 choline PET/CT scan to 
disease recurrence compared with conventional imaging, 
Ga-68 PSMA PET/CT has demonstrated significantly higher 
sensitivity than C-11 choline PET/CT. In a systematic review 
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and meta-analysis, Eyben et al reported that Ga-68 PSMA 
PET/CT was able to detect the location of disease relapse 
after primary radical prostatectomy in half of patients with 
PSA levels between 0.5 and 1 ng/mL, and in up to 75% of 
patients with PSA >1 ng/mL.4,5 Some recent reports suggest 
that Ga-68 PSMA PET/CT can detect disease recurrence at 
PSA levels <0.5 ng/mL.6,7

This report demonstrates the significant difference in 
sensitivity between MRI abdomen/pelvis, C-11 choline PET/
CT, and Ga-68 PSMA PET/CT in detecting prostate can-
cer relapse. The higher sensitivity of Ga-68 PSMA PET/CT 
allows it to detect disease relapse at very small volumes of 
<8 mm.8 Despite the fact that Ga-68 PSMA PET/CT is not yet 
approved by the FDA for this indication, Afaq et al reported 
that PSMA PET/CT has a significant impact on disease man-
agement, with overall changes in 39-76% of cases.8 The 
high performance of PSMA PET/CT represents the future of 
prostate cancer diagnosis and management. 

CONCLUSION 
This report confirms the important clinical consideration 

of the high sensitivity of Ga-68 PSMA PET/CT in determining 

disease recurrence after initial treatment failure, particularly in 
patients with very low PSA levels. 
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Abstract
Background: We conducted a multi-institutional retrospective review of patients with HPV-mediated oropharyngeal squa-

mous cell carcinoma (HPV-SCC) to compare outcomes for upfront oncologic surgery plus adjuvant radiation therapy (RT) or 
chemoradiation therapy. 

Methods: We analyzed 281 patients from two institutions treated from 2010 to 2017. The primary outcome was event-free 
survival (EFS). Secondary outcomes were overall survival (OS), locoregional control and major complications. Univariate 
(UVA) and multivariate (MVA) Cox proportional hazards models were done, and Kaplan-Meier survival curves generated. 

Results: There were 55 surgery and 226 RT patients, median follow-up 37 months. There were fewer locoregional failures 
(0% vs 11%, P = 0.04) but more major complications (18% vs 11%, P < 0.01) for surgery patients. Adjuvant chemoradiation 
therapy was utilized in 44%. On UVA there was a trend for improved EFS in the surgery group (HR 0.48, P = 0.07), which did 
not persist on MVA (HR 1.07, P = 0.91). 

Conclusion: Upfront surgery did not improve EFS or OS. Local control improved, with more major complications.

The incidence of human-papillo-
mavirus-related squamous cell 
carcinoma (HPV-SCC) of the 

oropharynx is increasing internation-
ally.1-3 Fortunately, the prognosis with 
treatment is favorable, but at the cost of 
both acute and late toxicity.3-6 Efforts 
are underway to preserve and improve 
survival outcomes while decreasing tox-
icity with upfront surgical resection,7-9 
decreasing definitive radiation therapy 
(RT) doses/volume, or eliminating che-
motherapy10 in certain patients.

Newer surgical techniques are thought 
to have significantly lower toxicity com-
pared with prior techniques,11-13 with 
potential to eliminate RT in lowest-risk 
patients, decrease the adjuvant RT dose 
in intermediate-risk patients (T3/T4 tu-
mors, two or more positive lymph nodes, 
close margins, perineural invasion [PNI], 
lymphovascular space invasion [LVSI]), 

eliminate chemotherapy in high-risk pa-
tients (positive margins, extranodal ex-
tension), and possibly improve survival 
outcomes for highest-risk patients. When 
compared with results from previous RT 
trials,14 the toxicity profile appears to be 
improved, although such comparisons 
between datasets are problematic. 

Until recently, no randomized trial 
had been published comparing out-
comes between upfront treatment mo-
dality, whether surgery or RT; only a 
few retrospective series have described 
outcomes between these patients.15,16 
Despite the paucity of data compar-
ing the effectiveness and/or toxicity 
of either definitive treatment, the inci-
dence of upfront surgical resection has 
increased significantly (56% to 82% 
from 2004 to 2015) in facilities that re-
port to the National Cancer Database 
(NCDB).17 
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Given this lack of data regarding the 
most appropriate primary treatment 
for patients with HPV-SCC, we sought 
to compare upfront surgical resection 
vs RT or chemoradiation therapy in a 
multi-institutional retrospective review.

Methods
Patients treated with RT at Inter-

mountain Healthcare and Huntsman 
Cancer Hospital from 2010 to 2017 for 
nonmetastatic HPV-SCC were included 
in this study. These are independent in-
stitutions in the Salt Lake area with in-
dependently practicing physicians, and 
both have an average of two to three 
head and neck (H&N) radiation oncol-
ogists, three H&N fellowship-trained 
surgeons, and one medical oncolo-
gist. This study was exempt from both 
centers’ institutional review boards 
after initial review (IRB#1051068 and 
#00012307). To be included, patients 
could not have another concurrent can-
cer at diagnosis and had to be treated 
with curative intent. For primary RT, 
this required a dose of at least 66 Gray 
(Gy) to the primary tumor, and treat-
ment of the bilateral neck (or unilat-
eral neck for well-lateralized tonsillar 
primaries). For surgical patients, this 
was defined either as a transoral ro-
botic surgery (TORS) or wide local ex-
cision with neck dissection of at least 
the ipsilateral levels II-IV, followed by 
adjuvant RT. Generally, patients with 
positive surgical margins or extranodal 
extension received adjuvant chemora-
diation therapy. Occasionally patients 
with PNI, extensive nodal disease, or 
other high-risk factors received adju-
vant chemoradiation therapy at the dis-
cretion of the treating physicians. 

Patient data collected included de-
mographic factors: age, gender, per-
formance status, and smoking status 
(current, former 10 pack-years, former 
< 10 pack-years, and nonsmoker). Clin-
ical tumor factors included: p16 status; 
primary tumor size; primary tumor 
location; location of involved lymph 
nodes (ipsilateral or bilateral); and the 

	 Table 1. Patient Characteristics for Treatment  With  
Upfront Surgery or Radiation Therapy

Variable	 Surgery 	 %	 Radiation Therapy 	 % 
		  First		  First

Gender				    P = 0.95
	 Male	 51	 93%	 209	 92%
	 Female	 4 	 7%	 17	 8%

Age Group			   P = 0.06
	 18-65	 47	 85%	 158	 70%
	 66-79	 8	 15%	 65 	 29%
	 80+	 0	 0%	 3	 1%
KPS/ECOG				    P = 0.06
	 0	 46	 84%	 161	 71%
	 1	 9	 16%	 65	 29%
Smoking Status				    P = 0.37
	 Never	 23	 42%	 96	 43%
	 Current	 7	 13%	 32	 14%
	 Former < 10pkyr	 3	 5%	 29	 13%
	 Former > 10pkyr	 20	 36%	 64	 29%
	 unknown	 2	 4%	 5	 2%
Primary Site				    P < 0.01
	 Tonsil	 41	 75%	 97	 43%
	 Base of Tongue	 14	 25%	 121	 54%
	 Soft Palate	 0	 0%	 1	 <1%
	 Pharynx NOS	 0	 0%	 7	 3%
Tumor Size				    P < 0.01
	 2 cm or less	 28	 51%	 42	 19%
	 2.1-4.0 cm	 24	 44%	 119	 53%
	 > 4.0 cm	 3	 5%	 57	 25%
	 Unknown	 0	 0%	 8	 4%
AJCC 7th/8th cT stage				    P < 0.01
	 T0	 4	 7%	 3	 1%
	 T1	 27	 49%	 44	 19%
	 T2	 21	 38%	 100	 44%
	 T3	 2	 4%	 51	 23%
	 T4	 1	 2%	 26	 12%
	 Unknown	 0	 0%	 2	 1%
AJCC 7thcN stage				    P = 0.004
	 N0	 2	 4%	 23	 10%
	 N1	 8	 15%	 22	 10%
	 N2a	 6	 11%	 23	 10%
	 N2b	 35	 64%	 98	 43%
	 N2c	 1	 2%	 52	 23%
	 N3	 3	 5%	 8	 4%
AJCC 8th cN stage				    P < 0.01
	 N0	 2	 4%	 23	 10%
	 N1	 49	 89%	 143	 63%
	 N2	 1	 2%	 5	 23% 
	 N3	 3	 5%	 8	 4%

Key: RT = radiation therapy, KPS = Karnofsky Performance Status, ECOG = Eastern Cooperative 
Oncology Group, pkyr = pack-year, NOS = not otherwise specified, AJCC = American Joint Com-
mittee on Cancer, cm = centimeter, c- clinical, Gy = gray, Tx = treatment, LR = local recurrence, DM 
= distant metastases, PEG = percutaneous endoscopic gastrostomy, ORN = osteoradionecrosis

Table 1 conitunued on page 30
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Table 1 continued

Variable	 Surgery 	 %	 Radiation Therapy	 % 
		  First		  First

AJCC 7th cGroup				    P = 0.56
	 Stage I	 1	 2%	 1	 < 1%
	 Stage II	 1	 2%	 13	 6%
	 Stage III	 8	 15%	 26	 12%
	 Stage IVA	 42	 76%	 176	 78%
	 Stage IVB	 3	 5%	 10	 4%

