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Purpose: Radiation-induced cerebrovascular toxicity is a well-documented sequelae that can be both life-altering and poten-
tially fatal. We performed a meta-analysis of the relevant literature to create practical models for predicting the risk of cerebral
vasculopathy after cranial irradiation.

Methods and Materials: A literature search was performed for studies reporting pediatric radiation therapy (RT) associated
cerebral vasculopathy. When available, we used individual patient RT doses delivered to the Circle of Willis (CW) or optic chi-
asm (as a surrogate), as reported or digitized from original publications, to formulate a dose-response. A logistic fit and a Nor-
mal Tissue Complication Probability (NTCP) model was developed to predict future risk of cerebrovascular toxicity and
stroke, respectively. This NTCP risk was assessed as a function of prescribed dose.

Results: The search identified 766 abstracts, 5 of which were used for modeling. We identified 101 of 3989 pediatric patients
who experienced at least one cerebrovascular toxicity: transient ischemic attack, stroke, moyamoya, or arteriopathy. For a range
of shorter follow-ups, as specified in the original publications (approximate attained ages of 17 years), our logistic fit model
predicted the incidence of any cerebrovascular toxicity as a function of dose to the CW, or surrogate structure: 0.2% at 30 Gy,
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1.3% at 45 Gy, and 4.4% at 54 Gy. At an attained age of 35 years, our NTCP model predicted a stroke incidence of 0.9% to
1.3%, 1.8% to 2.7%, and 2.8% to 4.1%, respectively at prescribed doses of 30 Gy, 45 Gy, and 54 Gy (compared with a baseline
risk of 0.2%-0.3%). At an attained age of 45 years, the predicted incidence of stroke was 2.1% to 4.2%, 4.5% to 8.6%, and 6.7%
to 13.0%, respectively at prescribed doses of 30 Gy, 45 Gy, and 54 Gy (compared with a baseline risk of 0.5%-1.0%).

Conclusions: Risk of cerebrovascular toxicity continues to increase with longer follow-up. NTCP stroke predictions are very
sensitive to model variables (baseline stroke risk and proportional stroke hazard), both of which found in the literature may be
systematically erring on minimization of true risk. We hope this information will assist practitioners in counseling, screening,
surveilling, and facilitating risk reduction of RT-related cerebrovascular late effects in this highly sensitive population. © 2022

Elsevier Inc. All rights reserved.

Introduction

Radiation therapy (RT) is critical in the management of
many pediatric brain malignancies and with continuing
advances in oncological care, including cancer diagnosis
and treatment, the life expectancies of pediatric cancer sur-
vivors continue to increase. There are many known adverse
effects of RT on the brain including atrophy, radiation
necrosis, gliosis as well as other vascular specific adverse
effects: telangiectasias, microhemorrhages, cavernous mal-
formations, and large vessel vasculopathies. The risk of vas-
cular ischemia, thrombosis, or hemorrhage secondary to
direct or incidental exposure of the cerebrovasculature to
ionizing radiation is well documented and can predispose
survivors to complications that may affect duration and
quality-of-life." > As RT techniques and target identification
and delineation continue to improve, a detailed understand-
ing of radiation dose-response effects to the Circle of Willis
(CW) and major cerebral arteries is imperative to maximize
the therapeutic ratio of brain irradiation, and reduce the
incidence of RT-induced cerebrovascular complications.
This systematic review from the Pediatric Normal Tissue
Effects in the Clinic committee® aims to describe the risk of
cerebral vasculopathy in cancer survivors who were treated
with RT to the brain as children. We performed a meta-
analysis of the relevant literature to generate practical mod-
els that help predict the risk of cerebrovascular toxicity. We
created logistic fit dose-response and Normal Tissue Com-
plication Probability (NTCP) models specific to our vascu-
lopathic end points.

Clinical significance

After leukemia, solid tumors of the central nervous system
(CNS) comprise the second most common cancers in chil-
dren. In the United States, nearly 5000 solid tumors of the
CNS are diagnosed annually in patients under the age of
20 years,” and is the leading cause of cancer death in this
population.® Definitive or adjuvant RT continues to play an
important role in the management of CNS tumors.
Radiation-induced brain injury has been described in 3
phases: acute (days to weeks after RT), early-delayed (within
1-6 months post-RT), and late (greater than 6 months post-
RT).” Generally, acute and early-delayed injuries are

transient, reversible, resolve spontaneously, and carry a
benign clinical course, although some may evolve into more
serious damage. Late brain injury is often considered irre-
versible and progressive and can involve neurologically dev-
astating complications due to cerebrovascular changes.

Radiation-induced cerebral vasculopathies include a
range of structural vascular changes and ischemic or hemor-
rhagic events. Stroke is a neurologic emergency that is
among the most life-altering and potentially fatal sequelae
of CNS irradiation. Several studies have shown childhood
cancer survivors, especially patients who received RT to the
brain, to be at increased risk of isolated or recurrent ischemic
or hemorrhagic stroke.'”'” Mueller et al, for example, noted
an overall rate of first stroke as 625 per 100,000 person-years
after cranial and/or cervical neck RT'%; this rate is far higher
than the previously estimated annual population incidence
rate of stroke of 2.3 per 100,000 in children, and approxi-
mately 7 to 15 per 100,000 person-years in young adults.'*"”

Cerebral microbleeds (CMBs), also known as cerebral
microhemorrhages, are small, perivascular, parenchymal
lesions that can be observed incidentally or in the context of
a specific pathology (eg, cerebral amyloid angiopathy) or
treatment course (ie, radiation-induced).'® CMBs are diag-
nosed histopathologically with focal accumulations of
hemosiderin-containing macrophages, but now increasingly
detected radiographically on magnetic resonance imaging,
especially with the advent of more sensitive techniques (ie,
gradient echo imaging and susceptibility-weighted imaging)
to paramagnetic blood products causing signal loss due to
susceptibility effects.'””” CMBs are likely to occur within
3 years of completion of cranial RT and have been observed
in up to 80% of pediatric brain tumor survivors.”"*” Risk
factors for the development of CMBs include younger age at
time of RT, higher maximum RT dose, and percent and
absolute volume of brain exposed to >25 to 30 Gy.”'**
CMBs are implicated in the subsequent development of
worsening executive function, stroke, dementia, and small
vessel ischemic disease, with greater incidence of these
events with increasing attained age.”*” ™’

