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Current standard radiotherapy doses have been derived from empiric methods rather than a
scientific framework. Subclinical nodal dosing remains relatively uniform across most dis-
ease sites, despite heterogeneity in patient and tumor biology. It is now clear that there are
subsets of patients who will benefit from genomically-informed radiotherapy planning, and
there are increasing efforts toward prescribing radiation dose to match the radiosensitivity
of the tumor. By using novel genomic biomarkers to personalize delivery of radiotherapy,
there is an opportunity to improve loco-regional control and cure rates. We survey the cur-
rent landscape of personalized radiation oncology across commonly treated disease sites.
Semin Radiat Oncol 29:111−125 � 2019 Elsevier Inc. All rights reserved.
Introduction

Oncology potentially represents an ideal field for the use
of personalized medicine. In fact, recent years have

seen the identification of aberrant genes and targeted sys-
temic therapies (eg, anaplastic lymphoma kinase (ALK) in
lung cancer or microsatellite instability (MSI) in colorectal
cancer). Genomic assays in breast cancer help inform the
utility of additional chemotherapy. In contrast, the discipline
of radiation oncology has historically lagged behind in the
arena of precision medicine. Yet radiotherapy is the most fre-
quently utilized anticancer modality, with more than half of
all cancer patients receiving radiotherapy as part of their
treatment; the general contribution toward cancer cure by
radiotherapy has been cited at approximately 40%.1 Techno-
logical advances such as intensity-modulated radiotherapy
(IMRT) and stereotactic radiotherapy have improved deliv-
ery of radiotherapy through modifications in dose fraction-
ation and treatment target volumes. However, radiation
oncologists have traditionally delivered homogenous doses
for any given disease and stage despite underlying biology
following a Gaussian distribution. Given the presence of
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heterogeneous tumor biology within a particular disease
population, it is reasonable to hypothesize that there are sub-
populations of patients for whom the therapeutic index of
radiotherapy is not sufficiently optimized.2,3 This point
likely explains the results of clinical trials in which uniform
dose-escalation has not proven to be consistently effective
across multiple disease sites and stages of disease.4-6

Adaptive planning techniques have largely depended on
anatomic changes to maximize conformal radiation delivery
using newer technologies such as image-guided radiotherapy
and IMRT.7,8 Yet adaptations in the delivery of radiotherapy
based on differences in intrinsic tumor biology have not
been fully explored. For example, unique aspects of the
tumor habitat, radiosensitivity, and microenvironment may
allow an even more sophisticated method of adaptive treat-
ment planning.9 Effective use of such data could allow radia-
tion oncologists to prescribe an optimal personalized dose,
potentially leading to improved cure rates.

A recent area of focus in the field of personalized oncol-
ogy is the use of clinical-genomic biomarkers. These are gen-
erally classified as being either prognostic or predictive; the
former relates to long-term patient outcome regardless of
treatment, the latter depends on the specific treatment in
question. Ease of application and validation of the bio-
markers through clinical trial are necessary benchmarks
prior to routine clinical implementation of such tools.10

Management of lymph nodes as it pertains to subclinical
radiation dose has remained fairly consistent across disease
sites, generally prescribed to a range of 45-54 Gy. The
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112 D.E. Oliver et al.
potential detriment of a one-size-fits-all approach has been
previously discussed in the treatment of primary tumors11;
however, this principle likely applies to lymph node dosing
as well. While common modern biomarkers predominantly
predict endpoints such as distant metastasis, few predict
radiosensitivity, or loco-regional recurrence. Therefore,
advances improving both regional control and therapeutic
ratio carry significant implications. In this review, we report
on clinically established genomic biomarker signatures across
common disease sites regularly treated with radiotherapy.
Head and Neck Cancer

Radiotherapy has become the primary treatment modality
for many head and neck squamous cell cancers (HNSCC)
and is commonly employed in the definitive as well as post-
operative setting. Despite improvements in the current stan-
dard of care, the 5-year overall survival (OS) remains »50%
for HNSCC in aggregate.12 Aside from improvements related
to technological advances (ie, IMRT and image-guided radio-
therapy), the treatment paradigm for primary HNSCC and
regional lymph nodes has largely remained unchanged with
respect to prescribed dose and target coverage. Regional
lymph nodes have historically been treated to 70 Gy for
gross disease, 63 Gy for high-risk regions concerning for
microscopic disease, and 56 Gy for low-risk regions—
regardless of primary histology. However, a greater under-
standing of the underlying epidemiology of HNSCC has
recently allowed for the introduction of personalized dosing
to regional lymph nodes, most notably, through dose de-
escalation for HPV-associated oropharyngeal disease.

Despite their anatomic proximity, there is a remarkable
diversity of presentation, progression, and treatment
response among HNSCC subsites. Studies evaluating the
radiosensitivity values in the HNSCC population demon-
strated a relative 3-fold difference between the most radio-
sensitive and the most radioresistant HNSCC cancers.9 It is
therefore reasonable to postulate that different patients
would each require unique doses for optimal treatment.
HNSCC tumor staging continues to be determined by the
primary disease site and clinicopathologic factors. HPV sta-
tus has been incorporated into the recent implementation of
the American Joint Commission of Cancer staging system
(eighth edition) for oropharyngeal cancers, but its final
impact on the clinical decision-making process remains a
topic of active investigation.13 For a more detailed discussion
please see the review article by Tam et al in this issue of
Seminars in Radiation Oncology. The role and clinical utility
of other biologic markers continue to be explored.

Early studies focused on the role of epidermal growth fac-
tor receptor (EGFR) in the setting of HNSCC. EGFR is found
to be upregulated in a significant portion of HNSCC,14 and
overexpression is concerning for more aggressive disease
due to its association with decreased loco-regional control
(LRC),15-17 disease-free survival (DFS),17 and OS in HNSCC.
For many years cetuximab, an anti-EGFR monoclonal anti-
body has been the only targeted biologic agent available
toward EGFR. In a seminal paper by Bonner et al, the addi-
tion of cetuximab to radiotherapy improved both LRC and
OS, compared to those patients who received radiation
alone.18 With minimal toxicity compared to cytotoxic che-
motherapy, cetuximab was thought to potentially offer a de-
escalated treatment by omitting cytotoxic chemotherapy.
RTOG 1016 evaluated this question by comparing radiother-
apy and cetuximab to radiotherapy and cisplatin for HPV-
associated oropharyngeal disease. This study revealed an
inferior outcome with cetuximab vs cisplatin.19 This high-
lights the potential danger of deintensifying treatment in
the absence of randomized data. However, radiation dose to
the elective neck and involved lymph nodes per the RTOG
protocol has not been altered from historical norms. Cur-
rently there are minimal data on the role of EGFR status in
respect to personalized dose or volumes for primary or nodal
disease.