AJCC 8th cGroup				    P < 0.01
	 Stage I	 48	 87%	 119	 53%
	 Stage II	 4	 7%	 79	 35%
	 Stage III	 3	 5%	 28	 12%

RT Dose Group				    P < 0.01
	 < 60Gy	 3	 5%	 3	 1%
	 60-65.99Gy	 39	 71%	 15	 7%
	 66-70Gy	 13	 24%	 208	 92%

Chemotherapy?				    P < 0.01
	 No Chemotherapy	 31	 56%	 2	 9% 
	 Chemotherapy	 24	 44%	 203	 91%

Chemotherapy Type				    P < 0.01
	 No Chemotherapy	 31	 56%	 21	 9%
	 Cisplatin	 16	 29%	 168	 74%
	 Cetuximab	 3	 5%	 30	 13%
	 Other	 5	 9%	 7	 3%

Completed Tx?				    P = 0.22
	 Did Not Complete	 4	 7%	 8	 4%
	 Completed	 51	 93%	 218	 96%

Any Recurrence?				    P = 0.04
	 No Recurrence	 51	 93%	 183	 81%
	 LR Only	 0	 0%	 25	 11%
	 DM Only	 4	 7%	 12	 5%
	 LR+DM	 0	 0%	 5	 2%

Time to Recurrence?				    P = 0.19
	 No Recurrence	 51	 93%	 183	 81%
	 Within 12 Months	 3	 5%	 27	 11%
	 12-24 Months	 1	 2%	 10	 5%
	 > 24 Months	 0	 0%	 6	 2%

Died From Cancer				    P = 0.48
	 Alive	 48	 87%	 182	 81%
	 Dead, Not Cancer 	 1	 2%	 9	 4%
	 Dead, Cancer	 6	 11%	 26	 12%
	 Dead, Unknown	 0	 0%	 7	 3%

Complication				    P = 0.003
	 None	 45	 82%	 202	 89%
	 PEG >1yr	 2	 4%	 9	 4%
	 ORN	 2	 4%	 12	 5%
	 Other	 6	 11%	 2	 1%
	 Unknown	 0	 0%	 1	 < 1%

Key: RT = radiation therapy, KPS = Karnofsky Performance Status, ECOG = Eastern Cooperative 
Oncology Group, pkyr = pack-year, NOS = not otherwise specified, AJCC = American Joint Com-
mittee on Cancer, cm = centimeter, c- clinical, Gy = gray, Tx = treatment, LR = local recurrence, DM 
= distant metastases, PEG = percutaneous endoscopic gastrostomy, ORN = osteoradionecrosis

American Joint Committee on Can-
cer (AJCC) 7th and 8th edition tumor 
(T), node (N), and overall group stage. 
Treatment factors collected included: 
upfront treatment (oncologic surgery 
or RT), RT dose, and whether systemic 
therapy was given and, if so, type. In 
patients who underwent upfront sur-
gery, data collected included pathologic 
tumor size, T stage (8th edition), PNI, 
LVSI, margin status, number of nodes 
involved, pathologic N stage (8th edi-
tion), whether nodes were ipsilateral or 
bilateral, and whether extranodal ex-
tension (ENE) was present. Time from 
surgical resection to the start of RT was 
also collected. Clinical outcomes col-
lected included time from diagnosis 
to last follow-up, vital status (alive or 
dead), cause of death if applicable, local 
recurrence status, distant metastases sta-
tus, time to local recurrence or distant 
metastases, salvage method if applica-
ble, and major complications. Major 
complications included feeding tube 
dependence > one year, osteoradione-
crosis, carotid injury requiring interven-
tion or causing death, spinal cord injury, 
severe lymphedema requiring ongoing 
therapy or limiting quality of life, or 
other major event thought to be related 
to cancer treatment as documented in 
the medical record.

Differences between the demo-
graphic, clinical, treatment, and out-
come factors between treatment groups 
were compared using chi-square anal-
ysis. The primary outcome was event-
free survival (EFS), which included 
death from any cause, locoregional 
recurrence, or distant recurrences. 
Secondary outcomes included OS, lo-
coregional failure rate, and major com-
plication rates. Both EFS and OS were 
examined using Cox-proportional haz-
ards modeling via univariate analysis 
(UVA) followed by multivariate analy-
sis (MVA). Demographic, clinical, and 
treatment factors with a P-value of < 0.2 
were included in the multivariate model 
and Kaplan-Meier curves were then 
generated.18 A P-value of < 0.05 was 
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required for significance. Patients were 
then stratified into a low-risk group 
(LR) and a high-risk group (HR) similar 
to the stratification from RTOG 0129.19 
Patients in the LR group were AJCC 7th 

edition T0-2, N0-2a, with any smok-
ing status. There were not enough non-
smokers/< 10 pack-year smokers in the 
low T/N stage RT group to lend statisti-
cal significance, so smoking status was 

not included for low-risk stratification. 
The HR patients had more advanced 
disease (N2b-3) and either were current 
smokers or had a smoking history > 10 
pack-years. In these patients, EFS and 
OS were also examined on UVA.

Results 
There were 281 patients who met 

inclusion criteria for this study, 55 of 
whom underwent oncologic surgery 
as their primary treatment and 226 of 
whom underwent primary RT. Median 
age was 60 and median follow-up time 
for all patients was 37 months, 37 for the 
RT group and 33 for the surgery group. 
The groups were well-balanced in terms 
of gender and smoking status (Table 1). 
There was a strong trend toward older 
age in the RT group (30% over 65 vs 
15%, P = 0.06) and poorer performance 
status (29% ECOG 1 vs 16%, P = 0.06) 
(see Table 1). Base of tongue location 
was more common in the RT group 
(54% vs 25%, P < 0.01), as were tumors 
> 4 cm (25% vs 5%, P < 0.01) with sub-
sequently more advanced AJCC 7th/8th 
edition T stage (64% T0-T2 vs 94%, P 
> 0.01). RT patients also had more ad-
vanced nodal disease, with N2c-N3 (7th 
edition) disease accounting for 27% vs 
7% of surgical patients (P = 0.004). In 
patients who underwent upfront surgical 
resection, all underwent postoperative 
adjuvant RT, and 24% of patients under-
went high-dose RT (66-70 Gy) (Table 
1). Of the surgical patients, 16% had 
positive margins, 24% had extranodal 
extension, and 44% underwent adjuvant 
chemoradiation therapy. All patients 
started RT within 8 weeks of surgery. 
Rates of treatment completion did not 
differ between the two groups. Surgical 
patients were less likely to have local 
recurrences (0% vs 11%, P = 0.04), but 
more likely to have major complications 
(18% vs 11%, P = 0.003), see Table 1. 
Feeding-tube dependence > 1 year and 
osteoradionecrosis (ORN) rates were 
comparable (~ 4%), but the rates of ca-
rotid, spinal cord, and soft-tissue injury 
were higher in the surgery arm (11% 

Table 2: Event Free Survival, Upfront Surgery  
Versus Radiation Therapy 

Variable	 UVA HR	 P value	 MVA HR	 P value

First Line Tx			 

	 RT	 1	 1	 1	 1
	 Surgery		  1.07	 0.91

Age			 

	 18-65	 1	 1	 1	 1
	 66-79	 1.63	 0.06	 1.45	 0.20
	 80+	 3.36	 0.10	 6.45	 0.09

Smoking			 

	 Never	 1	 1	 1	 1
	 Current	 1.24	 0.58	 1.08	 0.86
	 Former < 10pkyr	 2.44	 0.01	 2.64	 0.02
	 Former > 10pkyr	 1.68	 0.08	 1.86	 0.06

Primary Site			 

	 Tonsil	 1	 1	 1	 1
	 Base of Tongue	 1.35	 0.239	 0.98	 0.93
	 Soft Palate	 17.7	 0.01	 7.25	 0.08
	 Pharynx NOS	 1.18	 0.82	 0.59	 0.52

Performance Status			 

	 ECOG 0	 1	 1	 1	 1
	 ECOG 1	 1.81	 0.02	 1.39	 0.26

7th/8th T stage			 

	 0	 0.75	 0.77	 0.63	 0.68
	 1	 0.91	 0.79	 0.95	 0.90
	 2	 1	 1	 1	 1
	 3	 1.92	 0.04	 1.14	 0.72
	 4	 2.79	 < 0.01	 1.88	 0.11
	 Unknown T	 2.99	 0.29	 2.14	 0.50

8th N			 

	 0	 1.05	 0.91	 0.97	 0.96
	 1	 1	 1	 1	 1
	 2	 1.86	 0.03	 1.54	 0.19
	 3	 3.04	 0.02	 2.50	 0.08

RT Dose			 

	 66-70Gy	 1	 1	 1	 1
	 < 60Gy	 0.67	 0.69	 1.20	 0.87
	 60-65.99Gy	 0.48	 0.07	 1.27	 0.66

Chemo Group			 

	 No Chemotherapy	 1	 1	 1	 1
	 Cisplatin	 2.63	 0.04	 3.15	 0.09
	 Cetuximab	 5.44	 < 0.01	 6.13	 0.02

Key: UVA = univariate analysis, MVA = multivariate analysis, HR = Hazard Ratio, Tx = Treatment,  
RT = radiation therapy, pkyr = pack-year, NOS = Not Otherwise Specified, ECOG = Eastern  
Cooperative Oncology Group, Gy = Gray
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vs 1%, P = 0.003), see Table 1. Of that 
11%, 5 out of 6 patients received adju-
vant RT alone and 2 out of 6 received cu-
rative high-dose RT. 