Estimates of cerebrovascular complications may be con-
founded in children with brain tumor predisposition syn-
dromes, particularly neurofibromatosis type 1 (NF1), an
autosomal dominant syndrome, which can also be associ-
ated with vascular abnormalities.”® Children with NF1 have
an increased risk of primary gliomas, such as low-grade
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optic glioma, as well as a secondary malignant neoplasm.
For example, a study from the Childhood Cancer Survivor
Study cohort found 20-year cumulative incidences of sec-
ondary neoplasms in 7.3% versus 2.9% (P = .003) of NF1
and non-NF1 childhood cancer survivors, respectively, esti-
mating a 2.4-fold higher risk of secondary neoplasms (95%
confidence interval [CI], 1.3-4.3; P = .005) in NF1-affected
individuals.”” NF1 is also associated with greater risks of
aneurysms and stenotic or ectatic cerebral vessels that subse-
quently increase the risk of ischemic and hemorrhagic
stroke.”"

Moyamoya disease, meaning “hazy” in Japanese, is a rare
vasculopathy that is also associated with NF1. Moyamoya is
characterized by stenosis or occlusion of intermediate and
large-caliber cerebral arteries (Fig. 1) causing new angiogen-
esis and transdural anastomoses with the formation of
abnormal complex vessel channels.”* The small vessel collat-
eralization produces a characteristic smoky appearance on
angiography. Moyamoya disease tends to be progressive,
and patients often suffer cognitive and neurologic decline
due to repeated ischemic or hemorrhagic strokes.”> Younger
children less than 6 years of age at diagnosis have been
observed to have more rapid progression and worse
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Fig. 1.

prognosis than adults,” and in studies with long-term fol-
low-up, progressive neurologic deficits and poor outcomes
were reported in 50% to 66% of untreated patients.””
Besides NF1, moyamoya disease has also been associated
with prior cranial RT."’

Given the potentially devastating morbidity and mortal-
ity associated with RT-induced cerebral vasculopathy, there
is significant reluctance to refer children for cranial RT,
especially in certain patient populations such as those with
NF1 who are also at an augmented risk of cerebral vasculop-
athy and RT-induced secondary malignancies. However,
despite continued efforts to reduce the intensity of, or to
omit, RT, to provide optimal disease control and survival,
RT continues to play a pivotal role in many tumor types
such as ependymoma, medulloblastoma, and germ cell
tumors.*"** Multiple retrospective series and case reports
discuss the relationship between pediatric CNS irradiation
and subsequent cerebral vasculopathy, but there are limited
useful dose-response data. A better understanding of RT-
induced cerebral vasculopathy, their typical time course to
presentation, and RT doses associated with increased likeli-
hood of adverse events, would help guide the oncology team
in counseling, surveillance, and prevention.

Coronal view of Circle of Willis. A. Diagram of normal CW. B. Time-of-Flight MR Angiogram demonstrating nor-

mal flow. Middle cerebral arteries (yellow arrows) and anterior cerebral artery (green arrow). C. Unilateral Moyamoya demon-
strating stenosis of the left middle cerebral artery. D. Moyamoya with bilateral stenosis of the supraclinoid portions of the
internal cerebral arteries and non-visualization of the anterior and middle cerebral arteries.
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End points and toxicity scoring

In this review, the end points we targeted were types of RT-
induced cerebral arteriopathy or vasculopathy: ischemic or
hemorrhagic events including transient ischemic attack
(TTIA), stroke, intracerebral or subdural hemorrhage, and
moyamoya. We will henceforth reference these collective
endpoints when describing “cerebrovascular toxicity.”
Although the pathophysiology of the various endpoints dif-
fer, many of these cerebrovascular complications can result
in life-altering consequences, and patients who had an
ischemic TIA/stroke are at high risk of subsequent
stroke.''***** Therefore, discerning objective information
on the dose-response relationship between RT dose to the
CW or major cerebral arteries and any of our cerebral vas-
culopathic end points was our objective. Ultimately, we did
not include an exhaustive list of other RT-induced vasculo-
pathic changes, such as cavernous malformations, telangiec-
tasias, CMBs, or other preclinical radiographic
arteriopathies seen on surveillance magnetic resonance
angiography (MRA). The literature review methodology is
summarized in the Review of Dose Volume Response Data
and Risk Factors section.

The Common Terminology Criteria for Adverse Events
(CTCAE) version 5.0 (https//ctep.cancer.gov) scores arterial
thromboembolism, thromboembolic event, intracranial
hemorrhage, cerebrovascular ischemia, TIA, and stroke
based on imaging and clinical signs/symptoms. These toxic-
ities are scored on a 5-point scale based upon the degree of
deficit, radiographic visualization, hospitalization/interven-
tion, or consequential death. Arterial thromboembolism
and thromboembolic events are categorized under vascular
disorders while intracranial hemorrhage, cerebrovascular
ischemia, stroke, and TIA are specific to the CNS. In this
review, many of the vasculopathic events occurred years
after receiving RT to the brain, and most reports did not use
a specific toxicity scoring/grading system, such as Radiation
Therapy Oncology Group, European Organisation for
Research and Treatment of Cancer, or CTCAE for cerebral
vasculopathy. Rather, the diagnosis of vasculopathic events
in many reports relied on imaging, histopathology, symp-
toms, or the need for invasive interventions. A large fraction
of the events reported in the studies we analyzed would be
considered clinically significant (eg, stroke), and we sepa-
rated data available for different types of toxicity (eg, moya-
moya, stroke) where possible. Due to the lack of clear
grading of reported events we were unable to restrict our
analysis to severe-only events, for example.

Anatomy and developmental dynamics

Vasculogenesis occurs around the fourth gestational week
and the cerebrovasculature continues to mature and diver-
sify in the first 3 or 4 years of postnatal life."*° Vascular
endothelial growth factor and other angiogenic growth fac-
tors help promote vasculogenesis through the dynamic
migration and extensive branching of the cerebrovascula-
ture, and the CNS blood vessels continue to undergo vascu-
lar remodeling and endothelial cell recruitment of vascular

smooth muscle cells to form the mature functional CNS vas-
culature.””*’

Hypoxia appears to play a role in the evolution of RT-
associated vascular injury, and age is a critical factor in the
remodeling response to hypoxia. Tissue hypoxia stimulates
multiple transcription factors that help promote the forma-
tion of angiogenic genes including vascular endothelial
growth factor and erythropoietin which, in combination
with other angiogenic factors, lead to changes in structure
and function of cerebrovascular smooth muscle and the fur-
ther development of new cerebral vessels.”’

