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ABSTRACT

Objective: To characterize the temporal and spatial pattern of cerebral microbleeds (CMBs) after
cranial irradiation in patients with medulloblastoma.

Methods: We retrospectively identified patients with medulloblastoma treated with craniospinal
irradiation at the Massachusetts General Hospital between 1999 and 2015. Longitudinal MRI
including T2*-weighted gradient-recalled echo (GRE) sequences were reviewed, and the preva-
lence, spatial pattern, and risk factors associated with CMBs were characterized.

Results: \We identified a total of 27 patients; 5 patients were children (median age 6.3 years) and
22 patients were adults (median age 28.8 years). CMBs were found in 67% (18/27) of patients,
who were followed for a median of 4.1 years. Patients with CMBs had longer GRE follow-up time
compared to those without CMBs (4.9 vs 1.7 years, p = 0.035). The median latency of the
appearance of CMBs was 2.79 years (interquartile range 1.76-4.26). The prevalence of CMBs
increased with each year from time of radiation therapy, and the cumulative prevalence was
highest in patients age <20 years (100% cumulative prevalence, vs 59% in adult patients
treated at age =20 years). CMBs were mostly found in lobar distribution and predominately in
bilateral occipital lobes. Patients using antithrombotic medications developed CMBs at a signifi-
cantly higher rate (p = 0.041).

Conclusions: Our data demonstrate a high prevalence of CMBs following cranial irradiation,
progressively increasing with each year from time of radiation therapy. Neurology® 2017;88:789-796

GLOSSARY

Ap = B-amyloid; CAA = cerebral amyloid angiopathy; CMB = cerebral microbleed; CSI = craniospinal irradiation; FLAIR =
fluid-attenuated inversion recovery; GRE = gradient-recalled echo; ICH = intracerebral hemorrhage; IQR = interquartile
range; TE = echo time; TR = repetition time; WBRT = whole brain radiation therapy.

Medulloblastoma is one of the most common malignant brain tumors in children, accounting for
approximately 20% of all pediatric brain tumors, and the incidence rate in children is 10-fold high-
er than in adults.' Standard treatment for medulloblastoma includes maximal safe surgical resection,
followed by craniospinal irradiation (CSI) with a focal boost to the tumor bed or posterior fossa.
Adjuvant chemotherapy is commonly offered to patients with high-risk features.*>® Current overall
survival rates at 5 years range from 50% to 80%.>~> Neurotoxicity from cancer therapy remains an
important issue in patient management and is in particular a concern in long-term survivors.
Cerebral microbleeds (CMBs) are a type of radiation-induced vascular complication thought
to represent microvascular injury.®® Radiologically, CMBs are characterized by small foci of
signal hypointensity visualized on T2*-weighted gradient-recalled echo (GRE) sequences on
MRI.*'® Previous pathologic studies have demonstrated that CMBs were iron-positive blood
breakdown products from prior hemorrhage, most commonly in form of hemosiderin-laden
macrophages, or evidence of vasculopathies, such as fibrinoid necrosis, microaneurysm, dissec-

tion in the wall of a distended vessel, or cavernoma.!''?

From The Hemorrhagic Stroke Research Program (D.R., A.C., LX.,, A.V., SM.-R., A.V.), ]. Philip Kistler Stroke Research Center, Department of
Neurology, Massachusetts General Hospital, Harvard Medical School, Boston, MA; Department of Medicine (D.R.), Faculty of Medicine,
Naresuan University, Phitsanulok, Thailand; Image Sciences Institute (H.J.K.), University Medical Center Utrecht, the Netherlands; Department
of Radiation Oncology (H.A.S.), Massachusetts General Hospital, Boston; and Department of Neurology (C.M.G., J.D.), Division of Neuro-
Oncology, Massachusetts General Hospital Cancer Center, and Center for Regenerative Medicine, Harvard Medical School, Boston.

Go to Neurology.org for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.

© 2017 American Academy of Neurology 789


mailto:Dietrich.Jorg@mgh.harvard.edu
http://neurology.org/lookup/doi/10.1212/WNL.0000000000003631

Table Characteristics of patients with medulloblastoma who underwent
craniospinal irradiation (CSI), inclusive of whole brain radiation therapy

(WBRT)

Baseline characteristics
Age at CSl, y
0-19
20-29
30-39
240
Sex, male
WBRT dose
18-23.4 Gy°
Dose per fraction
No. of fractions
Total time of radiation, d
26-40 Gy°
Dose per fraction
No. of fractions

Total time of radiation, d

Focal radiation dose (posterior fossa)

0-20 Gy®
Dose per fraction
No. of fractions
Total time of radiation, d
21-36 Gy°
Dose per fraction
No. of fractions
Total time of radiation, d
Total radiation dose
Type of radiation
Photon
WBRT
Dose per fraction
No. of fractions
Total time of radiation, d
Focal radiation
Dose per fraction
No. of fractions
Total time of radiation, d
Proton
WBRT
Dose per fraction
No. of fractions

Total time of radiation, d

790

Whole cohort (n = 27)