On UVA, there was a trend toward 
improved EFS with surgery compared 
to RT (HR 0.48, P = 0.07), which was 
lost on MVA (HR 1.07, P = 0.91) (see 
Table 2, Figure 1). Factors associated 
with worsened EFS included being a 
former smoker of < 10 pack-years com-
pared with a never smoker (HR 2.49, P 
= 0.02) and cetuximab compared with 
no systemic therapy (HR 6.13, P = 
0.02). There was a trend for decreased 
EFS for age 80+ compared with age 18 
to 65 (HR 6.45, P = 0.09), former smok-
ers > 10 pack-years compared with 
never smokers (HR 1.86, P = 0.06), soft 
palate site compared with tonsil (HR 
7.25, P = 0.08), cN3 stage compared 
with cN1 (HR 2.50, P = 0.08), and cis-
platin compared with no chemotherapy 
(HR 3.15, P = 0.09).

With respect to OS, upfront resection 
did not affect survival on either univari-
ate (HR 0.75, P = 0.49) or multivariate 
analysis (HR 1.42, P = 0.57). There was 
a trend toward decreased survival for 
patients aged 66 to 79 compared with 

18 to 65 (HR 1.89 P = 0.07) and ECOG 
1 performance status (HR 1.83, P = 
0.08) compared with ECOG 0. There 
was significant detriment for former 
>10 pack-year smokers (Table 3, Fig-
ure 2) compared with nonsmokers (HR 
2.81, P < 0.01), patients with T4 disease 
compared with T2 (HR 3.25, P > 0.01), 
and cetuximab therapy compared with 
no chemotherapy (HR 5.10, P = 0.04). 

On subgroup analysis, there were 
169 low-risk patients (cT0-T2, cN0-1 
AJCC 8th edition). Neither EFS (HR 
0.91, P = 0.84) nor OS (HR 1.62, P = 
0.35) were affected by the method of 
upfront treatment on UVA. Of low-risk 
surgery patients, 40% underwent ad-
juvant chemoradiation therapy, 22% 
underwent high-dose RT, 18% had 
positive margins, and 10% had ENE. 
There remained an 11% higher com-
plication rate in surgery patients (P = 
0.02) with a trend toward improved 
local control (0% local recurrences 
vs 8%, P = 0.06). There were 88 high-
risk patients (cN2b-3 7th edition, >10 
pack-year or current smokers). Neither 
EFS (HR 0.95, P = 0.92) nor OS (HR 
1.27, P = 0.62) were affected by up-
front treatment on UVA. Of high-risk 

surgery patients, 55% underwent adju-
vant chemoradiation therapy and 35% 
underwent high-dose RT. There was a 
15% higher rate of major complications 
for upfront surgery (25% vs 10%, P = 
0.02) with a 15% decrease in local re-
currences (P = 0.02). 

Discussion
In this study, patients with HPV-SCC 

of the oropharynx, initial surgical resec-
tion was not associated with improved 
EFS or OS compared to upfront RT. 
Surgery was associated with a small 
decrease in rate of local recurrences at 
the expense of increased rates of major 
complications, particularly injury to the 
ipsilateral carotid artery, spinal cord, 
or skin and soft tissue. Of patients who 
started with surgery, nearly half re-
ceived trimodality therapy (surgery, RT, 
chemotherapy) and nearly a quarter re-
ceived curative-dose RT. On subgroup 
analysis, neither the low- nor the high-
risk patients benefitted from upfront 
surgical resection and in the high-risk 
patients, upfront surgery was associated 
with a 25% rate of major complications. 

Although there was an initial trend 
toward improved EFS with initial re-
section, when other factors were con-
sidered on MVA, such as stage and 
performance status, this trend dis-
appeared. The lack of a trend for OS 
between groups combined with the dif-
ference in rates of locoregional control 
on chi-square analysis suggest that the 
improvement in EFS was likely driven 
by locoregional control and that these 
patients are highly salvageable. In fact, 
of the 25 patients who failed locally, 
70% of them were surgically salvaged. 
The locoregional control difference 
was likely secondary to more ad-
vanced stage patients in the RT group. 
Notably, there was no improvement in 
survival even for the highest-risk sub-
group (former smokers with advanced 
nodal disease), for whom treatment 
escalation may have been beneficial. 
The lack of improvement in survival 
is informative and consistent with pre-

FIGURE 1. Event-free survival (EFS) for patients treated with upfront surgery plus adjuvant radi-
ation (with or without chemotherapy) vs those treated with primary chemoradiation therapy.
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viously published retrospective data16 
and a recently reported randomized 
trial,20 although survival based on  
upfront treatment was not the primary 
outcome in either of these studies. The 
lack of survival benefit was also shown 

in a meta-analysis of seven published 
studies that compared both modalities, 
but these data are limited by poor quality 
data in the included studies.15 A recently 
published NCDB report also found that 
survival with upfront surgery was not 

improved with HPV-SCC, but was im-
proved in HPV-negative disease.21 Inter-
estingly, a recently presented study of 96 
patients in Japan found that patients who 
were locally advanced but resectable had 
a trend toward improved survival with 
upfront surgery or induction chemother-
apy followed by surgery,22 something 
that could not be confirmed in this retro-
spective study.

The difference in rates of major com-
plications between the two modalities 
was surprising, especially since more 
than half of the upfront surgery patients 
did not receive chemotherapy and only 
a quarter of them received high-dose 
RT. Even more surprising was the type 
of complications these patients suffered 
(carotid, spinal cord, lymphedema). 
Similarly, a recently published series of 
267 patients treated with upfront surgery 
over 8 years found that major (ie, PEG 
tube dependence and tracheostomy) 
complication rates were low, but other 
meaningful outcomes, such as aspira-
tion of thin liquids (17% with adjuvant 
RT, 33% with adjuvant chemoradiation), 
difficulty with understandable speech 
(~40%), and diet limited to soft foods 
(27% to 46%), were present in a signif-
icant proportion of patients.23 This lack 
of improvement in toxicity outcomes has 
also been seen in the more commonly 
discussed toxicities, as upfront surgery 
was also associated with a nonclinically 
meaningful worsened swallowing func-
tion in the ORATOR trial, although rates 
of PEG tube dependence were low in 
both arms. The trial found a clinically 
meaningful decline in global and emo-
tional functioning at one year in the sur-
gical arm and a trend toward decreased 
ability to tolerate a normal diet without 
restrictions at one year (84% vs 100%, 
P = 0.055). Toxicities also differed in 
quality between groups. Conversely, the 
same study of 96 locally advanced HPV-
SCC patients in Japan also found that 
those who underwent upfront surgical 
resection had less aspiration pneumo-
nia and need for supplemental nutrition 
than patients treated with upfront RT.22 

Table 3: Overall Survival, Upfront Surgery Versus Radiation Therapy 

Variable	 UVA HR	 P value	 MVA HR	 P value

First Line Tx			 

	 RT	 1	 1	 1	 1
	 Surgery	 0.75	 0.49	 1.42	 0.57

Age			 

	 18-65	 1	 1	 1	 1
	 66-79	 1.74	 0.06	 1.89	 0.07
	 80+	 2.19	 0.44	 2.96	 0.43

Smoking			 

	 Never	 1	 1	 1	 1
	 Current	 1.67	 0.25	 1.79	 0.23
	 Former < 10pkyr	 1.95	 0.15	 2.43	 0.10
	 Former > 10pkyr	 2.38	 0.01	 2.81	 < 0.01

Primary Site			 

	 Tonsil	 1	 1	 1	 1
	 Base of Tongue	 1.05	 0.88	 0.67	 0.22
	 Soft Palate	 11.99	 0.02	 6.67	 0.11
	 Pharynx NOS	 1.46	 0.61	 0.64	 0.60

Performance Status			 

	 ECOG 0	 1	 1	 1	 1
	 ECOG 1	 2.40	 <0.01	 1.83	 0.08

7th/8th T stage			 

	 0	 1.34	 0.78	 1.12	 0.92
	 1	 1.24	 0.61	 1.32	 0.55
	 2	 1	 1	 1	 1
	 3	 2.26	 0.03	 1.16	 0.74
	 4	 4.45	 < 0.01	 3.25	 > 0.01
	 Unknown T	 3.75	 0.20	 1.60	 0.68

8th N			 

	 0	 1.37	 0.49	 1.65	 0.34
	 1	 1	 1	 1	 1
	 2	 1.58	 0.18	 1.49	 0.33
	 3	 2.74	 0.06	 2.60	 0.11

RT Dose			 

	 66-70Gy	 1	 1	 1	 1
	 < 60Gy	 0.90	 0.92	 1.12	 0.92
	 60-65.99Gy	 0.65	 0.32	 1.39	 0.61

Chemo Group			 

	 No Chemotherapy	 1	 1	 1	 1
	 Cisplatin	 2.12	 0.16	 2.39	 0.21
	 Cetuximab	 4.90	 < 0.01	 5.10	 0.04

Key: UVA = univariate analysis, MVA = multivariate analysis, HR = Hazard Ratio, Tx = Treatment, RT 
= radiation therapy, pkyr = pack-year, NOS = Not Otherwise Specified, ECOG = Eastern Coopera-
tive Oncology Group, Gy = Gray
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These studies suggest the importance of 
considering a wide range and degree of 
toxicity and complications when com-
paring data from primary modalities. 
As we await the final manuscripts for 
both phase II de-escalation trials (HN-
002 and E3311) to better detail acute 
and long-term toxicities, this data serves 
as an important reminder that compar-
ing these modalities is not comparing 
“apples to apples.” In other words, tox-
icities between treatments may not be 
classified as better, just different. 