Fetal cerebral arteries, relative to adults, have reduced
overall contractility due to a smaller proportion of fully con-
tractile cells. They constrict more slowly in response to ris-
ing arterial pressure and are less able in matching cerebral
perfusion to local metabolic activity.”’ In the setting of
chronic hypoxia, fetal cerebral arteries are less efficient at
maintaining cerebrovascular homeostasis.

Younger patients are known to be more vulnerable to RT
late effects, and small vessel microangiopathy is a well-stud-
ied complication of RT.””> Moyamoya and stroke have
been more commonly observed in younger survivors of cra-
nial RT,*° although some discrepancies exist in the literature
and contradict this observation.' >’

Radiation-induced vascular injury is a complex molecu-
lar and pathophysiologic process which can affect blood ves-
sels of all calibers with arteries and capillaries, relative to
veins, being more sensitive to RT.”*”* In general, there is
progressive endothelial loss that leads to increased vascular
permeability with the disruption of the blood-brain barrier,
vasogenic edema, and subsequent neural tissue hypoxia.”
After initial endothelial loss, thrombi formation and hemor-
rhage develop, and ultimately vascular remodeling occurs
leading to long-term morphologic changes, such as endothe-
lial proliferation, basement membrane thickening, adventi-
tial fibrosis, and vessel dilitation.”” The result of these
changes predispose survivors to a range of cerebral vasculo-
pathic events due to cerebrovascular narrowing and fibrosis,
new aberrant vasculature development and collateralization,
changes in vascular flow and venous pressure, and vessel
wall weakening, breakdown, and rupture.

Defining volumes: pediatric imaging issues

Whenever possible, we used the reported dose-volume his-
togram for the CW or the major cerebral arteries (see Fig. 1
for an example of these structures). However, only a few
studies provided specific dose-volume data for those struc-
tures because the cerebrovasculature has rarely been rou-
tinely contoured, even though registration of diagnostic
magnetic resonance imaging images with planning CT scans
is routine for delineation of other structures, such as the
optic chiasm or brain stem. Further, the cerebral vasculature
can be challenging to identify on noncontrast CT simulation
scans. MRA can enable more accurate delineation of the
vascular structures, but dedicated vascular imaging is typi-
cally not performed clinically. Given the anatomic proximity
and encircling of the optic chiasm by the CW, we used the



Volume 119 ® Number 2 e 2024

PENTEC - Cerebrovasculature 421

optic chiasm dose as a surrogate for the dose to the CW.
Although smaller and unnamed vessels are certainly at risk
of radiation damage which may lead to vasculopathy, there
is a lack of data to model dose-response associations.

An atlas of the CW, large intracranial arteries, and supra-
sellar cistern (SC) were recently developed and internally
validated and should be a useful tool for segmentation of
the relevant structures.”’ The authors also noted good agree-
ment between maximum and mean doses to the CW when
using SC as a surrogate (R* of 0.99 for both metrics). This
level of agreement was consistent for all 3 tumor locations
(central, lateral, and posterior fossa). When using the optic
chiasm as a surrogate structure, Toussaint et al found good
agreement for central (R* = 0.97) and lateral (R* = 0.99)
groups, but the maximum dose to the CW was consistently
underestimated for posterior fossa tumor locations
(R? = 0.76). The R? values for the whole optic chiasm cohort
reflected 0.95 and 0.83 for mean and maximum doses,
respectively. To date, the SC has not been routinely con-
toured during treatment planning but could serve as a useful
surrogate structure for future investigations, especially
because the SC is easily delineated on CT-imaging (see Data
Reporting Standards Specific to This Organ and Future
Investigations sections).

Review of dose volume response data and risk factors
We developed a comprehensive list of search terms to iden-
tify all studies evaluating pediatric RT dose-volume effects
on the risk of cerebral vasculopathy among survivors of
childhood cancer of the brain. This systematic review was
undertaken in accordance with the Preferred Reporting
Items for Systematic Review and Meta-Analyses state-
ment.”” PubMed and Cochrane Library searches of peer-
reviewed manuscripts written in English and published
before February 2019 were conducted. Appendix El pro-
vides further details of the search strategy, inherent biases,
modeling details and data collection.

Six PENTEC investigators independently reviewed titles
and abstracts and, subsequently, full texts of any article that
any reviewer considered potentially eligible. Case reports
lacking comparative control populations were excluded. For
eligible studies, the same investigators independently
extracted information on study design, source of data, popu-
lation characteristics, and outcomes of interest using an
electronic data extraction form. Eligibility assessment of the
included studies, risk of bias assessment, and data extraction
were performed independently and in duplicate.

Our search identified 766 unique references at title and
abstract screening. After review by task force members, 7
studies (2 for stroke and one each for vasculopathy, arterio-
pathy, cerebrovascular mortality, moyamoya, and cavernous
angioma) with potentially relevant information were
selected. Cavernous angiomas were ultimately excluded due
to their rare incidence, insufficient data points, and high like-
lihood of asymptomatic disease. Other relevant reports with
repetitive data were excluded (ie, Haddy et al''). Ultimately,
5 studies (5, 3, and 1 for TIA/stroke, moyamoya, and

arteriopathy, respectively) with pertinent information were
herein analyzed. Of the original reports used in Table 1,
Nordstrom et al'* was unique given the incorporation of reg-
ular surveillance MRAs in postcranial RT patients. This
allowed them to observe imaging findings that met their cri-
teria for radiographic arteriopathies before any clinical mani-
festations. Of their 10 observed arteriopathies, 5 had
moyamoya, one had a stroke, and one had a TIA at time of
last follow-up. Due to their consistent dose data prescribed
to the CW and major cerebral arteries with narrow inter-
quartile ranges in the arteriopathy and nonarteriopathy
groups (54-55 and 54-55.8 Gy, respectively), we elected to
graphically display their observations, but did not incorpo-
rate their preclinical end point into the logistic fit model
(Fig. 2).