CMBs (n = 18)
26.8 (7.3-36.8)
5(27.8)

6 (33.3)

4 (22.2)
3(16.7)

12 (66.7)

4(22.2)

1.8

11.5 (10-16)
16 (15-35)
14 (77.8)
1.89

20 (18.5-20)¢
28 (25-31)°

10 (55.6)
1.89

10 (9.5-10)°
14 (13-15)°
8 (44.4)
1.8"

15 (13-20)"
28 (16-41)"
54 (54-54)

9 (50)

1.8°9
20 (20-20)¢
27.5 (25-29.5)°

1.89

10 (12.25)¢

15 (12.5-15.5)'
9 (50)

1.8
16 (10.75-19.50)
27 (16-36)

No CMB (h = 9) p Value

24.0 (21.6-40.1) 0.758°

0(0)

6 (66.7)

1(11.1)

2(22.2)

6 (66.7) 1.000°
0.653°

3(33.3)

18

13 (13-13)

15 (14-21)

6 (66.7)

1.8°

20 (20.0-26.0)f

28 (27.0-45.0)°
1.000

5 (55.6)

1.8f

10 (10-11)f

14.5 (14-15)°

4 (44.4)

1.8"

17 (16.9-17.0"

24 (23-27)

54 (54-54.9) 0.873
1.000°

5 (55.6)

1.8°
20 (13-28)f
27 (14-45)f

1.8°
14 (11-17)
21 (15-27)°
4 (44.4)

1.8
16.5 (13-20)
21 (15-28)

Continued
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In the present study, we aimed to character-
ize the prevalence and spatial and temporal
pattern of CMBs following cranial irradiation.
Focusing our analysis on patients with medul-
loblastoma, considered a treatable disease with
prolonged overall survival, allowed us to char-
acterize the evolution of radiation-associated
CMBs over an extended period of time.

METHODS Patient recruitment. We searched the clinical
database at the Brain Tumor Center of the Massachusetts General
Hospital between 1999 and 2015 for patients fulfilling the fol-
lowing eligibility criteria: (1) diagnosis of medulloblastoma; (2)
treatment with CSI inclusive of whole brain radiation therapy
(WBRT); (3) documented clinical follow-up for a minimum of
1 year; and (4) availability of serial MRI scans as part of cancer
staging both at baseline (prior to radiation therapy) and during
follow-up after cranial irradiation.

We identified a total of 44 patients with histologically proven
medulloblastoma. Of these, 17 patients were excluded for various
reasons, including insufficient clinical follow-up of less than 1
year (n = 4), lack of GRE-MRI sequences (n = 6), or other
missing longitudinal data (n = 7).

Of the remaining 27 patients, we analyzed basic demographic
data and clinical and treatment characteristics, including age at
the time of diagnosis, sex, radiation dose and type of radiation,
presence of cardiovascular risk factors, history of antithrombotic
use (antiplatelet or anticoagulant), and history of adjuvant che-
motherapy consisting of multiagent chemotherapy, including cis-
platin, vincristine, cyclophosphamide, etoposide, carboplatin,

lomustine, bevacizumab, and thiotepa.

Standard protocol approvals, registrations, and patient
consents. The study was approved by the institutional review

board of Massachusetts General Hospital.

MRI scanning. To be eligible for this study, patients were
required to have undergone brain MRI scans prior to and at
various time points after radiation therapy. MRI sequences
needed to include axial T2*-weighted GRE sequences for
detection of CMBs, axial TI1-weighted imaging, axial
T2-weighted imaging, and axial fluid-attenuated inversion
recovery (FLAIR) sequences.

All patients were scanned at a 1.5T MRI system (General
Electric Medical Systems, Milwaukee, W1, or Siemens, Munich,
Germany), or occasionally (10 of 132 MRI scans) at a 3.0T MRI
system (General Electric Medical Systems or Siemens). The range
of imaging parameters was as follows: for 1.5T MRI: T2*-
weighted GRE, repetition time (TR) 450-12,000 ms, echo time
(TE) 20-48.8 ms, flip angle 20°-90°, slice thickness 3-5 mm,
inter slice gap 3.0-9.1 mm. For 3.0T MRI: T2*-weighted GRE,
TR 359-500 ms, TE 4.9-19.9 ms, flip angle 10°-20°, slice

thickness 3—5 mm, inter slice gap 4-6 mm.

MRI analysis. CMBs were defined as small round or oval areas
of homogenous signal void ranging in diameter from 2 to 10 mm,
visualized on T2*-weighted GRE, and not visualized on T1-
weighted imaging, T2-weighted imaging, and FLAIR sequences.’