It is also important to recognize that 
the purpose of this study was not to as-
sess whether upfront surgical resection 
could completely negate the need for ad-
juvant therapy in the lowest-risk patients 
(ie, T1-T2 primaries, 7th edition N0-1, 
no PNI/LVSI), as approximately 70% of 
surgical patients in this study had at least 
N2b disease. In this largely intermediate 
risk cohort, 44% of surgery patients un-
derwent chemoradiation therapy (trimo-
dality) and a quarter received high-dose 
treatment. This is consistent with other 
retrospective data that included low-
er-risk patients.23-25 On ECOG 3311, 

which assessed the role of surgery in the 
de-escalation of treatment for HPV-SCC 
based on pathologic criteria after surgery, 
approximately 1/3 of patients met the 
high-risk criteria after surgery (positive 
margins or > 1mm ENE) and received 
tri-modality therapy despite a rigor-
ous credentialing and review process.26 
Patients fared slightly better on the 
ORATOR trial,20 which compared qual-
ity-of-life outcomes after either surgery 
or RT as initial treatment, with 24% of 
patients requiring adjuvant chemoradia-
tion therapy. Taken together, these data 
would suggest that upstaging remains 
a significant risk for surgical patients 
even with aggressive staging, with the 
risk increasing with expanding disease 
burden on presentation. 

This study and others like it may one 
day become obsolete if de-escalation be-
comes standard of care, whether through 
de-escalated primary or adjuvant RT or 
surgery. However, this study and others 
like it should serve as a source of cau-
tion for de-escalation: Five-year overall 
survival was only 77% to 82% in a (rel-
atively) young cohort with supposedly 

favorable disease biology, with most 
deaths due to cancer progression. While 
these numbers are excellent compared 
with more aggressive locally confined 
cancers (pancreas, glioblastoma), they 
are still not above 90%. The results of 
HN-002, a phase II trial that examined 
the role for reduced-dose RT +/- chemo-
therapy, recently found that 60 Gy plus 
chemotherapy may be an acceptable 
de-escalation option for cancer control; 
however, combining dose reduction with 
omission of chemotherapy was not.27 
The 2-plus year survival rate for the RT 
plus chemotherapy group was excel-
lent (90%), as were the survival rates on 
E3311 (93% to 95%). Although the vast 
majority of patients will face recurrence 
in the first two years, longer follow-up is 
needed from both a survival and toxicity 
standpoint for both of these trials. Cer-
tainly, RTOG 1016 seemed to urge cau-
tion on the replacement of cisplatin with 
cetuximab.28 

The major limitation in this retro-
spective study was that only major 
complications, such as ORN, PEG tube 
dependence, and other major injuries, 
were recorded. These events were fortu-
nately rare, but do not adequately capture 
a patient’s quality of life after treatment. 
Xerostomia, dysgeusia, trismus, dysar-
thria, and inability to tolerate a normal 
diet may not be so severe to require sup-
plemental nutrition or render the patient 
without understandable speech, but can 
be quite limiting. Finally, although per-
formance status was included as a part of 
this study, comorbidity scores were not. 
This is specifically relevant to the deci-
sion on whether to use systemic therapy 
and which particular agent. Cetuximab 
was associated with a significantly in-
creased risk of death in this study, and 
several of these patients were given 
cetuximab on RTOG 1016, but several 
of them were also likely given cetuximab 
due to medical comorbidities or concern 
for poor tolerance of cisplatin. Despite 
these limitations, retrospective data 
continue to play an important role when 
comparing surgery and RT as primary 

FIGURE 2. Overall survival for patients treated with upfront surgery plus adjuvant radiation 
(with or without chemotherapy) vs those treated with primary chemoradiation therapy.
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treatment options, as those trials can be 
difficult to fully accrue. This has cer-
tainly been seen in the early stage lung 
cancer setting, and will likely be an issue 
for the ongoing ORATOR2 trial. 

Conclusion
In this retrospective study, surgical 

resection did not improve survival out-
comes. Upfront resection was associated 
with a lower local recurrence rate at the 
expense of a higher major complication 
rate. Subgroup analysis failed to show 
an effect of surgery (other than the in-
creased complication rate) for either 
high- or low-risk patients. As we (cau-
tiously) move into an era of de-escalated 
therapy, a wider range of toxicities and 
risks should be considered when choos-
ing a primary treatment modality.
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Stereotactic Body Radiation Therapy With 
Integrated Boost to the Dominant Intraprostatic 
Nodule: Initial Dosimetric and Clinical Outcomes
Suhong Yu, PhD; Daniel Huang, BS; Joseph S. Mathew, MD; Michael A. Dyer, MD;  
B. Nicolas Bloch, MD;  Sean Keohan, BS; Ariel E. Hirsch, MD

Abstract
Purpose: Prostate stereotactic body radiation therapy (SBRT) with dose escalation to the dominant intraprostatic lesion 

(DIL) is an option to increase local control. We investigated the feasibility and toxicity of a moderate boost to DIL while 
respecting established dose constraints.

Materials and Methods: Ten patients with prostate cancer who met eligibility criteria for NRG-GU005 were included. 
T2-weighted MRI and planning pelvis computed tomography (CT) were fused to delineate targets and organs at risk 
(OARs). SBRT plans (36.25 Gy in 5 fractions) followed GU005 constraints. Paired T-tests were used for analysis of dosim-
etrics. Early (< 90 days) and late (> 90 days) genitourinary (GU) and gastrointestinal (GI) toxicity were graded by National 
Cancer Institute Common Terminology Criteria.

Results: Mean prescription dose (36.25 Gy) coverage of the planning target volume (PTV) was 95.4%. The conformity 
index for all plans was < 1.2, and the dose to 0.03 cc of the PTV was < 120% of the prescription dose (43.50 Gy). The mini-
mum dose (D99%) of the PTV was 35.1 ± 0.4 Gy, whereas the D99% for DIL was 38.6 ± 0.8 Gy. Using an alpha/beta of 1.5, 
BED was 199.4 Gy for PTV vs. 237.3 Gy for DIL, P < 0.001. The incidence of acute grade 1 or 2 GI toxicity was 20%, of 
which 10% persisted past 90 days. The incidence of acute GU toxicity was 80%, of which 50% persisted past 90 days. No 
patients developed grade 3 or greater GI or GU toxicity.

Conclusion: Prostate SBRT with simultaneous moderate dose escalation to DIL is feasible and can be accomplished 
while respecting standard OAR constraints.

Prostate adenocarcinoma is the non-
cutaneous cancer with the highest 
incidence among men in the US; 

there were 174,650 new prostate cancer 
cases in the US in 2019.1 According to 
the Surveillance, Epidemiology, and End 
Results (SEER) program, 77% of new 
prostate cancer cases in 2019 were diag-
nosed as localized stage.2

Based on National Comprehensive 
Cancer Network (NCCN) guidelines, 
treatment options for low- to interme-

diate-risk prostate cancer include active 
surveillance, surgery, and radiation ther-
apy.3 Radiation is delivered either via 
external-beam radiation therapy (EBRT) 
or brachytherapy (BT), with the potential 
addition of androgen deprivation therapy 
for unfavorable intermediate-risk groups. 
Previous studies have shown that dose 
escalation in EBRT is associated with 
improved biochemical control and pro-
gression-free survival but is not associ-
ated with improved overall survival.4-7 

With dose-escalated EBRT, care must be 
taken in radiation treatment planning, as 
there can be greater risk of toxicity from 
increased dose to organs at risk (OARs), 
including the rectum and bladder.8

Prior research has shown that pros-
tate cancer is characterized by a low 
alpha/beta ratio of approximately 1.5 
Gy.9-11 This gives rise to a potential 
benefit of hypofractionated radiation 
therapy, where radiation is delivered 
in higher daily doses over fewer total 
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FIGURE 1. Dominant intraprostatic lesion (DIL) visualization comparisons on MRI THRIVE, T2 and CT axial slice, DIL (yellow), prostate (green), 
planning target volume (PTV) (red).

fractions, in terms of achieving greater 
tumor control while minimizing toxic-
ity. Stereotactic body radiation therapy 
(SBRT) is a form of extreme hypofrac-
tionation; one common regimen used 
in prostate cancer is 36.25 Gy in 5 frac-
tions (7.25 Gy per fraction), as per the 
NRG RTOG-0938 trial.12 Studies sug-
gest that SBRT for treatment of low- to 
intermediate-risk prostate cancer is as-
sociated with improved biochemical re-
lapse-free survival, with an acceptable 
toxicity profile.13-15

Studies of patterns of failure in EBRT 
with standard fractionation show the 
area of local recurrence is the domi-
nant intraprostatic lesion (DIL) in ap-
proximately 90% to 100% of cases.16,17 
Therefore, the DIL is a favorable tar-
get for heterogeneous dose escalation 
in SBRT. A phase I trial conducted by  
Herrera et al demonstrated promising 
anti-tumor activity and minimal toxici-
ties associated with SBRT and simulta-
neous dose escalation to the DIL up to 
50 Gy in 5 fractions.18

The objective of this study is to in-
vestigate the efficacy and toxicity 
profile of a moderate boost to the DIL 
while following NRG-GU005 dose 
constraints. We hypothesized that it is 
feasible to boost the DIL during SBRT 
and that doing so while following estab-
lished dosimetric constraints would re-
sult in a favorable toxicity profile.