In comparison, the role of HPV in guiding HNSCC treat-
ment has illuminated the potential opportunities for person-
alized radiotherapy. HPV was the first prognostic marker in
HNSCC that suggested the potential for the personalization
of treatment to gross disease and the regional lymph nodes.
As the rates of HPV-associated cancers have increased signifi-
cantly over the past several decades,20 it has become evident
that HPV-positive HNSCC is a distinct entity with superior
LRC, cause-specific survival (CSS), and OS when compared
to its HPV-negative cohorts.12,21,22

The exact mechanism for increased radiosensitivity
among HPV-associated cancers remains unclear, but is most
likely due to multiple contributing factors. As viral DNA
incorporates into the host genome, the overexpression of
viral-associated oncoproteins E6 and E7 promotes the prote-
olysis of the tumor suppressor genes p53 and Rb, respec-
tively.23 With impaired DNA repair function, HPV-
associated cancers have a reduced ability to withstand and
overcome the double-stranded DNA damage from radiother-
apy.24,25 Furthermore, the relative radiosensitivity may also
be a result of an immunologic response to virally associated
cancers. It has been shown that exposure of viral antigens
following radiotherapy augments the immune response.26,27

This is supported clinically by evidence of an improved OS
in patients with increased levels of circulating T cells follow-
ing radiotherapy.28 Additionally, presence of HPV16DNA
has predicted improved rates of LRC following postoperative
chemoradiation.29

An understanding of the inherent radiosensitivity of HPV-
associated HNSCC when compared with HPV-negative
HNSCC led to an array of de-escalation trials, with the com-
mon goal of maintaining comparable disease control while
decreasing radiation-associated toxicities (Table 1).30-35 All
of these trials, while not exclusive to HPV-related disease,
employed IMRT with varied regimens of dose reduction to
the primary and/or nodal sites of disease. Importantly, de-
escalation with elective dosing as low as 40 Gy.34,35 and 36
Gy32 was accomplished without compromising disease con-
trol. In addition to radiation de-escalation, the NRG trial
HN-002 is evaluating the possible exclusion of concurrent
chemotherapy. This prospective, multi-institutional,

abhishek.puri
Highlight

abhishek.puri
Highlight

abhishek.puri
Highlight

abhishek.puri
Highlight

abhishek.puri
Highlight

abhishek.puri
Highlight

abhishek.puri
Highlight

abhishek.puri
Highlight

abhishek.puri
Highlight

abhishek.puri
Highlight

abhishek.puri
Highlight



Ta
bl
e
1
R
e
c
e
n
t
S
tu
d
ie
s
E
va
lu
a
ti
n
g
D
e
-e
sc

a
la
ti
o
n
o
f
D
o
se

fo
r
O
ro
p
h
a
ry
n
g
e
a
lC

a
n
c
e
r

S
tu

d
y
T
y
p
e

T
N

S
ta
g
e

N
D
o
s
e
(G

y
)

F
ra

c
ti
o
n
s

E
n
d
p
o
in
t(
s
)

C
li
n
ic
a
l

O
u
tc
o
m
e

C
h
e
m
o
th

e
ra

p
y

R
e
fe
re

n
c
e

C
o
m
m
e
n
t

P
h
a
se

II
tr
ia
l

T
0
-T
3

N
0
-N

2
c

4
3

6
0
,
p

5
4
,
s

3
0

p
C
R

8
7
%

C
C

C
h
e
ra

2
0
1
5
3
1

P
a
ti
e
n
ts

h
a
d
m
in
im

a
l

sm
o
ki
n
g
h
is
to
ry

P
h
a
se

II
tr
ia
l

T
1
-T
4

N
0
-N

3
4
5

6
0
vs

5
4
,
p

4
8
vs

4
3
,
s

3
0
vs

2
7

3
0
vs

2
7

L
R
R

D
M

P
F
S
(2

yr
)

7
%

2
%

9
2
%

In
d
u
c
ti
o
n
C
P

C
C

C
h
e
n
2
0
1
7
3
0

5
5
%

re
c
e
iv
e
d
a
d
a
p
ti
ve

d
e
-e
sc

a
la
ti
o
n
b
a
se

d
o
n

re
sp

o
n
se

to
in
d
u
c
ti
o
n

c
h
e
m
o
th
e
ra
p
y

P
ro
sp

e
c
ti
ve

tr
ia
ls

T
X
-T
4

N
X
-N

3
2
3
3

7
0
,
p

4
0
,
s

3
5

2
0

L
C
(2

yr
)

R
C
(2

yr
)

D
C
(2

yr
)

D
S
S
(2

yr
)

O
S
(2

yr
)

8
4
.1
%

8
9
.2
%

8
3
.2
%

6
4
.2
%

7
1
.2
%

M
ix
e
d

N
e
ve

n
s
2
0
1
7
3
4
,3
5

6
1
%

re
c
e
iv
e
d
c
o
n
c
o
m
it
a
n
t

c
h
e
m
o
th
e
ra
p
y,

2
%

re
c
e
iv
e
d

in
d
u
c
ti
o
n
c
h
e
m
o
th
e
ra
p
y

P
h
a
se

II
tr
ia
l

T
1
-T
4

N
0
-N

2
b

5
4

7
0
,
p

3
6
,
s

3
5

1
8

E
N
F
(3

yr
)

O
S
(3

yr
)

0
%

9
1
%

C
C

M
a
g
u
ir
e
2
0
1
8
3
2

P
a
ti
e
n
ts

re
c
e
iv
e
d
se

q
u
e
n
ti
a
l

ra
th
e
r
th
a
n
si
m
u
lt
a
n
e
o
u
s

b
o
o
st

to
m
a
c
ro
sc

o
p
ic

d
is
e
a
se

P
h
a
se

II
tr
ia
l

T
1
-T
3

N
0
-N

2
b

8
0

6
9
.3

vs
5
4
,
p

5
1
.3
,
s

3
3
vs

2
7

2
7

c
C
R

P
F
S
(2

yr
)

O
S
(2

yr
)