These 5 analyzed studies include 3989 survivors of solid
childhood cancer under the age of 21 at initial treatment:
101 patients who experienced cerebrovascular toxicity and
132 total cerebrovascular events (95 stroke, 20 moyamoya,
10 radiographic arteriopathy, 7 TIA). Several patients expe-
rienced multiple or recurrent toxicities which were not
counted as separate events in our analyses. Of these pediat-
ric solid cancer survivors, 970 received no RT. The observed
mean doses to the CW, major cerebral vessels, or surrogate
optic chiasm, ranged from 0 to 79.5 Gy. Table 1 summarizes
these studies.

Mathematical models

The follow-up period in the studies we analyzed was gener-
ally less than 14 years (relatively short) except for the article
by El-Fayech,'” which included a median follow-up of
26 years. To provide more granular information, we segre-
gated the data into 2 models predicting the risk of post-RT
cerebral vasculopathy with varying lengths of follow-up: (1)
the risk of cerebrovascular toxicity with shorter follow-up
(Fig. 2, reflecting an attained age of approximately 17 years)
and the risk of ischemic or hemorrhagic stroke on longer
follow-up (Fig. 3, reflecting attained ages of 35 and 45
years). An attained age of approximately 17 years was cho-
sen for the first model since patients were irradiated at an
average age of 7 years, with approximately 10 years of fol-
low-up. For the second model, El-Fayech et al'” specifically
reported data at an attained age of 45 years, but we chose to
also describe risk at an attained age of 35 years given the sig-
nificant difference in baseline stroke incidence. The limita-
tions of these models are discussed below under the Dose-
Effect Associations section.

Estimating the risk of cerebrovascular toxicity

We attempted to create a dose-response model predicting
the probability of post-RT cerebral vasculopathy. In the
study by Omura et al,'” the mean dose to the CW and major
cerebral arteries was significantly higher in patients who
developed a cerebral vasculopathy compared with patients
who did not experience a vasculopathic event (mean: 61 Gy
vs 50 Gy; range, 54-79.5 Gy vs 19.5-66 Gy, P < .05). Dose-
response is commonly assumed to follow a sigmoidal shape,



Table 1 Summary of key factors in the 5 analyzed studies
Type of
No. pts Interval reported dose/
No. with Years of between dose in region Semi-objective dose
total  vascular RT for RT and end of interest Nature of accuracy Estimate
Study End point pts event No. total events cohort point (y) (cGy) dose data (see text)
Omura et al'® Vasculopathy 32 6 9 (4 stroke, 3 1980-1994 Median 5.2 Mean = 6100 Prescribed in-field Within ~5%
(1997)* TIA, 2 (range 1.3-14) Median = 5470 CW and major
moyamoya) Range = 1950- cerebral arteries
7950
Ullrich et al*® Moyamoya 345 12 24 (12 1990-2000  Mean 3.9 (SD Mean Calculated at optic Within ~5-10%
(2007)% moyamoya, 9 1.8) (SD) = 5206 chiasm or CW,
stroke, 3 TIA) (635) unknown whether
in TPS
Mueller et al'® Stroke 325 19 27 (6 recurrent, 1980-2009 Median 12 (IQR Mean Delivered dose to Within ~5% for
(2013)! 1 multiply 5-18) (SD) = 5939 CW unknown, whole brain, actual
recurrent, 1 (1067) only prescribed CW dose could be
moyamoya) tumor bed dose substantially
given different than
prescribed dose for
patients with
tumors not near the
CW
El-Fayechetal'®  Stroke 3172 54 55 (39 ischemic, ~ 1942-1985  Median 26 Mean = 2200 for ~ Estimated CW dose ~ Within ~5%-10%
(2017)*" 16 BTs, 1300 for based on
hemorrhagic) NHL, 900 for geometric child
Rb phantom and
chart review
Nordstrom et Arteriopathy 115 10 17 (10 2011-2015 Mean 5.4 (SD Mean Prescribed in-field Within ~5% for
al'* (2018)* arteriopathy, 5 3.3) (SD) = 5454 CW and involved whole brain, ~5%-
moyamoya, 1 (307) Median arteries 10% for focal
stroke, 1 TIA) (IQR) = 5400

(5400-5500)

For El-Fayech et al, patients were placed into subgroups in the original report based on estimated doses to the CW: no RT or <1 Gy, 1 to 10 Gy, and >10 Gy dose.
Abbreviations: BT = brain tumor; CW = Circle of Willis; IQR = interquartile range; NHL = non-Hodgkin lymphoma; Rb = retinoblastoma; RT = radiation therapy; Rx = prescription; SD = standard deviation;
TIA = transient ischemic attack; TPS = treatment planning software.
* Report incorporated into logistic fit model.
T Report incorporated into NTCP model.
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Fig. 2. Logistic fit model predicting the risk of cerebrovascular toxicity as specified in the original publications with RT dose.
These risks are applicable to patients irradiated at an average age of 7 years, with approximately 10 years of follow-up, and an
attained age of 17 years. Shown values were digitized from figures within original publications. The size of the symbol in our
logistic model is reflective of the total number of patients in each report but is not proportional. In Omura, the horizontal error
bars show standard deviations for doses for patients in each dose group, and the vertical error bars are 68% binomial confi-
dence intervals calculated using the score method. For El-Fayech, patients were placed into subgroups in the original report
based on estimated doses to the CW: No RT or <1 Gy, 1-10 Gy, and >10 Gy dose. In the data point from Nordstrom et al, hor-
izontal error bars are an interquartile range, and vertical error bars are the incidence and 95% confidence intervals calculated
by the Kaplan-Meier method. Nordstrom data are graphically displayed but were not incorporated into the logistic model.
Patients with NF1 were removed from the logistic model unless the original report showed no statistically significant associa-
tion between NF1 and subsequent cerebrovascular toxicity. The dashed line curve fit was truncated at 70 Gy reflecting the
uncertainty in the model beyond the range of available data.

and popular modeling choices include logistic and probit.*’
We used a logistic model due to its easier interpretability
that explains its common usage in similar previous studies
(eg, HYTEC). A Cox model was not feasible due to lack of
survival data in the listed studies, and actuarial incidences
were derived from the presented figures with selected fol-
low-up. The probability of cerebral vasculopathy was esti-
mated by a logistic fit to individual patient data from our
listed studies (Table 1). The probabilities of cerebrovascular
toxicity were added to this 2-parameter logistic fit model
(Fig. 2).