Materials and Methods 
Subjects

We retrospectively reviewed 10 con-
secutive patients treated at our institution 

between October 2017 and December 
2018 with definitive SBRT (36.25 Gy in 
5 fractions) for intermediate-risk pros-
tate cancer; these patients were treated 
with SBRT following the dose contour-
ing guidelines and dose constraints from 
the SBRT arm of NRG-GU005 to guide 
treatment planning. No patients received 
hormone therapy. We retrospectively an-
alyzed clinical characteristics, dosimetry, 
and toxicity of these patients by chart 
review. This study was approved as ex-
empt by the institutional review board 
(IRB). 

Treatment Planning
All patients had gold fiducial markers 

(Civco Medical Solutions) placed in the 
prostate prior to treatment. Four fidu-
cial markers were placed, and they were 
placed at least 1 cm apart, when possible. 
For SBRT planning, both a thin slice (1 
to 1.5 mm) noncontrast pelvic CT and 
a high-resolution nonendorectal coil 
1.5 T or 3 T MRI were used. Axial T2-
weighted turbo spin echo images pro-
vided anatomical information, and axial 
noncontrast T1-weighted gradient-echo 
images were used for fiducial marker lo-
calization, both in the same straight axial 
orientation as CT slices with slice thick-
ness of 2 to 3 mm. To accurately identify 
the DIL, MRI THRIVE images (dy-
namic contrast-enhanced gradient-echo 
sequences) were also acquired and fused 
with planning CT.

Specific preparation instructions 
were given to all patients to minimize 
prostate motion during SBRT simula-
tion and treatment. Two days prior to 

CT simulation, patients were advised 
to follow a low-gas, low-motility diet. 
The day prior to simulation, patients 
were instructed to use a mild laxative 
and a gas relief medication, as well as 
to change their diet to a clear liquid diet. 
On the day of the scan, they were in-
structed to take a gas relief medication 
2 hours prior to their appointment time. 
Patients were also instructed to empty 
their bladders before scans. All patients 
were imaged and treated in supine po-
sitions with a SBRT body frame (Bi-
onix). A knee cushion was used when 
necessary for patient comfort. None of 
the patients had a rectal spacer, such as 
SpaceOAR, placed. CT and MRI im-
ages were fused in MIMVista (MIM 
Systems).

Per NRG-GU005 protocol, the gross 
tumor volume (GTV) was the prostate 
only, as defined on T2-weighted MRI. 
The clinical target volume (CTV) was 
the prostate and approximately 1 cm 
of proximal seminal vesicles, and the 
planning target volume (PTV) was 
5-mm expansion in all directions, ex-
cept 3 mm posteriorly on the CTV. The 
DIL and urethras were contoured with 
the help of a genitourinary radiologist 
using THRIVE and T2-weighted MRIs 
(Figure 1). 

Treatment plans (36.25 Gy in 5 frac-
tions) were generated with MultiPlan 
4.6.1 using sequential optimization. 
Hot spots (< 120% of prescription 
dose) inside the PTV were intention-
ally placed in the DIL region by using 
the objective constraints. Dose-vol-
ume histogram (DVH) constraints 
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for the PTV and OARs from protocol 
NRG-GU005 were followed (Table 2).  

SBRT Treatment Delivery
The same bowel regimen used prior 

to simulation was also used prior to 
treatment delivery, and all patients 
were treated on an empty bladder to 
maximize reproducibility. The en-
tire course was completed within two 
weeks on an every-other-day basis (eg, 
M, W, F). SBRT was delivered using 
the CyberKnife Robotic Radiosurgi-
cal System (Accuray Inc.). The Cy-
berKnife system is equipped with two 
orthogonal kV x-ray imaging devices 
for image guidance. Fiducial markers 
can be clearly identified in kV x-ray 
images attributed to its high density. 
During treatment delivery, the posi-
tions (6D) of fiducial markers were 
tracked based on the paired kV x-ray 
images. Imaging was every 15 to 30 
seconds to ensure submillimeter track-
ing accuracy. The robotic system auto-
matically corrected for 6D shifts up to 

1-cm translational shifts, 5-degree roll, 
2-degree pitch, and 3-degree yaw. If 
the motion was beyond these limits or 
noted to be excessive, most commonly 
due to movement of bowel gas, the 
treatment was paused until the fiducial 
orientation/position was back within 
tolerance. 

Follow-up and Toxicity 
Assessment

Patients were seen in follow-up by 
the treating radiation oncologist every 3 
to 6 months after completion of SBRT. 
Toxicity and PSA measurements were 
recorded in medical records as part of 
standard clinical practice. Retrospec-
tively, genitourinary (GU) and gastro-
intestinal (GI) toxicity were graded by 
National Cancer Institute Common Ter-
minology Criteria (NCI-CTC) via chart 
review. Specific GU symptoms evalu-
ated include dysuria, urinary frequency, 
urgency, retention, and GI symptoms 
include proctitis, hemorrhoids, rectal 
pain, and bleeding. Both early (< 90 

days from first fraction) and late (> 90 
days from first fraction) toxicities were 
assessed.

Statistical Analysis
Paired T-tests were used to compare 

the dose to the entire PTV vs the dose to 
the DIL.

Results 
Subjects

Clinical characteristics are listed in 
Table 1.

Dosimetry
Target coverage and normal tissue 

dose constraints are listed in Table 2. 
All NRG-GU005 protocol dosim-

etric constraints were met (Table 2). 
Mean prostate volume was 39 cc (range 
26-59 cc), and mean DIL volume was 2 
cc (range 0.7 to 4.5 cc). Mean prescrip-
tion dose (36.25 Gy) coverage of the 
PTV was 95.4% (range 93.8 to 97.9%). 
The conformity index for all plans 
was < 1.2, and the dose to 0.03 cc of 

Table 2. Dosimetry Constraints and Plan Results,* P < 0.001 

Organ Name	 Dosimetric Parameter	 GU005 Constraints	 Plan Value 
		  Per 	 Variation 	 Mean ±	
		  Protocol	 Acceptable	 STD

	 PTV	 D0.03cc[Gy]	 < 38.78	 < 43.5	 42.63 ± 0.70

		  D99%[Gy]	 > 34.4	 > 33.7	 35.08 ± 0.44

		  D98%[Gy]	 > 36.25	 > 34.4	 35.63 ± 0.32

		  Mean [Gy]			   38.91 ± 0.42

	 DIL 	 Mean [Gy]			   40.45 ± 0.87*

		  D99%[Gy]			   38.59 ± 0.81*

	 Rectum	 D0.03cc[Gy]	 < 38.06	 < 40	 37.80 ± 0.59

		  D3cc[Gy]	 < 34.4	 < 36	 33.89 ± 0.60

		  D10%[Gy]	 < 32.63	 < 34	 31.54 ± 0.86

		  D20%[Gy]	 < 29	 < 30	 26.96 ± 1.09

		  D50%[Gy]	 < 18.13	 < 19	 16.14 ± 1.28

	 Bladder	 D0.03cc[Gy]	 < 38.06	 < 40	 38.60 ± 0.76

		  D50%[Gy]	 < 18.12	 < 20	 16.74 ± 0.16

	 Urethra	 D0.03[Gy]	 < 38.78	 < 43.5	 39.13 ± 0.59

Key: PTV = planning target volume, DIL = dominant intraprostatic lesion

Table 1. Patient Characteristics 

Patient 	 Number of 
Characteristics	 Patients 
	 (N = 10) 

	 Age 	 70 (50-75)

Race 	

	 White	 40%

	 Black	 60%

Stage (by MRI)	

	 T1c	 1

	 T2a	 2

	 T2b	 1

	 T2c	 6

Gleason Score 	

	 3+3	 1

	 3+4	 8

	 4+3	 1

	 Favorable  
	 Intermediate Risk 	 1

	 Unfavorable  
	 Intermediate Risk	 9

	 Baseline PSA	 6.2 (4.2-11.5)
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the PTV was 42.63 Gy (range 41.13 to 
43.39 Gy), < 120% of the prescription 
dose (43.50 Gy). The minimum dose re-
ceived by 99% of the PTV (D99%) was 
mean 35.1 ± 0.4 Gy, whereas the mean 
D99% for the DIL was 38.6 ± 0.8 Gy 
(P < 0.001). Using an alpha/beta of 1.5, 
this corresponds to a BED of 199.4 Gy 
for PTV vs. 237.3 Gy for DIL. 