7
0
%

8
0
%

9
4
%

In
d
u
c
ti
o
n
C
P

C
e
tu
xi
m
a
b

M
a
ru
r
2
0
1
6
3
3

A
d
a
p
ti
ve

d
e
-e
sc

a
la
ti
o
n
w
it
h

C
e
tu
xi
m
a
b
b
a
se

d
o
n
c
C
R

A
b
b
re
vi
at
io
n
s:

C
C
,
co

n
co

m
it
an

t
w
e
e
kl
y
ci
sp

la
ti
n
u
m
;
cC

R
,
cl
in
ic
al

co
m
p
le
te

re
sp

o
n
se

ra
te
;
C
P
,
ca

rb
o
p
la
ti
n
/p
ac

lit
ax
e
l;
D
C
,
d
is
ta
n
t
co

n
tr
o
l;
D
S
S
,
d
is
e
as
e
-s
p
e
ci
fi
c
su

rv
iv
al
;
E
N
F
,
e
le
ct
iv
e
n
o
d
al

fa
ilu

re
;
L
C
,

lo
ca

l
co

n
tr
o
l;
L
R
R
,
lo
co

-r
e
g
io
n
al

re
cu

rr
e
n
ce

;
O
S
,
o
ve
ra
ll
su

rv
iv
al
;
p
,
p
ri
m
ar
y
d
o
se

;
p
C
R
,
p
at
h
o
lo
g
ic

co
m
p
le
te

re
sp

o
n
se

ra
te
;
P
F
S
,
p
ro
g
re
ss
io
n
-f
re
e
su

rv
iv
al
;
R
C
,
re
g
io
n
al

co
n
tr
o
l;
s,

su
b
cl
in
ic
al

d
o
se

.

Genomic-Based Personalized Nodal Radiotherapy 113
randomized phase II trial compares conventionally fraction-
ated radiotherapy (60 Gy in 30 fractions over 6 weeks) plus
concomitant weekly cisplatin to accelerated radiotherapy
alone (60 Gy in 30 fractions over 5 weeks) for patients with
HPV-associated oropharyngeal disease and minimal smoking
history. Per treatment protocol, involved lymph nodes are to
receive 60 Gy, high-risk nodal regions 54 Gy, and low risk
nodal regions 48 Gy. This trial has achieved its targeted
patient accrual and is pending data maturation.

While HPV status has played a large role in the evolving
management of oropharyngeal cancer, the exploration for
biomarkers in other sites of HNSCC has been less fruitful.
Compared to other carcinomas like prostate and breast can-
cer, there is currently no validated multigene assay available
for widespread use to assist with HNSCC treatment deci-
sions. Akervall et al proposed a panel of biomarkers to pre-
dict radioresistance of HNSCC. Originally identified in 38
patients and subsequently validated in another 86 patients,
several markers were correlated with decreased relapse
free survival (YAP1, BCL2) and CSS (YAP-1, VEGF,
CLAUDIN-4) as well as synergistic radioresistance (YAP-1
and c-MET).36

The development and decreasing cost of next-generation
sequencing, whole exome sequencing, and gene copy num-
ber analyses have allowed researchers to simultaneously
evaluate several genetic mutations and understand their rela-
tionships within molecular systems gene networks that drive
individual tumors.37 To this point, the Cancer Genome Atlas
is currently performing a multiplatform analysis with the
goal of creating a comprehensive profile of 500 HNSCC
patients. An interim report of the first 279 patients identified
6 frequently mutated genes that have been determined to
key signal pathways for HNSCC carcinogenesis: TP53,
NOTCH1, CDKN2A, PIK3CA, HRAS, and PTEN. On their
subset analysis, HPV-positive tumors were associated with
upregulation of PIK3CA, loss of TRAF3, and amplification of
E2F1, while smoking associated HPV-negative disease was
associated with loss of TP53 and CDKN2A.38 The therapeu-
tic implications of these results are unclear, yet the molecular
distinctions provide avenues for future research. One early
application of these data are being implemented in the third
generation of a recent de-escalation trial.31 Based on TP53
status, researchers are aiming to select the subset of HPV-
positive patients with a smoking history ≤10 pack-years
who would benefit from deintensification of primary dose to
60 Gy with concomitant weekly cisplatin.39

Last, many groups have evaluated the potential for circu-
lating tumor cells (CTCs) to steer radiation therapy into pre-
cision medicine.40,41 Perhaps the most specific evidence
supporting the use of CTC for lymph node personalization
comes from Hristozova et al, who found a significant correla-
tion of N2b or greater nodal stage of HNSCC with CTCs fre-
quency.42 Interestingly, this observation was not
significantly correlated with the primary tumor stage or vol-
ume suggesting a potential marker for greater elective lymph
node coverage. Further studies are required to fully under-
stand the clinical significance of these findings in order to
incorporate them into clinical practice.
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114 D.E. Oliver et al.
Prostate Cancer

In the management of prostate cancer, the decision�making
process for determining whether to pursue active surveil-
lance, watchful waiting, definitive treatment, or alternative
management options is complicated by the balance between
life expectancy, comorbidities, clinical benefits, and treat-
ment side effects. Treatment recommendations for men with
localized prostate cancer have become increasingly difficult
owing to the availability of various treatment options. The
current guidelines for patients with organ�confined prostate
cancer include definitive modalities such as radical prostatec-
tomy and radiation therapy, with either treatment modality
providing equivalent disease�free outcomes in large ran-
domized studies.43 Furthermore, the role of treating the pel-
vic lymph nodes in prostate cancer has been debated for
over 30 years.44-49 The targets involved in elective nodal irra-
diation for this disease site generally include the obturator,
internal and external iliac lymph nodes, with doses typically
prescribed to 45 Gy in 25 fractions. An ongoing clinical trial
(RTOG 0924, NCT01368588) is investigating the use of irra-
diation to the pelvic lymph nodes for unfavorable intermedi-
ate risk and favorable high risk disease; the results of this
study are highly anticipated. In the definitive treatment set-
ting, studies involving dose-escalation have shown mixed
results, without a uniform benefit amongst disease risk sub-
groups.50,51 As a result, further patient characterization was
needed to guide appropriate patient selection for treatment
modalities that can offer the most clinical benefit, leading to
the development of innovative diagnostic, prognostic, and
predictive biomarkers in the management of prostate cancer.