P(D) = 1/[1 + exp[—4y50x(D/Dsy — 1)]]
Where:

® D is radiation dose to the CW, major cerebral arteries,
or surrogate optic chiasm.

® D5, =75.6 Gy (CI: 68.4-89.4) is a model parameter rep-
resenting the dose at which the model projects 50% of
patients to show complications.

® Y5 = 2.69 (2.05-3.60) is a model parameter represent-
ing the normalized normal tissue dose-response slope
at Ds.

The best-fitting values were obtained using the maxi-
mum likelihood method, and the 95% confidence intervals
were calculated using the profile-likelihood method.®”
Model parameter Dsq = 75.6 Gy should not be interpreted
literally as the dose truly causing 50% of patients to develop
complications. It is a model parameter value obtained to
achieve best fit to the observed data, as quantified using the
maximum likelihood method. Projections to doses beyond
the range of data availability are known to be model depen-
dent. The data input into the model were the toxicity rates
and corresponding dose metrics reported in each included
study. Toxicity rates were converted to a proportionate
number of binary outcomes according to the number of
patients in each study.”**> The maximum likelihood
method accounts for the number of patients in each dose
group. Therefore, the model is driven toward agreement
with the data in the most “populated” dose range. The
dashed line curve fit in Figure 2 was truncated at 70 Gy
reflecting the uncertainty in the model beyond the range of
available data.”” The likelihood ratio test P value was <
.001, demonstrating that the model statistically significantly
improves on the null hypothesis assuming no dose-depen-
dence.



424  Waxer et al. International Journal of Radiation Oncology ® Biology ® Physics

R —

L | Cumulative incidence at attained age (El-Fayech): 1
D> 35y.0. < 45y.0.

—— Calculated from Cox proportional hazard
1.05 per 1 Gy (Mueller)
H,(t) set to cumulative incidence at attained age -

35y.0.(0.2-0.3%) and 45 y.0. (0.5-1%)

o
(&)

o

(&)
]

o
~

o
~
T

- -

o
w
I
¢
o
w
1

Attained age 45 y.o.
Attained age 35 y.o.

o
(N}
1
1
o
(N}

<l
—<]

:

0 10 20 30 40 50 60 70 80 0 10 20 30 40 60 60 70 80
Dose to CW, Gy

4
—_

Cumulative incidence of stroke
Cumulative incidence of stroke

e
1

o
o
L

B

h
[
)
i
L

o

o

Prescribed Dose, Gy

Fig. 3. Panel A (left) graphs the observed data from El-Fayech and the cumulative incidence of stroke at an attained age of
35 and 45 years. The x axis dose is the mean dose delivered to the Circle-of-Willis (CW). For El-Fayech, patients were placed
into subgroups in the original report based on estimated doses to the CW: No RT or <1 Gy, 1-10 Gy, and >10 Gy dose. Trian-
gular data points reflect the mean doses for the three dose bins. Horizontal error bars show the full range of dose within each
group. 13 stroke events occurred among 386 patients with doses ranging 10-40 Gy and 16 stroke events occurred among 249
patients with doses >40 Gy. Vertical error bars are 95% confidence intervals as reported by El-Fayech. A fitted curve is not dis-
played due to the lack of adequate data. Panel B (right) is the normal tissue complication probability (NTCP) model for cumu-
lative incidence of stroke at ages 35 and 45 versus radiotherapy dose using Mueller and El-Fayech studies, shown in the shaded
regions between solid lines. These regions represent the variation in incidence for the indicated ranges of Hy(t). The x axis

dose is based on the prescribed dose to the primary tumor bed as reported in Mueller et al.’s study.

Estimating the risk of stroke
We extracted patient data from each selected study (Table 1)
that observed post-RT stroke. Data from the listed studies
and the baseline cumulative incidence of stroke in age-
matched pediatric cancer patients who did not receive RT
and in the general population, defined as H(t), was used to
create a proportional hazards NTCP model of stroke. This
allowed us to investigate the probability of stroke corrected
for actuarial incidence. Incidence of stroke is presented as a
function of dose and attained age. Several studies included
stroke as an end point but did not present their follow-up
data as a function of time and thus could not be incorpo-
rated into the NTCP model. It was not possible to incorpo-
rate sex into dose-response fitting due to the lack of data.
Another example is for moyamoya, where data shown sepa-
rately for patients with versus without underlying NF
(Fig. 4) demonstrated NF1 to be a significant parameter;*’
however, full proportional hazards data required for the
NTCP model were not available.

The probability of future stroke was estimated using the
formula:

NTCP_Cox(t, D) = 1 — eA(~Ho(eAsD)

Where:

® t is an attained age at time of toxicity.
¢ D is radiation dose to the CW.

® H,(t) is the cumulative hazard function in absence of
RT dose.
® [is the hazard ratio for dose.

For 8 we used values reported by Mueller et al, 2013."”
Mueller et al reported a 5% increase in “stroke hazard”
defined as the percent increase risk in stroke hazard with
each 1 Gy increase in RT dose (hazard ratio [HR] = 1.05;
95% CI, 1.01-1.09; P = .02). This proportional hazard from
Mueller et al is based on prescribed dose to the primary
tumor bed. For Hy(t) we used a range of values reported by
El-Fayech et al,'’ the American Heart Association,”* and
the World Health Organization.”® El-Fayech et al'’ found
the mean radiation dose to the CW as the key risk factor for
ischemic and hemorrhagic strokes (P < .0001) and reported
Hy(t) for the general population: 0.22% at attained age of
35 years and 0.52% at attained age of 45 years.