For OARs, mean rectum D0.03 cc 
was 37.8 ± 0.6 Gy, D3cc was 33.89 ± 
0.60 Gy, D10% was 31.54 ± 0.86 Gy, 
and D50% was 16.1 ± 1.3 Gy. Mean 
bladder D0.03cc was 38.6 ± 0.8 Gy, and 
mean bladder D50% was 16.7 ± 1.6 Gy 
(Table 2). D0.03cc to the urethra was 
mean 39.13 ± 0.59 Gy.

Figure 2 shows screenshots of the 
graphic plan for patient #2, where 
higher dose lines (115%) are concen-
trated in and around the DIL. Figure 3 
is the corresponding DVH.

Toxicity
All patients had one on-treatment 

visit (OTV). The median follow-up 
time after treatment was 12 months. The 
incidence of acute grade 1 or 2 GI tox-
icity was 20%, of which 10% persisted 
past 90 days. The incidence of acute GU 
grade 1 or 2 toxicity was 80%, of which 
50% persisted past 90 days. No patients 
developed grade 3 or greater GI or GU 
toxicity (Table 3).

Biochemical Outcomes
The mean pretreatment PSA was 6.2 

ng/ml (range 4 to 11.5). After SBRT, the 

Table 3. Genitourinary and Gastrointestinal  
Toxicity by Grade and Time 

	 Genitourinary Toxicity	 Gastrointestinal Toxicity 
	 (dysuria, urinary frequency,	 (proctitis, hemorrhoids,  
	 urgency, retention)	 rectal pain, bleeding)

	 < 90 days	 > 90 days	 < 90 days	 > 90 days 
Grade	 % (N = 10)	 % (N = 10)	 % (N = 10)	 % (N = 10)

	 1	 40%	 30%	 10%	 10%
	 2	 40%	 20%	 10%	 0

FIGURE 2. Example of isodose lines (patient #2) in sagittal, coronal and axial planes in which 115% of isodose lines (41.68 Gy) is avoided away from 
urethra, and it is closely covering the dominant intraprostatic lesion (DIL). Planning target volume (PTV) (red), rectum (brown), bladder (orange), DIL 
(yellow), urethra (green).

FIGURE 3. Dose-volume histogram (DVH) for patient #2. DIL = dominant intraprostatic lesion, 
PTV = planning target volume.
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mean PSA at 3- or 6-month follow-up 
was 1.5 ng/ml (range 0.7 to 2.4).

Discussion
The motivation for a boost to the 

DIL has been established, as several 
studies have shown the DIL to be the 
main site of tumor recurrence in 90% 
to 100% of cases.16,17 Our study inves-
tigates both the feasibility and toxicity 
profile of a moderate boost to the DIL 
in the context of SBRT for interme-
diate-risk prostate cancer. The feasi-
bility and accuracy of the treatment 
planning technique in this work has 
been investigated using a patient spe-
cific 3D-printed prostate phantom and 
published by Lee et al.19 The results of 
our study demonstrate the feasibility 
of this planning technique in clinical 
practice, as the DIL received signifi-
cantly higher doses than the PTV while 
respecting standard OAR constraints.

While our study is geared toward 
treatment planning technique and toxic-
ity outcomes, it is important to consider 
the potential impact on clinical end-
points such as survival and biochemical 
control. Recently published data from 
the Focal Lesion Ablative Microboost 
in Prostate Cancer (FLAME) phase III 
trial show improved biochemical dis-
ease-free survival in the focal boost (up 
to 95 Gy to the DIL) compared with the 
standard arm (77 Gy in 35 fractions), 
with a hazard ratio of 0.45, P < 0.001.20 
Although no comparable studies are 
published for a DIL boost in prostate 
SBRT, the results from the FLAME trial 
suggest that delivering a simultaneous 
integrated boost to the DIL could poten-
tially benefit tumor control in patients 
with localized prostate cancer.

The efficacy and toxicity profiles as-
sociated with a boost to the DIL have 
also been studied for other modalities 
such as intensity-modulated radiation 
therapy (IMRT) and BT.21-29 For ex-
ample, Sundahl et al found no signif-
icant difference in GU or GI toxicity 
with median follow-up of 72 months 
among patients treated with IMRT and 

82-Gy simultaneous integrated boost 
to the DIL.21 In a prospective phase II 
trial, Gomez-Iturriaga et al found no 
grade 3 or greater toxicity at a median 
follow-up of 18 months among inter-
mediate- or high-risk prostate cancer 
patients treated with dose escalation to 
the DIL via combined MRI-transrectal 
ultrasound fusion high-dose-rate BT.22

These results stand in contrast to 
studies that have investigated toxicity 
profiles associated with homogeneous 
dose escalation to the entire prostate. 
A phase I/II trial by Hannan et al in-
cluded patients who received homo-
geneous SBRT of 45, 47.5 and 50 Gy 
in 5 fractions, and 9.8% of patients 
who received the 50-Gy dose had 
late grade 3 or greater GI toxicity.30 
Within this cohort of patients, Kim et 
al further demonstrated that grade 3 or 
greater rectal toxicity was associated 
with > 3 cm3 volume of rectal wall 
receiving at least 50 Gy and > 35% 
rectal wall circumference receiving at 
least 39 Gy.31 This highlights the im-
portance of limiting dose escalation 
only to the DIL and considering meth-
ods for reducing radiation dose to the 
rectal wall such as the use of a rectal 
spacer. A phase III trial conducted by  
Hamstra et al showed statistically sig-
nificant reductions in rectal toxicity 
among patients undergoing IMRT 
with SpaceOAR, a hydrogel spacer.32 
Another trial conducted by Hwang et 
al found that SBRT with periprostatic 
hydrogel placement was associated 
with an acute grade 1 or 2 GI toxicity 
rate of 16% and no recorded grade 3 or 
greater GI toxicity.33

The rationale for administering a 
moderate boost to the DIL while re-
specting current SBRT guidelines is 
to improve efficacy while minimizing 
toxicity by targeting the area of high-
est tumor activity, thus improving the 
therapeutic ratio. In our study, we ob-
served a 20% incidence of acute grade 
1 or 2 GI toxicity, of which 10% per-
sisted past 90 days. We also found an 
80% incidence of acute grade 1 or 2 

GU toxicity, of which 50% persisted 
past 90 days. None of the patients  
developed grade 3 or greater GI or  
GU toxicity. However, an important 
consideration is the potential under- 
reporting of toxicity data due to the 
retrospective nature of our study and 
irregularities in follow-up.

Our results can be compared with 
existing data on toxicity profiles for 
SBRT delivered at doses of 35 to 36.25 
Gy without DIL dose escalation. Re-
ported rates of acute grade 1 or 2 tox-
icity associated with SBRT typically 
fall within about 40% to 80% for GI 
toxicity and about 60% to 80% for GU 
toxicity.34-37 This is in line with the 
toxicity profiles from our cohort, al-
though our acute GI toxicity rates are 
relatively favorable at 20%, which is 
comparable to the acute toxicity rate 
of 16% from the rectal spacer SBRT 
trial conducted by Hwang et al.33 Fur-
thermore, none of the studies report 
grade 3 or greater GI or GU toxicities 
associated with SBRT given at stan-
dard doses.34-37 Based on the results 
of our study and comparison to treat-
ment without dose escalation, pro-
viding a moderate boost to the DIL 
while following established dosimetric 
constraints does not appear to be asso-
ciated with increased toxicity to OARs.

A recent phase I trial conducted by 
Herrera et al studied the toxicity asso-
ciated with SBRT and simultaneous 
dose escalation to the DIL up to 50 
Gy.18 In their trial, they found an acute 
grade 1 or 2 GI toxicity rate of 25%, 
of which 5% persisted past 90 days, 
and an acute grade 1 or 2 GU toxicity 
rate of 70%, of which 40% persisted 
past 90 days. None of the patients in 
the trial developed grade 3 or greater 
GI or GU toxicities. Overall, the tox-
icity profiles closely mirror our re-
sults. While both studies utilized dose 
escalation to the DIL, only our study 
incorporated the NRG-GU005 proto-
col, which establishes dosimetric con-
straints for SBRT treatment planning.18 
Another difference between the two 
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studies is that Herrera et al used bio-
degradable rectal spacers, which may 
have contributed to the favorable tox-
icity profile that they observed. How-
ever, when considered together, the 
two studies provide evidence that si-
multaneous dose escalation to the DIL, 
with or without the use of rectal spac-
ers, is both safe and feasible.

An additional consideration is the 
impact of accurate contouring and the 
delivery of optimal radiation therapy 
that avoids underdosing the prostate 
while minimizing toxicity to OARs.38 
This is best achieved with an inter-
disciplinary team and the contouring 
input from a diagnostic radiologist. 
For our study, we recruited a radiolo-
gist who assisted with contouring of 
the DIL for all patients. A study con-
ducted by Dimigen et al found that 
advice from a consulting radiologist 
resulted in a change of practice in 45% 
of cases, ranging from changing target 
volumes to carrying out further im-
aging.39 They argue that radiologists 
are trained to recognize specific dis-
crepancies from normal anatomy that 
a radiation oncologist, who is more 
concerned with encompassing CTVs, 
may overlook. As such, the assistance 
of a radiologist with formal training 
in image interpretation can serve as a 
beneficial and arguably underutilized 
resource in radiation therapy planning 
and contouring.