Combined with the use of established nomograms based
on clinicopathologic factors,52-54 novel genomic tools have
refined decision-making for the individual patient. In an
effort to decrease the number of patients undergoing biopsy,
a diagnostic 4k score comprised of 4 kallikrein markers, digi-
tal rectal exam, and age was established to identify aggressive
disease.55 For patients with a PSA between 2.0 and
10.0 ng/mL who have not yet had a biopsy or have had a
negative biopsy, the 4k score is suggested as a means of
assessing the risk of distant metastases.56,57 The OncotypeDx
Genomic Prostate Score is a 17-gene assay for patients with
either very-low risk or low risk disease and a life expectancy
greater than 10 years who have undergone biopsy.57 While
this is suggested as a biomarker for selecting patients suitable
for active surveillance, the Genomic Prostate Score has been
slow to assimilate into routine clinical practice.58,59

The cell cycle progression score (Prolaris) is a prognostic
biomarker based on 31 cell cycle genes, first described in a
retrospective study evaluating biochemical recurrence or
CSS in American and British patients with localized disease
managed with either radical prostatectomy or watchful wait-
ing following transurethral resection of the prostate.60

Increase of the cell cycle progression score was indepen-
dently associated with biochemical recurrence (hazard ratio
[HR] 1.77, 95% confidence interval [CI] 1.40-2.22, P <
0.0001) after prostatectomy, as well as time to death from
prostate cancer in the watchful waiting cohort HR 2.57, 95%
CI 1.93-3.43, P < 0.0001). Similar findings were shown in
a study of patients treated with definitive radiotherapy,61

with subsequent studies demonstrating a potential role for
this biomarker in selecting candidates with very low-risk or
low-risk disease for active surveillance following initial
biopsy.62-66

The use of genomic biomarkers as a predictor for the risk
of recurrence following definitive treatment has also become
an attractive tool for selecting patients who will derive the
most benefit from additional therapy. As traditional risk
group classifications are most useful for predicting biochemi-
cal recurrence in prostate cancer,67-69 the Decipher 22-gene
signature was established in an effort to better predict distant
metastasis-free survival in patients with localized disease fol-
lowing definitive treatment.70 Den et al reviewed Decipher
scores from 2342 patients undergoing adjuvant or salvage
radiotherapy and found that Decipher scores significantly
correlated with pathologic features and predicted freedom
from biochemical (area under curve (AUC) 0.75) and distant
(AUC 0.78) recurrence.71 The predictive utility was further
improved in combination with a validated model predicting
outcomes in the postoperative setting.53 The Decipher score
has since undergone validation in multiple studies,70,72-75

demonstrating its clinical value for patients at high risk for
recurrence based on known adverse features (positive mar-
gins, pT3, rising PSA above nadir).76,77 Recently, a large
multicenter study demonstrated both the improved risk clas-
sification and clinical facility provided by the Decipher score
using multiple training and validation cohorts.75

The Postoperative Radiotherapy Outcome Score (POR-
TOS) is a 24-gene signature score which is inversely related
to the 10-year rate of distant metastases in the postprostatec-
tomy setting (high PORTOS = lower incidence of metasta-
ses).78 For the 39 patients in the training cohort with a high
PORTOS, there was a significant difference in the rate of dis-
tant metastases (5% vs 63%, respectively) between those
receiving postoperative radiotherapy and those who did not
(HR 0.12, 95% CI 0.03-0.41, P < 0.0001). This finding was
subsequently validated and distinguished PORTOS as the
first biomarker predictive of response to postoperative radio-
therapy. Taken together, PORTOS and Decipher scores are
valuable tools which can be used in combination with tradi-
tional risk stratifications for individualized selection to adju-
vant rather than salvage radiotherapy. While the above
clinical-genomic biomarkers were designed with distant fail-
ure as the primary endpoint, they should be viewed as surro-
gates of more aggressive disease and may provide further
guidance when considering which individuals would be
most apt to benefit from nodal irradiation.
Breast Cancer

Elective treatment of lymph nodes in breast cancer has been an
areaof rigorous investigation andcontroversy.Comprehensive
treatment involving the axillary, supraclavicular, infraclavicu-
lar, and internalmammary lymphnodeshasbeenstandardcare
in older studies and more recently, the MA-20 and EORTC
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Genomic-Based Personalized Nodal Radiotherapy 115
clinical trials.79-82 Practice involving elective irradiation of lev-
els I and II of the axilla varies but is generally considered follow-
ing surgical staging when there is evidence of extracapsular
extension, greater than 33% positivity of sampled lymph
nodes, or no axillary lymphnodedissection in the presence of a
positive sentinel lymph node biopsy. Elective nodal dose has
consistently been prescribed to a range of 45-50Gy,with some
studies suggesting that coverage of the internal mammary
lymph nodes may not be necessary for some patients.83,84

Robust integration of genomic, radiomic, clinicopathologic,
and other biologic data into a predictive model are needed to
further identify patients most likely to benefit from elective
nodal radiotherapy.

Genomic tests have become useful tools in predicting
clinical outcomes and for guiding treatment decisions in
breast cancer. The Oncotype Dx Recurrence Score (RS) was
shown to be an accurate predictor for the risk of distant
recurrence and OS at 10 years independent of age and tumor
size in patients with lymph node negative, ER+ tumors
treated with tamoxifen.85 In lymph node positive patients
treated with tamoxifen, adjuvant chemotherapy provided lit-
tle benefit in terms of 10-year distant recurrence in tumors
with Oncotype Dx RS of less than 18, while patients with RS
greater than 31 benefited from chemotherapy.86,87 Further-
more, prospective studies revealed that patients with node-
negative, ER+, HER2-negative tumors, and RS <11 had less
than a 1% risk of distant recurrence at 5 years and that such
patients may be safely spared chemotherapy even if they are
at high risk of distant failure by traditional clinicopathologic
risk estimation.88,89 With growing acceptance of data sup-
porting the use of tumor genomics in clinical practice, the
newly-released AJCC eighth edition staging guidelines incor-
porate the Oncotype DX RS as staging modifiers.