Risk factors

A variety of therapeutic interventions (eg, surgery and sys-
temic or intrathecal chemotherapies given concurrently or
sequentially) can independently contribute to cerebral vas-
culopathies and can compound the effects of RT. Certain
pediatric patients are at an increased baseline risk of stroke
including those with genetic or congenital disorders (e,
NF1, thrombophilias, sickle cell disease, inborn errors of
metabolism, congenital heart disease, etc). For example,
Ulrich et al, 2007 noted the rate of moyamoya to be 3-fold in
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Fig. 4. Incidence of Moyamoya with respect to radiother-

apy dose for patients with and without neurofibromatosis
type 1 (NF1). The x axis represents mean dose to chiasm or
circle of Willis. This graph is generated from Figure 2 in Ull-
rich et al. 2007.

patients with NF1 (HR = 3.07; 95% CI, 0.90-10.46; P = .07;
Fig. 4)." Other clinical pathologies that have been associated
with increased risk of stroke include malignancy, infection,
autoimmune or inflammatory conditions, and trauma.”’” "

Generally, younger (vs older) ages at time of RT have
been significantly associated with a higher risk of developing
cerebrovascular toxicity,"”’>”” and as time elapses post-RT,
the cumulative incidences of first stroke increases (eg, from
2% at 5 years to 17% at 20 years after RT). Additionally,
these strokes occur in adolescence to young adulthood, ages
for which the stroke risk in the general population is very
low. In contradiction to many studies, Mueller et al'’ noted
an increased relative risk of stroke by 12% (1.12; 95% CI,
1.03-1.23; P = .01), and Campen et al”” noted an increased
relative risk of TIA/stroke by 13% (1.13; 95% CI, 1.02-1.25;
P = .018) for every additional year of age at time of RT or
cancer diagnosis, respectively.

Data suggest that women have a lesser risk for treatment-
related stroke versus men.'” For example, El-Fayech et al'’
noted cumulative incidences of stroke at age 50 of 10.4%
(95% CI, 6.3%-16.8%) for men versus 3.4% (95% CI, 2.0%-

5.7%) for women. In an attempt to consider dose depen-
dence, the excess relative risk of stroke per gray (ERR/Gy)
was also higher in men (ERR/Gy = 0.39; 95% CI, 0.18-0.84)
versus women (ERR/Gy = 0.11; 95% CI, 0.02-0.30). This
was further reinforced (P < .001) when the analysis was
restricted to ischemic strokes only, where the ERR/Gy was
0.68 (95% CI, 0.26-1.87) in men and 0.13 (95% CI, 0.01-
0.53) in women. Nordstrom et al,'* however, noted higher
risk of arteriopathy in females (P = .038). The present review
was not large enough to consider the potential variation in
risk based on chemotherapy, surgery, sex, or age.

Dose-effect associations
Cerebrovascular toxicity

Our logistic fit dose-response curve for cerebrovascular tox-
icity is dependent on RT dose to the CW/major cerebral
arteries, or surrogate optic chiasm. For the range of follow-
up given in the aforementioned studies (approximate
attained ages of 17 years), the predicted incidence of cere-
brovascular toxicity was 0.2% at 30 Gy, 1.3% at 45 Gy, and
4.4% at 54 Gy (Fig. 2).

Stroke

Our NTCP model predicted the risk of stroke with longer
follow-up (attained ages of 35 and 45 years old) as a func-
tion of prescribed tumor bed dose (Fig. 3). The shaded
regions show the ranges of expected cumulative incidences
of stroke for attained ages of 35 and 45 years based on pro-
portional hazards results. The listed projections are subject to
uncertainties, in particular due to the proportional stroke haz-
ard for prescribed dose to the primary tumor bed rather than
dose to the CW and the associated Hy(t). Hy(t) was estimated
to be between 0.2% to 0.3% at an attained age of 35 years,
and 0.5% to 1.0% at an attained age of 45 years. NTCP model
projections to zero dose are almost equal to baseline risk.
Results are listed below and in Table 2.

® At an attained age of 35 years, the predicted incidence
of stroke was 0.9% to 1.3% at 30 Gy, 1.8% to 2.7 % at
45 Gy, and 2.8% to 4.1% at 54 Gy.

® At an attained age of 45 years the predicted incidence
of stroke was 2.1% to 4.2% at 30 Gy, 4.4% to 8.6% at 45
Gy, and 6.7% to 13.0% at 54 Gy.

Table 2  Risk of stroke after cranial RT
Risk of stroke after
Ho(t), % 30 Gy (%) 45 Gy (%) 54 Gy (%)
Attained age of 35y 0.2 0.9 1.8 2.8
0.3 1.3 2.7 4.1
Attained age of 45 y 0.5 2.1 4.4 6.7
1.0 4.2 8.6 13.0

Listed percentiles are the suggested Normal Tissue Complication Probability risk of stroke at attained ages of 35 and 45 years of age with specified doses
of radiation and baseline cumulative incidences of stroke. Stroke risk is based on the prescribed dose to the primary tumor bed as reported in Mueller et al.””
Abbreviations: Ho(t) = cumulative hazard function in absence of cranial RT; RT = radiation therapy.
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Overall, pediatric patients have a very low baseline risk of
stroke, and, even after receiving higher nominal doses of RT,
their risk of stroke remains fairly low until significant fol-
low-up is achieved (ie, attained ages of 45 years). This is
likely affected by the development of other lifestyle factors
and comorbid conditions that precipitously increase base-
line stroke risks. The risk of toxicity from all types of cere-
brovascular events of course appears greater than stroke
alone, even at a relatively young attained age, 4.4% at 54 Gy
and an attained age of 17 years old versus up to 4.1% and an
attained age of 35, respectively. Caution must be taken
when comparing logistic and NTCP models due to the dif-
ference in follow-up, end point(s), and the uncertainty in
received CW dose reported by Mueller et al (see Limitations
section). We anticipate the need for future adjustments to
these risk estimates with evolving data and improved sur-
veillance imaging.