Limitations to our study include the 
relatively small sample size of 10 pa-
tients, the retrospective nature of tox-
icity grading, and the short follow-up 
period, as no patients had follow-up 
past 12 months. Therefore, our study 
does not capture radiation-induced 
toxicities that could potentially arise 
years after treatment. Future clinical 
trials, incorporation of larger sample 
sizes and longer follow-up periods 
could be performed to not only assess 
the safety and feasibility of dose esca-
lation to the DIL, but also to examine 
whether dose escalation is justified by 
improved clinical outcomes.

Conclusion
Prostate SBRT with simultaneous 

moderate dose escalation to the DIL 
is feasible and can be accomplished 
while still respecting established OAR 
constraints. The approach to SBRT de-
scribed in this study results in a favor-
able toxicity profile comparable to that 
of standard SBRT regimens without 
dose escalation. However, such escala-
tion requires more specific MRI-based 
target delineation and likely would ben-
efit from contouring with a radiologist.
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When the US Food and Drug 
Administration (FDA) ap- 
proved the use of Gallium-68 

prostate-specific membrane antigen 
(PSMA)-11 (68Ga PSMA-11) PET imag-
ing for prostate cancer in December, 
nuclear medicine specialists were not the 
only ones excited by the development.

Several companies aligned with the 
production and supply chain for 68Ga 
had been anticipating—and planning 
for—the FDA’s approval and its sub-
sequent expected impact on demand 
for 68Ga, which can be used diagnosti-
cally when paired with PSMA-11, and 
therapeutically when paired with lute-
tium-177 or actinium-225. 

“We made the investment in a GMP 
68Ga generator years before any drugs 
were approved, betting that the mar-
ket was going to have a 68Ga drug,” 
says Jay Simon, general manager and 
managing director of Eckert & Ziegler 
Radiopharma (Berlin). 

In its action, the FDA gave the Uni-
versity of California, San Francisco 
(UCSF) and University of California, 
San Diego (UCSD) approval to label 
the 68Ga isotope with PSMA for PET 
imaging of the prostate.

Researchers reported that clinical 
trials comparing PSMA PET imaging 

.with 18F fluciclovine PET found that 
68Ga PSMA-11 PET detected signifi-
cantly more prostate lesions than 18F 
fluciclovine PET imaging in cases of 
cancer recurrence following prosta-
tectomy.1 Peter Carroll, MD, a profes-
sor at the UCSF Helen Diller Family 
Comprehensive Cancer Center, called 
the development a “game changer” in a 
statement issued by UCSF. 

In addition, there are nearly 400 
clinical trials2 currently underway 
involving the use of 68Ga for both 
diagnosis and therapeutics for prostate 
and neuroendocrine tumors and other 
types of cancer. “The market is defi-
nitely growing, even beyond PSMA,” 
says Lutz Helmke, PhD, Head of the 
Medical Radiopharma Segment at 
Eckert & Zeigler. “We believe there 
are many more tracers that will come 
to market and, therefore, we have done 
our utmost to increase capacity for this 
product.”

Dr. Helmke adds that after the 2017 
shortage of germanium, which is used 
to make 68Ga, Eckert & Ziegler fur-
ther increased its generator production 
capacity. He believes the company can 
meet current world demand for 68Ga 
generators; however, he said the com-
pany is also preparing for the increase 
in demand resulting from the antic-
ipated regulatory clearance of 68Ga 
PSMA-11 for general clinical use and 

will be looking for additional suppliers 
for its GMP grade germanium.

Dr. Helmke says there is a trend in 
the US toward developing larger 68Ga 
generators with higher activities, from 
50 mCi to 100 mCi. Eckert & Ziegler 
has developed a higher activity/higher 
capacity generator and will be filing 
for FDA approval in the near future. 
The company has also opened a new 
production facility in the Boston area.

“We have a geostrategy to serve our 
clients regionally but more importantly, 
we will have CMO capabilities so we 
can produce our customers’ final prod-
uct,” Dr. Helmke says.

Raw Material To Generator 
Development

IRE ELiT (Fleurus, Belgium), a 
division of IRE, is also taking action to 
increase its production of germanium 
and 68Ga. With respect to the former, 
IRE is building its own cyclotron to 
produce germanium; it is also working 
to increase production of 68Ga gener-
ators and higher-quality and capacity 
68Ga—up to 100 mCi.

“This is very important for us to have 
an independent source of germanium,” 
says Jean Bonnet, IRE’s head of strat-
egy, sales, and marketing. “We expect 
that in the future there will be intense 
competition to source germanium due 
the anticipated increase in demand for 

Nuclear Medicine Prepares for Greater 
68Ga Demand 
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68Ga generators. This will preserve our 
independence and capacity to maintain 
our position in the future market.”

The higher-capacity generators will 
offer more flexibility than 50 millicu-
rie generators, Bonnet says. 

“We know there will be a burst of 
demand for several months when there 
is approval for a new indication, such as 
with 68Ga PSMA PET,” Bonnet says. 
“So we are preparing for this flexibility 
with our partners.”

Made in the USA
In 2018, after four years as a US 

distributor of 68Ga generators for Ger-
man-based Isotopen Technologien 
München AG (ITM), RadioMedix 
(Houston, TX) began preparing to 
manufacture its own 68Ga generators, 
making it the only US manufacturer of 
the generators, says Ebrahim S. Del-
passand, MD, CEO, founder and chair-
man of the board.

“Our plan was to … increase the 
bandwidth, or output, of the 68Ga gener-
ators,” Dr. Delpassand says. “This was 
in anticipation that 68Ga usage will only 
increase.” 

A secondary goal was to help ITM 
file a drug master file (DMF) in the 
US, which occurred in June 2020 for 
ITM’s next generation Germanium-68/
Gallium-68 (68Ge/68Ga) generator, 
GeGant. GeGant generators are avail-
able in 30, 50, and 100 mCi.

“Now we have the capability to 
manufacture five generators every 
day. This is significant for generator 
accessibility in the market,” Dr. Del-
passand says. “We don’t anticipate any 
shortage of 68Ga supply in the market 
for PSMA, or for future 68Ga-labeled 
agents that will come to market.”

Dr. Delpassand sees other oppor-
tunities to label 68Ga with different 
ligands to address unmet needs in 

oncology, including targeted therapies 
for brain tumors, ovarian cancer, pan-
creatic adenocarcinoma and triple neg-
ative breast cancers. 

A Solid Approach
Although 68Ga is generally produced 

in generators, ARTMS (Burnaby, British 
Columbia) has developed a low-energy 
cyclotron, QUANTM Irradiation Sys-
tem (QIS), to produce 68Ga from solid 
zinc-68 targets. ARTMS CEO Charles 
Conroy explains that the QIS is used to 
produce decentralized radiopharmaceu-
ticals such as 68Ga on-site at hospitals, 
radiopharmacies, universities, and the 
like. The QIS is compatible with existing 
and new cyclotrons.

“There are hundreds of cyclotrons 
in North America, and with the QIS we 
can get the production closer to the end 
user,” says Conroy. “Additionally, we 
can create large volumes of radioisotopes 
by utilizing high-purity, solid-metal tar-
gets that are then irradiated, significantly 
amplifying the amount of 68Ga that one 
can produce. Using that solid target, a 
non-radioactive material, and a process 
that results in fewer impurities gives us 
the ability to produce such large quanti-
ties without the need for a generator. It’s 
completely different than what is on the 
market today.”

Compared to 68Ga generators that 
typically produce 50-100 mCi of 68Ga, 
Conroy says the QIS can produce five 
curies each hour, enough for almost 100 
patients. In December 2020, ARTMS 
received Health Canada clearance to 
use QIS to produce technetium-99m. 
The QIS can also perform a “split” run, 
where the beam can be used to make 
both copper and 68Ga, for example, on a 
single production run. 

“With the QIS, we are able to create 
enough material in one location, which 
would usually be a commercial radio-

pharmacy, to diagnose or treat patients 
across several different cities,” Conroy 
adds. 

“Our customers are really delighted 
that ARTMS technology gives them 
more supply chain control and enables 
them to treat more patients from prod-
ucts being supplied from a single site,” 
Conroy says. 

In early January, ARTMS and Telix 
Pharmaceuticals (Melbourne, Austra-
lia) announced the successful prepara-
tion of Telix’s TLX591-CDx (illumet), 
a radiopharmaceutical cold kit contain-
ing the components needed to prepare 
68Ga-PSMA-11 at ambient tempera-
ture. The kit is being evaluated at sev-
eral institutions in the US, including 
Emory University Hospital, Memorial 
Sloan Kettering Cancer Center, City of 
Hope, and Endocyte (Novartis). Fur-
ther, Telix has established a network of 
US partners, including approximately 
100 nuclear pharmacies, to prepare and 
distribute the kits for investigational use 
in qualified clinical trials.