The 21 gene RS has also been studied for its association
between loco-regional recurrence (LRR) in both node-negative
and node-positive ER+ breast cancer. Tissue samples from
node-negative patients from theNSABP B-14 andNSABP B-20
studieswere assessed for the ability of the 21 gene RS to predict
LRR. The 21 gene RS was found to be a significant predictor of
LRR regardless of whether women were treated with tamoxi-
fen, placebo, or chemotherapy plus tamoxifen. The RS
appeared to better stratify women treated with mastectomy
regardless of age compared to thosewomen treatedwith lump-
ectomy plus radiotherapy.90 The Oncotype DX score was also
used to assess outcomes in node-positive patients from the
NSABP B-28 study of ER+ patients treated with doxorubicin
and cyclophosphamide for 4 cycles with or without paclitaxel.
The RS was a statistically significant predictor of LRR on uni-
variate analyses (10-year cumulative incidence of LRR 3.3%,
7.2%, and 12.2% for low, intermediate, and high RS, respec-
tively, P< 0.001). The score remained significant onmultivari-
ate analysis. However, when assessing the 21 gene RS by
number of positivenodes, onlypatientswith≥4positivenodes
and not 1-3 positive nodeswere significantly stratified.91

The Mammaprint 70-gene signature has also been shown
to be a powerful predictor of distant metastasis in node-nega-
tive breast cancer, and there is evidence it is a more accurate
predictor of OS and metastasis-free survival than standard
clinicopathological risk assessment methods.92,93 The MIND-
ACT Trial found that 46% of women with early stage breast
cancer who were at high clinical risk but low genomic risk
may not require chemotherapy if they are placed in the low
genomic risk category by the Mammaprint signature.94 These
womenwere found to gain no benefit in 5-year metastasis-free
survival with adjuvant chemotherapy. Similar to the Onco-
type DX Score, Mammaprint has been used to predict for LRR.
Drukker et al reported on 1053 breast cancer patients with
T1-3N0-1, margin negative tumors treated between 1984 and
2002 with breast conservation surgery with radiation therapy
or mastectomy with or without radiation therapy at the NKI.
TheMammaprint assay was found to be a significant predictor
of LRR in patients treated with breast conservation surgery
andmastectomy with radiation therapy.95

Various groups have developed gene signatures to predict
the benefit of adjuvant breast cancer radiation therapy. In
the context of the Danish 82b and 82c trials, the Danish
Group published a gene signature, which predicted the ben-
efit of postmastectomy RT in patients with high-risk breast
cancer.96 A 7-gene signature was identified from 191
patients and then validated in 112 patients ultimately identi-
fying a group of patients with sufficiently low risk of LRR in
whom there was no benefit from postmastectomy radiation
therapy.90,97 In addition, the University of Michigan devel-
oped the radiation sensitivity signature (RSS) to identify
patients who would benefit from adjuvant radiotherapy.98

The RSS was developed using clonogenic survival assays
across breast cancer cell lines. The RSS was validated in 2
independent datasets outperforming all clinical and patho-
logic features. Further prospective validation of these signa-
tures may reveal which cohorts of patients may derive the
most benefit from adjuvant radiotherapy.

Last, biomarkers of normal tissue toxicity may play an
important role in dose personalization. While there has been
a long-standing interest in biomarkers predictive of tumor
response to treatment, recent studies evaluating the role of
single-nucleotide polymorphisms (SNPs) in predicting radia-
tion-associated toxicity have provided insight relating to
dose modulation based on these factors.99-101 Formed in
2009, the Radiogenomics Consortium successfully geno-
typed 92 SNPs in 46 genes from a group of 1613 breast
and prostate cancer patients receiving radiotherapy.100

While this initial study did not show an association between
SNPs and radiation toxicity, a subsequent meta-analysis
(N = 5456) of breast and prostate cancer patients found a sig-
nificant association between an ATM SNP and normal tissue
toxicity.101 This important work by the Radiogenomics Con-
sortium is ongoing in these and other disease sites, and
efforts towards optimizing treatment based on normal tissue
toxicity may help us identify which patients would be most
suitable for dose personalization.102
Lung Cancer

Target delineation of lymph nodes in lung cancer has been
the subject of controversy over the past decade. Traditional
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subclinical doses of 44-50 Gy were delivered as elective
nodal irradiation (ENI) to account for microscopic disease to
mediastinal nodal stations in non−small cell lung cancer
(NSCLC). It has been posited that even when ENI is not
intentionally undertaken, incidental irradiation of the
regional nodes provides some degree of regional control for
microscopic disease.103 Furthermore, ENI may be more
appropriate for residual microscopic disease following resec-
tion of gross tumor, whereas failure following definitive
treatment of intact tumor is generally local or distant. Due to
concerns for toxicity and marginal regional control benefit
with ENI, image-guided selective nodal irradiation (SNI) of
involved nodal fields was evaluated as an alternative.104-107

By utilizing PET/CT to target only FDG-avid regions in the
mediastinum, De Ruysscher et al were able to safely escalate
dose to 60 Gy in 30 fractions.107 In another study by the
same group, isolated nodal recurrences were as low as 2%
with SNI.104 Recent phase III randomized studies recom-
mend targeting involved nodal areas as designated by diag-
nostic CT or PET-CT with the prescription dose of
radiotherapy,4,108 generally 60-70 Gy.

Similar findings regarding involved nodal radiation fields
have been made in limited-stage small cell lung cancer. Van
Loon et al observed a low isolated nodal recurrence rate of
3% (95% CI, 1%-11%) with the delivery of PET/CT-guided
SNI.109 Rates of grade 3 esophageal toxicity were signifi-
cantly lower (12% vs 30%) than those noted in the tradi-
tional fields involving ENI established by Turrisi et al for
limited-stage small cell lung cancer.110 Yet there was a lower
OS in this study (median 19 months vs 23 months) than in
the earlier study by Turrisi et al, which the authors attribute
to differences in study design such as chemotherapy regi-
men, time interval between chemotherapy and radiotherapy,
and inclusion of contralateral hilum and supraclavicular
lymph nodes in the treatment fields.109

Efforts toward personalizing treatment for advanced
NSCLC have manifested in predictive models for patients
treated with chemoradiation,111 as well as targeted biologic
agents toward EGFR mutation and ALK gene rearrange-
ment.112-114 These therapies have now become integrated
into clinical practice. Additional molecular targets including
ROS1, BRAF, MEK, Trk1/2/3, and others have available tar-
geted therapies which can be utilized for delivery of person-
alized, biologically targeted therapy.115 As molecular
profiling improves, increasing numbers of patients with
NSCLC will be eligible for biologically targeted therapies.
For patients with stage I lung cancer treated with surgery or
stereotactic body radiotherapy, there is a need for prognostic
data that could inform decisions on adjuvant treatment.