Van Dijk et al, 2016 performed a cohort study with simi-
larly long-term follow-up evaluating the risk of symptomatic
stroke in 1362 survivors of childhood cancer. They esti-
mated the cumulative incidence of stroke by the age of
45 years as 10.0% (95% CI, 2.5%-17.0%) in patients who
received cranial RT with a median EQD2 (equivalent dose
in 2 Gy fractions) of 39.2 Gy (range, 22.3-76.6 Gy) in
patients with stroke, and 26.3 Gy (10.8-247.5 Gy) in patients
without stroke.”* This estimate falls within our reported
range of NTCP stroke risk at the same attained age of
45 years (Table 2). Ultimately, their data were not incorpo-
rated into our modeling efforts for several reasons. First,
there is significant heterogeneity in patient cohort and treat-
ment techniques. They reported incidence of stroke with
cranial RT, supradiaphragmatic RT, or both, but do not
show how this incidence varies as a function of dose and
unexpectedly noted patients who received supradiaphrag-
matic RT to be at a higher risk of subsequent stroke, com-
pared with cranial RT (HR 1.04 [1.02-1.05] vs 1.02 [1.01-
1.03], respectively). A further limitation of the study is that
prescribed dose, rather than dose to the region of inter-
est has been used. Second, their reported RT doses for
patients with and without a stroke event was unsuitable
for secondary analysis in modeling dose-response due to
a single reported median dose with broad EQD2 ranges
(eg, 10.8-247.5 Gy for controls) that the median is likely
unrepresentative of the dose for all patients. Addition-
ally, their reported baseline stroke incidence was quite
low at 0.1% (95% CI, 0%-0.4%) at an attained age of
45 years in childhood cancer survivors who did not
receive cranial or supradiaphragmatic RT and seems to
be based on a single stroke event.

Limitations

This analysis has all the limitations common to the pooling
of data from retrospective studies. Our analysis and model-
ing were limited to the consideration of the most consis-
tently reported variables in the selected studies, with
variable lengths of follow-up, interstudy reporting
approaches, etc. Further, we were unable to convert

prescribed doses into equivalent doses with 2 Gy per frac-
tion because many investigations simply reported a nominal
dose to the region of interest, rather than a dose/fraction-
ation.

Several reports contained populations of patients with
and without NF1. NF1 is a known risk factor of future
cerebrovascular events, and therefore we did not include
these patients in our modeling unless the original report
showed no statistically significant association between NF1
and subsequent cerebrovascular toxicity. Overall, the total
number of patients with NF1 was small (65/3989), and
most of these (56/65) developed no observed cerebrovascu-
lar toxicity. Therefore, the effect of NF1 could not be
assessed in our models due to lack of sufficient data,
although we expect NF patients to be at an augmented risk
of developing cerebrovascular toxicity compared with the
estimates reported here. Our NTCP model projections are
very sensitive to Ho(t) and the accuracy of RT dose esti-
mates, as discussed below.

Baseline stroke risk for the general population and
nonirradiated pediatric cancer survivors

Consistent baseline stroke rates are challenging to identify
because rates vary by age range studied, population of inter-
est, and definition used. Data published by the World
Health Organization suggest the baseline cumulative inci-
dence of stroke in the Americas is 0.3% and 1.7% at attained
aged 30 to 44 and 45 to 59 years, respectively.”® The Ameri-
can Heart Association reported stroke prevalence rates of
0.5% and 2.0% at age ranges of 20 to 39 and 40 to 59 years,
respectively.** Although technically different, cumulative
incidence of stroke by an attained age of 45 and the preva-
lence of stroke in an individual at the age of 45 should yield
similar rates. We used values that were previously published
by El-Fayech'? for their study population, suggesting a base-
line cumulative incidence of stroke of 0.22% at an attained
age of 35 years and 0.52% at an attained age of 45 years in
the general population. The incidence of stroke was very
similar in the general population and pediatric cancer survi-
vors who received either no RT or <1 Gy, until the age of
45. We opted to use a range of values for Ho(t), 0.2% to
0.3% at an attained age of 35 years and 0.5% to 1.0% at an
attained age of 45 years, as a best estimate for the baseline
cumulative incidence of stroke in pediatric cancer survivors
and the general population. Modest changes to the baseline
risk could meaningfully affect the apparent excess risk and
thus the NTCP modeling. NTCP risk estimates will improve
as more extensive data becomes available (especially as pre-
sented with our suggested recommendations; see Data
Reporting Standards Specific to This Organ section).

Accuracy of RT dose estimates and the proportional
stroke hazard

Dose is clearly a dominant factor in the risk of vascular
injury.”'>"” The task force medical physicist performed a
somewhat subjective dose accuracy evaluation for each
investigation analyzed for dose-response modeling that
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included a categorization of the reported doses as well as an
estimate, when possible, of the accuracy of those doses
(Table 1). The main limitation in our systematic review was
in some of the reported doses to the CW. Specifically, the
uncertainties in CW doses reported from some studies were
unclear and difficult to estimate. We examined these data
further and, in some cases, contacted the original authors
for more details. If we could not establish their uncertainties
with confidence, we removed them from our model. One
investigation reported prescribed mean or median doses to
the optic chiasm, and some investigations reported only pre-
scribed dose rather than organ of interest dose (ie, CW or
major cerebral arteries). The dose accuracy to the CW for
the articles used in our analysis was generally 5% to 10%
(Table 1) except for the Mueller article, which did not state
the dose to the CW but instead to the primary tumor bed
which could be distant from the CW, and thus the dose
accuracy to the CW is potentially large. For our NTCP
model, the doses used were the prescribed doses and not the
actual CW dose. This is of particular concern because many
primary targets in children are in regions in the brain dis-
tant from the CW. A common scenario is for patients to
receive wide-field RT (eg, whole brain or craniospinal) to 36
Gy, followed by a posterior fossa boost. In these cases,
ascribing the observed excess stroke risk to the higher (eg,
posterior fossa) dose would tend to make our NTCP models
underestimate the risk, perhaps significantly so, and is a
major limitation to our NTCP model. The Omura'” and
Nordstrom'* article similarly assigned the prescribed dose
to the organ of interest, which presents an unknown degree
of error in dose-response. For the El-Fayech' article, which
has the largest number of patients and cases, the authors cal-
culated the dose to the CW using a pediatric phantom with
5% to 10% dosimetric accuracy. Unlike the other articles
used in our analysis, this article used dose binning with large
dose bin sizes which may reduce the accuracy of the dose-
response results.

Clinical effect

Despite the known risks associated with RT to children’s
brain, RT remains an essential component in the definitive
management of many childhood brain tumors. When treat-
ing this vulnerable population, potential morbidities should
be considered and discussed with the family and the treating
team. Patients may benefit from monitoring and early detec-
tion of late effects; early intervention may mitigate some of
the known risks.