“We anticipate every corner of Amer-
ica, Europe or any country we serve will 
be able to offer prostate imaging to their 
patients,” says Telix CEO Chris Beh-
renbruch. It doesn’t matter if it’s a New 
York-area hospital or a hospital in a 
remote area, everybody’s going to have 
access to this diagnostic technology.”
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Cancer deaths continue to decrease 
due to advancements in screen-
ing, early diagnosis and treat-

ment. According to the American Cancer 
Society, the largest single annual drop in 
cancer deaths was 2.2 percent from 2016 
to 2017.1 New treatments such as immu-
notherapy and targeted therapy as well as 
refinements in existing radiation oncol-
ogy techniques, such as stereotactic body 
radiation therapy (SBRT) and 3D or vol-
umetric-modulated arc therapy (VMAT), 
have contributed to the decline. Unfortu-
nately, patients still suffer the effects of 
toxicity to normal, healthy tissue. While 
proton therapy has been shown to reduce 
acute adverse effects2 and is generally 
considered safer in terms of avoiding 
damage to nearby healthy tissue, another 
treatment option may offer even more 
advantages: carbon ion therapy.

The National Institute of Radiolog-
ical Sciences (NIRS) in Chiba, Japan, 
is the world’s first carbon ion therapy 
center. Built in in 1994, roughly 12,000 
patients have been treated with carbon 
ion therapy, nearly a quarter of them for 
localized prostate cancer. Other primary 
sites include bone and soft tissue, head 

and neck, and lung cancers.3 Currently, 
12 particle therapy centers in Europe 
and Asia are in clinical operations using 
carbon ion.4

Despite its potential, providing car-
bon ion therapy is a costly undertaking 
at $300 million or more to establish a 
center, with no current reimbursement 
offered in the US.

In 2015, the University of Texas 
Southwestern (UTSW) and Univer-
sity of California, San Francisco, were 
awarded planning grants from the Na-
tional Cancer Institute (NCI) to support 
development of a heavy ion treatment 
center. Hak Choy, MD, FASTRO, pro-
fessor and chair of the Department of 
Radiation Oncology at the UTSW Med-
ical Center, led an international sympo-
sium on ion therapy at his institution in 
November 2014 with the goal to deter-
mine the direction of future investiga-
tion and development. However, while 
the NCI and the National Institutes of 
Health (NIH) will fund research, they 
do not provide funds for building a fa-
cility. Globally, all other heavy ion cen-
ters  – in Germany, Japan, Austria and 
Italy – were initially funded by their re-
spective governments.

UT Southwestern Medical Center is 
sponsoring a clinical trial to compare 

carbon ion to photon radiation therapy 
for locally advanced, unresectable pan-
creatic cancer (CIPHER).5 Led by prin-
cipal investigator David Sher, MD, the 
randomized trial seeks to compare over-
all two-year survival rates. Patients will 
receive treatment at a center in Japan or 
Milan and will include American, Euro-
pean and Asian patients. 

Coming to America
In November 2019, Mayo Clinic 

announced plans to build the first car-
bon ion therapy center in the US on its 
Jacksonville, Florida, campus. As one 
of the early US adopters of proton ther-
apy, Mayo is uniquely qualified to add 
carbon ion therapy to its armamentar-
ium, says Bradford Hoppe, MD, MPH, 
professor of radiation oncology and the 
medical director of Particle Therapy at 
Mayo Clinic Jacksonville.

“Carbon ion therapy is a treatment 
that was developed in the US 40 years 
ago but hasn’t been used here in 25 
years. Mayo Clinic is well positioned 
to lead this new effort to bring it back 
to the US,” says Dr. Hoppe. “We are 
going to examine carbon ion therapy 
for cancer sites where it is known to 
be effective, but also explore its use 
in novel situations, much like we have 
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done with proton therapy. The poten-
tial is there.”

The National Comprehensive Cancer 
Network (NCCN) Guidelines include 
carbon ion therapy as an appropriate 
treatment for bone sarcomas and uveal 
melanomas. Although bone sarcomas 
are rare, there is a high rate of local re-
currence with radiation therapy alone; 
therefore, surgery is preferred when 
technically feasible, Dr. Hoppe explains. 
Yet, some bone sarcomas cannot be 

safely resected, such as those in lower 
spine or base of the skull, without caus-
ing neurological or functional damage.

“Carbon ions can cause a lot more 
damage within the tumor [vs photon or 
proton therapy], so we think it is useful 
in tumors thought to be more radiore-
sistant,” says Dr. Hoppe. These include 
melanomas, bone sarcomas, soft-tissue 
sarcomas, carcinomas in the lung, hepa-
tocellular cancer, renal and pancreatic 
cancer, recurrent rectal cancer, as well 

as non-squamous head and neck can-
cers such as adenoid cystic and mucosal 
melanomas, and recurrent rectal cancer. 
Similarly, carbon ion therapy may pro-
vide additional benefit in patients with 
local recurrence following conventional 
radiation, where re-irradiation may be 
effective.

Carbon ion therapy, in one way, is 
similar to proton therapy in that there 
is no exit dose as seen with photons or 
conventional external-beam radiation 
therapy; this allows for delivery of a 
more conformal treatment maximizing 
dose in the tumor and delivering less 
dose to surrounding tissue. Yet, differ-
ent from proton or photon radiation, it 
more powerfully damages the cancer 
cell DNA. Dr. Hoppe likens the differ-
ence to that of a cannonball (carbon) vs 
a bullet (proton). Carbon creates more 
DNA double strand breaks and chromo-
somal breaks making the cell more sus-
ceptible to death. 

The Technology
Hitachi, Ltd., has been involved with 

particle beam therapy solutions since 
1994, including at NIRS where the com-
pany supplied the magnets, control sys-
tem, beam monitors and power supply 
systems for the accelerator. The compa-
ny’s first US-based proton beam therapy 
center at the University of Texas MD 
Anderson Cancer Center opened in May 
2006. A 2017 acquisition of Mitsubishi 
Electric’s particle therapy equipment 
business has brought the company back 
full circle to carbon ion therapy (see Fig-
ure 1A-B for examples of a heavy ion 
therapy accelerator system and treatment 
room). Now, Mayo Clinic is partnering 
with Hitachi on the carbon ion therapy 
system in Jacksonville.

The company has also developed a 
compact, energy-efficient synchrotron 
accelerator that can power single- or 
multiple-room systems. This compact, 
single-room solution is expandable and 
does not require additional accelerators 
to power multiple rooms.

FIGURE 1. An accelerator room at the Osaka Heavy Ion Therapy Center (A). Example of a 
treatment room at the center (B). photos courtesy Hitachi Ltd.

A

B
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A key differentiator of Hitachi’s par-
ticle therapy system is its capability 
to perform both proton and carbon ion 
therapy. According to Sash Matsumoto, 
vice president of sales and marketing 
at Hitachi America, this hybrid particle 
therapy approach allows centers to start 
with protons and expand to carbon ion.

“Because carbon is 12 times heavier 
than hydrogen, it requires larger-sized 
equipment, which increases the con-
struction costs,” Matsumoto says. “We 
believe in this technology and will con-
tinue to invest and build these centers.”

RaySearch Laboratories also sup-
ports and has invested in carbon ion 
therapy. RayStation Carbon Ion Ther-
apy is a pencil-beam scanning planning 
system currently used by six centers in 
Europe and Asia.6

With several NCI-funded studies 
comparing proton therapy with con-
ventional radiation therapy,7 the next 
logical step is comparing proton therapy 
with carbon ion therapy. Mayo Clinic 
will be well positioned to carry out this 
research in the US.

Mayo’s particle therapy center will 
have two proton gantries that will move 
360 degrees around the patient and one 
fixed room that can perform both proton 
and carbon ion therapy. It is also possible 
that patients may receive a hybrid proton/
carbon ion treatment in the fixed room.

“We don’t yet fully understand the 
radiobiologic effect within the target or 
just outside the target in normal tissue 
with carbon ion therapy, which means 
we don’t understand it in normal tissue,” 

says Dr. Hoppe. Theoretically, carbon 
ion therapy could be used to treat the 
center of the gross tumor volume and 
then proton used to treat the subclini-
cal disease and margins because of the 
understanding of the radiobiology and 
associated toxicity to normal tissue with 
proton therapy.

Carbon therapy can also shorten 
treatment times, Dr. Hoppe adds. In un-
resectable bone sarcomas, the treatment 
time with carbon ion is half that of pho-
ton or protons. 

“Carbon ion therapy can reduce treat-
ment times by 25 to 50 percent, which 
may help offset some of the expense 
of treatment,” he says. However, since 
the center will not be built until 2025 
and likely begin treatments in 2027, 
many decisions remain on precisely 
how Mayo Clinic will utilize carbon ion 
therapy.

Meanwhile, Mayo Clinic is collab-
orating with other carbon ion centers 
in Asia and Europe to embark on pre-
clinical and clinical studies before the 
Jacksonville center is built. With Mayo 
Clinic having multiple cancer treatment 
centers across the US, Dr. Hoppe sees 
an opportunity to initiate early studies 
through internal referrals. He is hopeful 
that other US-based cancer centers will 
invest in carbon ion therapy and collab-
orate with Mayo in both pre-clinical and 
clinical studies in part to achieve a base-
line of evidence needed for clinical use.

Also on the horizon: particle ion ther-
apy centers exploring the potential of he-
lium – a lighter particle than carbon yet 

heavier than protons – for cancer treat-
ment. University Hospital Heidelberg, 
a heavy particle center in Germany, is 
researching helium as an alternative to 
proton therapy by comparing treatment 
plans via computer simulation.8
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