While many attempts to define a high-risk patient popu-
lation have been undertaken, there has been an overall pau-
city of validated genomic biomarkers for NSCLC relative to
the previously mentioned disease sites. Several recent studies
have shown promise for novel genomic biomarkers in early-
stage NSCLC. The malignancy-risk gene signature, originally
derived from a cell-proliferation signature in breast cancer,
was shown to be a potential predictive tool for response to
adjuvant chemotherapy.116 In a recent meta-analysis by
Tang et al, 20 of 42 published prognostic gene signatures
performed better than random signatures with respect to
predicting survival outcomes in early-stage NSCLC, adjust-
ing for known adverse tumor and patient characteristics.117

While these advances may provide useful information to
guide decision-making about adjuvant systemic therapy,
they are not routinely utilized and there remains a clear need
for novel biomarkers predicting risk of LRR, which could
help inform decision-making about adjuvant radiotherapy.

Biomarkers may be useful to guide personalized radiation
dose prescription. In past years, dose-escalation for NSCLC
has been a strategy to improve local control in a number of
studies; however this technique is limited by toxicity to lung
parenchyma and neighboring structures.4,118-120 Based on
their prior work, Vinogradskiy et al conducted a retrospec-
tive analysis of SNPs as biomarkers predicting for radiation
pneumonitis.121,122 The goal of their study was to create a
model using both genetic and dosimetric elements to allow
safe personalization of dose. Using their model, they found
that an individualized mean lung dose based on SNPs data
led to a prescription change >5 Gy in 59% of patients. The
model also would have predicted a lower prescribed dose in
nearly all (96%) patients who developed pneumonitis. Other
promising biomarkers in NSCLC include single-gene muta-
tions characteristic of more radioresistant tumors, such as
KEAP1 and NRF2.123,124

As immunotherapy becomes increasingly utilized for
patients with NSCLC, novel biomarkers to guide treatment
decision-making are required. Increased PD-L1 expression
as measured by immunohistochemistry has been consis-
tently shown to enrich for selection of responders to anti-
PD-1 therapy.125 Tumor mutational burden has been found
to predict response to anti-PD1 therapy in NSCLC126; how-
ever, there remains a further need for validated biomarkers
predicting response to frequently prescribed immunothera-
pies. Results from the recent PACIFIC trial have led to FDA
approval of PD-L1 blockade following definitive chemora-
diation for stage III NSCLC.108 The benefits of this therapy
were irrespective of the baseline expression of PD-L1, which
suggests there may be a synergistic effect with radiotherapy
to account for low PD-L1 levels.

Novel biomarkers to detect and predict for synergistic
effects with radiotherapy and systemic immunotherapy are
required. Additionally, radiation oncologists may need to
consider tailoring primary and lymph node radiotherapy
doses to enhance immune effects. There are a number of
ongoing clinical trials evaluating the combination of immu-
notherapy and hypofractionated radiotherapy regimens in
patients with NSCLC.127 Based on results from these trials, a
potential technique may be to design smaller radiation fields
targeting the primary tumor site with precise treatment setup
and steep radiation dose gradients allowing for improved
mobilization of an immunogenic antitumor response. The
use of PET/CT has shown promise in guiding radiation target
volume delineation based on response to systemic therapy in
addition to identifying potential regions of radioresist-
ance.128-130 A strategy aimed at combining image-based and
molecular biomarkers in conjunction with novel systemic
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Genomic-Based Personalized Nodal Radiotherapy 117
therapies aimed at activating immune response may offer
potential for improved outcomes with personalized radiation
dose prescription.
Gastrointestinal Cancers

The role of radiotherapy in the treatment of gastrointestinal
(GI) malignancies is critical, yet biomarker-driven personali-
zation of treatment has been lacking. In an attempt to improve
this situation, several groups have correlated multiple gene
expression signatures across a variety of microarray platforms
with patient outcomes.131-133 As the use of IMRT has allowed
for more selective dose distribution in sites such as esoph-
ageal, gastric, and anal cancer, there is a growing interest in
the role of biologically-guided personalized radiotherapy.

Historic fields for esophageal cancer were based on bony
landmarks using 2D technology, with field borders extend-
ing 5 cm craniocaudally to account for nodal and subclinical
disease.134,135 With the advent of newer technologies
(3DCRT, IMRT, and 4D-CT) allowing for the ability to spare
normal tissue, it became imperative to define specific nodal
targets, and expert consensus guidelines were subsequently
published to meet this need.136 Even so, there is consider-
able variation in elective nodal coverage among radiation
oncologists. Regarding coverage of the para-esophageal,
supraclavicular, lesser curvature, splenic, and celiac nodes,
NCCN guidelines recommend to "consider treatment" of
these areas based on the anatomic location of disease.137 In
particular, the inclusion of mediastinal nodal stations, as
well as lymph nodes of the greater curvature and splenic
hilum (based on Siewert type), are areas of current contro-
versy.136,138 Perioperative doses consistently range from 45
Gy to 50.4 Gy, while dose-escalation >50.4 Gy for primary
squamous cell histology in the setting of definitive chemora-
diation has been suggested due to reports of superior patho-
logic complete response (pCR) rates.139,140

Studies in esophageal cancer have also suggested the pres-
ence of genetic biomarkers that could be used to alter
therapy. In the neoadjuvant chemoradiotherapy setting,
McLaren et al have shown over-expression of the CCL28
and under-expression of the DKK3 genes to be indepen-
dently associated with a pCR.141 In the same clinical setting,
Wadhwa et al have associated high nuclear levels of Gli-1
found via pCR with a lower probability of achieving a pCR
(odds ratio = 0.84, P < 0.0001).142 Tsou et al have found the
GALNT14 “GG” genotype to be associated with a lower
response rate and longer time to complete/partial response
when treated with chemoradiation for stage IV esophageal
squamous cell carcinoma.143 By predicting the likelihood of
pCR, such markers could provide future indications for dose
personalization in treatment-resistant tumors.

The same advances in conformal radiotherapy have
allowed excellent target coverage with sparing of neighboring
tissue in gastric cancer, and contouring guidelines have been
authored to assist with detailed guidance of nodal tar-
gets.136,144,145 Current outcomes for gastric cancer remain
poor and optimal treatment regimens are unclear.137,146,147
The role for preoperative chemoradiation is being investi-
gated, and a shift toward this practice would further call for
dose optimization, given the large treatment volumes.148,149

While the above-mentioned consensus guidelines have been
an important resource for practicing radiation oncologists,
they are based on the collective experience of physicians, and
to an extent, clinical and pathologic factors. The previously
described assays offer possible pathways for dose alteration
based on pretreatment gene expression. By modeling patients
with gastroesophageal and gastric cancers using genomic
markers preoperatively, one could potentially correlate patho-
logic response at the time of surgery with the dose distribu-
tions delivered. This could provide important feedback for
radiation oncologists that may lead to optimizing both radia-
tion dose and selection of nodal targets.