Toxicity scoring recommendations
The following methods for toxicity scoring are recommended:

® Use CTCAE version 5.0 criteria for grading toxicity for
arterial thromboembolism, thromboembolic event,
intracranial hemorrhage, cerebrovascular ischemia,
TIA, and stroke based on imaging and clinical descrip-
tion of symptoms. These toxicities are scored on a 5-
point scale based on the degree or duration of deficit, if

visualized radiographically, whether hospitalization or
intervention was indicated, or if death resulted.

Data reporting standards specific to this organ
Systematic dosimetric analyses based on published data of
RT-induced cerebral vasculopathies are limited for several
reasons, for example: (1) minimal radiation dose or volume
information exist due to lack of baseline vascular imaging
and lack of delineation during RT planning, (2) many cere-
brovascular toxicities occur years after treatment and these
adverse events are not routinely graded, and (3) pooling of
incomplete data from combined large inhomogenous
patient cohorts. Some pooled reports had repetitive patient
data, which had to be carefully analyzed for redundancies
and excluded from modeling efforts. Consequently, it is vital
that published data sets conform to rigorous reporting
standards to facilitate data pooling. Thus, we propose
reporting the following information in future studies:

® Patient sex and race
® Patient-specific genetic susceptibilities and/or relevant
PMH (ie, NF1, previous stroke)
¢ Clinical indication for RT (ie, malignant neoplasm,
benign tumor, arteriovenous malformation)
® Age when treated with RT, frequency of follow-up,
attained age at time of toxicity, and age at last follow-up
® Prescribed RT dose and dose/fractionation
® RT modality (photons, protons, other charged par-
ticles)
® Dosimetric data for patients, both those with and with-
out toxicity
© Prescription dose, organ radiation exposure,
described by relevant normal organ dose-volume his-
tograms with mean and maximum doses, including
the dose to a small volume (ie, 0.03 cc) rather than a
point dose maximum.
© Include brain and vascular substructures such as the
optic chiasm, CW, and SC (see atlas referenced by
Toussaint). The CW can be segmented as a region
rather than each separate vessel, and the SC has been
an internally validated surrogate structure for mean
and maximum CW dose.”’
® Chemotherapy use (if yes, timing with respect to RT
and agents used)
® Number of studied patients; both with and without tox-
icity (both overt and subclinical)
© Toxicity end points
© Description of the toxicity end point including how it
is measured
© Description of which toxicity scoring system was used
© Grade or severity of end point in patients

Future investigations
Additional studies are needed to better understand:

1) What are the factors affecting the risk of RT-induced
cerebral vasculopathies? Including:



428 Waxer etal.

International Journal of Radiation Oncology ® Biology ® Physics

a) Pre-RT patient-related factors (eg, age, concurrent ill-
nesses, genetic)

b) Tumor-related factors (eg, tumor type, size, location)

¢) Treatment-related factors, eg:

i) RT details: dose, volume, fractionation, modality
1) The association of both clinical and subclinical

vasculopathy with increased RT dose is
increasingly clear. It has been theorized that
modalities with increased dose heterogeneity
(eg, passive scattering proton beam therapy)
may predispose to vascular injury given a
higher risk of dose “hotspots.””” Further, the
higher radiobiological effectiveness of proton
beam therapy relative to photons may also con-
tribute to an increased risk of underlying vas-
cular injuries.”” Further data are needed to
better understand the effects of treatment
modality in this regard.

ii) Other: chemotherapy, surgery

d) Post-RT patient-related factors (eg, later development
of diabetes, hypertension, or metabolic syndrome that
may also increase stroke risk)

i) Knowing which children are at greatest risk may
help to personalize treatment recommendations,
or post-RT screening regimens that are directed
toward characterizing the neurovasculature.

2) What are the factors that affect the kinetics of toxicity,

both latency time to toxicity and its clinical course (eg,

plateau, progress, or recovery)?

a) This is critical because, for example, El-Fayech et al'?
noted that even moderate RT doses to the CW (range,
1-10 Gy; mean, 4 Gy) increased the risk of stroke by a
factor of 5.0 (95% CI, 1.4-17.4), and the risk coeffi-
cients increased with longer follow-up times. Further
data may help inform and guide future standardiza-
tion of follow-up evaluations for surveillance.

3) How can we better exploit imaging to study this issue?

a) Can we adopt standard pre-RT imaging approaches to
facilitate delineation (and, if possible, sparing of these
structures) during planning?

i) We recognize that delineation of the vasculature is
tedious and impractical in the routine clinical set-
ting. A specific RT consensus contouring guideline
of the CW and major cerebral arteries would be
helpful for practitioners to better delineate and
avoid these sensitive substructures. Al-based auto-
segmentation of the region or of the vessels and
use of atlases may be useful, as they become
increasingly available. Otherwise, at a minimum,
we recommend routine delineation of surrogate
structures such as the optic chiasm and SC.

b) Can we adopt standard post-RT imaging to monitor
for subclinical injury? For example, Nordstrom et al'*
performed annual posttreatment surveillance MRA
imaging that revealed evidence of radiographic arte-
riopathies before clinical toxicity events occurred.

i) Ideally, all patients would have baseline assess-
ment of their cerebrovasculature (eg, with MRA
before RT) to document the effect of the surgery
or the tumor itself on the cerebrovasculature.
Then, patients would have repeat imaging at mul-
tiple time points after RT to determine changes,
guide care and possible early interventions. How-
ever, accessibility to MRA can be limited and a
baseline assessment can be challenging to obtain
depending on the patient's postoperative status,
the urgency to start adjuvant treatment, and cost-
effectiveness issues.

c) What is the association between asymptomatic (eg,
grade 1) injury (eg, seen on MRA) and symptomatic
injury?

d) What is the effect of volume and location of irradiated
cerebrovasculature (ie, anterior cerebral artery, mid-
dle cerebral artery, posterior cerebral artery, commu-
nicating arteries, basilar artery, etc)? Will specific
regions/substructures of the cerebrovasculature be
particularly sensitive to RT and be preferentially
avoided? Will advanced RT techniques that reduce
dose to cerebrovascular organs at risk decrease the
incidence of late toxicities?
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