Total mesorectal excision preceded by chemoradiation
has been the standard of care for locally advanced rectal can-
cer, established by the German Rectal Cancer Study.150 The
traditional elective radiation field covering the mesorectal,
presacral and internal iliac (adding external iliac for T4 dis-
ease) nodal stations, prescribed to 45 Gy, has remained
unchanged. However, it has been noted that there is a wide
range of pathologic response following neoadjuvant treat-
ment, and recent studies have suggested that selective non-
operative management with a watch-and-wait approach may
be preferable for a select subgroup of patients.151-153 Geno-
mic signatures identifying such patients would be of great
importance and would allow further dose personalization in
the definitive treatment of both primary and regional disease.
In consideration of personalized dose, preliminary studies
have associated specific genetic biomarkers, gene expression
profiles, and protein expression with worse colorectal out-
comes or response to treatment.154-157 In a recent study, the
median level of circulating tumor DNA was significantly cor-
related with nodal involvement, more advanced disease and
recurrence in rectal cancer.158 Thus, standardization of cir-
culating tumor DNA detection levels could indicate the pres-
ence of occult nodal disease and dictate further elective
nodal coverage. In looking at patients with all forms of GI
cancers, a meta-analysis demonstrated that an overexpres-
sion of the long noncoding RNA PVT1 (LncRNA PVT1) was
associated with worse OS (HR = 1.86, P < 0.0001), DFS,
CSS, and relapse-free survival.159

The current standard treatment of lymph nodes in anal
cancer involves dose-escalation using a simultaneous inte-
grated boost technique based on size of involved lymph
nodes.160 While biomarker prognostication is not commonly
explored in anal cancer, one group has isolated a number of
prognostic tumor related biomarkers via immunohistochem-
istry. In their pretreatment multivariate analysis, Ajani et al
associated the presence of Ki67 (P = 0.005), NF-kB (P =
0.002), SHH (P = 0.02), and Gli-1 (P = 0.02) with improved
DFS in patients treated with definitive chemoradiation.161

Just as dose-reduction efforts are being made in other sites of
HPV-related cancers, novel predictive biomarkers in anal
cancer may supplement the standard anatomic criteria in
selection of nodal dose. Overall, the evidence in support of
personalizing radiotherapy dose in GI malignancies is still in
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its infancy. Tailoring abdominal dose is particularly challeng-
ing given the potential for small bowel, mucosal, and biliary
radiation-induced toxicity.162 Therefore, given the restrictive
dose constraints of these disease sites, there is a clear need
for suitable markers capable of identifying patients for indi-
vidualized dose modification.
Melanoma

Melanoma distinguishes itself among cutaneous malignan-
cies by demonstrating a propensity for regional and distant
metastasis compared with other common skin cancers.
While regional radiotherapy is often recommended postop-
eratively for high-risk features (eg, extranodal extension,
number of nodes involved, location) in melanoma, it
remains a category 2B recommendation in the NCCN guide-
lines due to concern for toxicity.163-165 This is a result of pre-
dictive outcomes based on clinicopathologic features being
less reliable for melanoma than in other prevalent malignan-
cies. Immunotherapy plays an increasingly prominent role
in advanced stages of disease, yet only a subset of patients
will experience a significant benefit. Response rates with tra-
ditional and more recent immunotherapies have generally
ranged from 25% to 45%.166-169 In the postoperative setting,
anti-CTLA4 and anti-PD1 agents have shown improved
recurrence-free survival,166,170 with the latter demonstrating
a superior toxicity profile.171,172 As these new immunothera-
pies lead to improvements in survival outcomes, there will
likely be an increased role for radiotherapy in LRC. It has
been reported that aggregating immune tumor-infiltrating
cells are independently prognostic of outcomes in solid
tumors.173 Based on this work, Messina et al were able to
predict ectopic lymphoid structures within primary and met-
astatic melanoma tumor samples through use of a 12-che-
mokine gene expression signature.174 The presence of these
node-like structures was correlated with improved OS in
patients with stage IV melanoma, potentially identifying a
subgroup better selected for immunotherapy.
Table 2 Predicted Clinical Outcomes Using RSI in Patients treated w

Disease Site N Endpoint Clinical Ou
RS vs RR

Breast 77 RFS 95% vs 75%
Breast 288 DMFS 77% vs 64%
Breast 343 LRFS −
Lung 53 DFS 63% vs 22%
Lung 27 DFS −
Lung 16 DFS 75% vs 25%
GBM 214 OS 84% vs 54%
Pancreas 49 OS 78% vs 42%
Prostate 82 DMFS 94% vs 72%
Prostate 132 BFFS 80% vs 60%
Head and neck 92 LRFS 86% vs 61%
Melanoma 42 OS 75% vs 0% (5

Abbreviations: BFFS, biochemical failure-free survival; DFS, disease-free s
LRFS, local recurrence-free survival; OS, overall survival; RFS, relapse-
significant.
A recent study by Strom et al investigated the role of
regional radiotherapy in node-positive cutaneous mela-
noma.175 As the association between regional control and
OS in melanoma has been a subject of debate, the study
aimed to identify a subset of patients in which regional radio-
therapy might provide a survival benefit. They evaluated the
radiosensitivity index (RSI, discussed in further detail below)
gene expression scores in available tumor samples for 42
patients in the study. While regional radiotherapy improved
regional control in patients with extranodal extension and
clinically apparent lymphadenopathy, they also showed
worse OS in patients with a high RSI (high RSI = more radio-
resistant) receiving postoperative regional radiotherapy (HR,
10.68; 95% CI, 1.24-92.14; Table 2). These data indicate
there might be a subset of melanoma patients who would
derive a survival benefit from regional radiotherapy. Future
validation of RSI and the 12-chemokine gene expression sig-
nature as it relates to regional control would be of great value
in the present debate surrounding the value of regional
radiotherapy for melanoma.
RSI and GARD

Radiotherapy has traditionally been prescribed to a uniform
dose for a given disease and stage. In response to a need for
a more personalized treatment approach in radiotherapy, the
RSI was established and validated over the past 10 years.
Using a systems biology approach, this 10-gene molecular
signature was trained to predict the inherent radiosensitivity
of a tumor based on the cellular survival at 2 Gy (SF2) after
radiotherapy in 48 human cancer cell lines.176,177 The 10
genes identified were selected from the top 500 genes pre-
dicting radiosensitivity in various primary tumors, including
melanoma, breast, prostate, renal, colon, NSCLC, pancreas,
glioblastoma, and leukemia.178-184 In addition to predicting
radiosensitivity in vitro, RSI has been further validated in
patient cohorts in rectal, esophageal, prostate, glioblastoma,
pancreas, lung, head and neck, and breast cancer primar-
ies.180,182,185-189 RSI has predicted outcomes (LRC, distant
ith Radiotherapy Across Disease Sites (N = 1373)

tcome P Value Reference

(5 yr) 0.02 Eschrich 2012186

(5 yr) 0.04 Eschrich 2012
0.0006 Torres-Roca 2015190

(5 yr) 0.02 Creelan 2014188

0.09 Creelan 2014
(5 yr) 0.18 Creelan 2014
high MGMT (1 yr) 0.005 Ahmed 2015182

vs 8% (3 yr) 0.003 Strom 2015189

(10 yr) 0.03 Torres-Roca 2014180

(5 yr) 0.026 Torres-Roca 2014
(2 yr) 0.05 Eschrich 2009185

yr) SS Strom 2017175

urvival; DMFS, distant metastasis-free survival; GBM, glioblastoma;
free survival; RS, radiosensitive; RR, radioresistant; SS, statistically
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metastasis-free survival, relapse-free survival, OS, response
rate) in a number of patient cohorts for the aforementioned
disease sites following radiotherapy but not in tumors not
treated with radiotherapy (Table 2). It is postulated from
these data that there is a heterogeneous benefit of radiother-
apy, which is dependent on cell biology and independent of
tissue type. Combining RSI with other genomic, clinical, and
image-based prognostic markers offers important prospects
for optimizing treatment through biologic guidance of both
treatment fields and dose fractionation. Future studies inves-
tigating the evolution of RSI during the course of treatment
or in response to chemotherapy will provide valuable infor-
mation about this genomic signature.

Steps toward clinical integration of the RSI signature
were taken in the recent study by Scott et al. Since RSI is
based on SF2, it was hypothesized that RSI could be inte-
grated into the biologically effective dose to develop a
clinically actionable metric based on the intrinsic genomic
radiosensitivity/radioresistance of tumors. Use of the geno-
mic adjusted radiation dose (GARD) represents an applica-
tion through which radiotherapy can be employed as a
component of precision medicine. In the above study,
GARD values from 8271 tumor samples (independently
validated in 5 cohorts comprised of breast, lung, pancreas,
and glioblastoma patients) were calculated by combining
RSI with the traditional linear quadratic radiobiologic
model to predict the effect of radiotherapy. Higher GARD
values corresponded to a greater benefit from radiotherapy
and were associated with tumors traditionally believed to
be more radiosensitive, such as HPV-associated cervical
and oropharyngeal cancers. Tumor types considered to be
more radioresistant, such as sarcoma or glioma, were
found to have lower GARD scores. In 2 independent
Figure 1 Differences in radiation sensitivity indexes (RSI) of c
datasets of patients, GARD was predictive of distant
metastasis-free survival in patients receiving adjuvant ther-
apy for breast cancer. In light of the current high rates of
local control in breast cancer, it is reasonable to hypothe-
size from this data that there is a substantial population of
patients who may be candidates for dose personalization.

In addition to treatment of primary tumors, RSI and
GARD may provide valuable guidance for escalating treat-
ment in patients at higher risk for nodal and distant recur-
rence based on their predicted response to radiotherapy.
Two studies specifically looking at LRC as an endpoint
found RSI to be predictive in head and neck and breast can-
cers185,190 (Table 2). A third study by Ahmed et al evaluated
the differences in RSI values in colorectal primary and meta-
static disease sites.183 RSI analyses for 1362 primary colon
and 704 metastatic sites of disease were performed, revealing
a higher incidence of radioresistant samples in metastatic
(64%) compared to primary tumors (54%, P = 0.01).
They were able to categorize disease sites in descending
order of radioresistance as follows: ovary (0.48), abdo-
men (0.47), liver (0.43), brain (0.42), lung (0.32), and
lymph nodes (0.31), P < 0.0001, where an RSI score of
<0.375 was considered radiosensitive (Fig. 1). It has
been suggested based on this study that combining RSI
with other genomic biomarkers such as telomeres to
predict individual radiosensitivity and patterns of
failures could lead to cures in well-selected patients with
oligometastatic colon cancer.191-193

It is noteworthy that among the sites of colorectal metas-
tasis, lymph nodes were shown to have the lowest RSI values
(low RSI, more radiosensitive). This evidence allows us to
consider differential lymph node radiotherapy doses to per-
sonalize treatments.183 Furthermore, the study by Scott et al
olon cancer metastases based on anatomical location.
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showed that GARD score distribution was widely variable in
disease sites where regularly prescribed subclinical (periop-
erative) doses are approximately 45 Gy. Taken together,
these data warrant further investigation into radiation dose
personalization to lymph nodes across most, if not all, sites
of disease.
Conclusion

Current standard radiotherapy doses have been derived from
trial and error, and subclinical nodal dosing remains rela-
tively uniform across most disease sites. These have tradi-
tionally been based on the maximum tolerated dose rather
than a scientific or molecular framework. Generally speak-
ing, regional control with subclinical doses of 45-50 Gy has
been excellent (above 90% in the majority of clinical situa-
tions). Therefore it is reasonable to suggest that such good
outcomes are indicative of overtreatment, particularly in
patients who are without disease in the nodal basin at outset.
It is now clear that there are subsets of patients who will ben-
efit from genomically-informed radiotherapy planning, and
there are increasingly more opportunities to prescribe radia-
tion dose to match the radiosensitivity of the tumor. While
the majority of currently validated biomarkers relate to dis-
tant control and OS, assays predictive of regional control are
needed. As these methods are further refined, a paradigm
toward biology-driven prescription of radiotherapies will aid
in optimizing LRC and cure rates while minimizing toxicity.
Future clinical trials aimed at incorporating genomic guid-
ance and interventions into individualized dose determina-
tion will be of fundamental importance in ushering our field
into the era of precision medicine.
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