A trained investigator, blinded to clinical data, reviewed all
imaging datasets. The presence, number, and anatomical distri-
bution of CMBs were classified based on recent published guide-
lines.”!” Anatomical distribution of CMBs were classified into 3
regions: lobar (cortical and subcortical hemispheric white matter),

deep (deep gray matter: basal ganglia, thalamus; and white matter



[ Table Continued ]

Whole cohort (n = 27)

Baseline characteristics CMBs (n = 18) No CMB (h = 9) p Value
Focal radiation
Dose per fraction 1.8" 1.8
No. of fractions 14 (10.8-19.3)" 13.4 (10-17)
Total time of radiation, d 23 (14-24) 24 (14-39)"
Chemotherapy’ 12 (66.7) 7(77.8) 0.676°
Cycle of chemotherapy 6 (2-7.5)" 6 (2-7.5)
Hypertension 2(11.1) 0(0) 0.538°
Antithrombotic used 5(27.8) 3(33.3) 1.000°
MRI follow-up (time between 4.9 (3.4-7.6) 1.7 (0.7-6.8) 0.035°
initial CSI and the last MR, y)
Clinical variables
Neurologic deficit 1(5.6) 2 (22.2) 0.250
TIA 1 (5.6) 0(0) 1.000
Seizure 3(16.7) 1(11.1) 1.000
Cognitive impairment 9 (50.0) 6 (66.7) 0.683
Learning difficulty 4 (22.2) 0(0) 0.268
Short term memory deficit 3(16.7) 6 (66.7) 0.026
Word-finding difficulty 2(111) 0 (0) 0.538

Abbreviation: CMB = cerebral microbleed.

Data represent n (%) or median (interquartile range).

2 Comparison of variables between participants experiencing CMBs and those without was
analyzed by Mann-Whitney U test.

b Comparison of variables between participants experiencing CMBs and those without were
analyzed by Fisher exact test.

°Radiation dose corrected for proton dose to be biologically equivalent to proton dose with
a radiobiological effectiveness adjustment of 1.1.

9Six patients with missing data.

®Three patients with missing data.

fTwo patients with missing data.

9Five patients with missing data.

" One patient with missing data.

"Four patients with missing data.

JOne patient received single-agent chemotherapy with no CMBs. Details of chemotherapy
agent were not available in 1 patient.

of internal and external capsule), and infratentorial (brainstem
and cerebellum).

To determine the spatial distribution of CMBs, we generated
images, in which all CMBs of all patients at the last follow-up
MRI after radiation therapy were combined. The original MRI
were registered to the Montreal Neurological Institute 152 tem-

1314 using the elastix toolbox for rigid and nonrigid registra-

plate

tion.” The resulting transformation was applied to the
microbleed annotations. The 3D visualization was created with

MeVisLab.'®

Statistical analysis. Categorical variables are presented in fre-
quency and percentage while quartiles are used to describe contin-
uous variables. We calculated the prevalence of CMBs in yearly
strata after cranial irradiation. The first, second, third, fourth,
and fifth year strata are defined as the following intervals: time
of radiation therapy-1.5 years, 1.5-2.5 years, 2.5-3.5 years,
3.5-4.5 years, and 4.5-5.5 years, respectively. The prevalence of
CMBs is defined as number of CMBs divided by the sum of
the follow-up times between radiation therapy and the last

T2*-weighted GRE for each individual in each year strata. For
individuals with more than 1 scan on a given stratum, the scan
with the maximum number of CMBs was used to calculate
prevalence.

We explored the individual rate of increases in the number of
CMBs by using the slope from general linear models and classifying
the rate of formation of CMBs into 3 categories, including no new
CMB:s (slope = 0), low rate CMBs (slope 1-3), and high rate
CMB:s (slope =10). Notably, no patient was identified with a rate
of CMB formation between 4 and 10 per year. In order to compare
risk factors between the groups, the Fisher exact test was used for
categorical variables and a one-way analysis of variance or the
Kruskal-Wallis test was used for continuous variables depending
on the distribution of data. A 2-sided p value of <0.05 was con-
sidered statistically significant. All analyses were performed using

the Windows SPSS (Chicago, IL) software package version 17.0.

RESULTS Twenty-seven patients (18 male and 9
female) with histologically proven medulloblastoma
were longitudinally evaluated in the present study.
Patients had a median age of 25 years (range 2-50)
at time of diagnosis, 5 patients were children with
median age of 6.3 years (range 2.7-7.6), and 22 pa-
tients were adults with median age of 28.8 years
(range 22.7-40.1).

Surgical resection was done in 26 patients and
biopsy was done in 1 patient. All patients underwent
WBRT as part of the CSI regimen. All patients except
one (26/27; 96.3%) received an additional focal boost
to the tumor bed. Nineteen patients (70.4%) received
adjuvant chemotherapy.

Longitudinal MRI follow-up after radiation ther-
apy was performed in all patients including T2*-
weighted GRE sequences, with median time interval
of 4.1 years (interquartile range [IQR] 1.7-7.5)
between initial radiation therapy and last T2*-
weighted GRE. Among these, 21/27 patients under-
went T2*-weighted GRE after radiation therapy on
at least 2 subsequent time points.

CMBs were identified in 18 of 27 patients
(66.7%) during follow-up. The median latency of
the appearance of CMBs was 2.79 years (IQR
1.76-4.26). The median age at time of cranial irradi-
ation was 26.8 years (range 3—47). High cumulative
prevalence of CMBs (5/5, 100%) was observed in
patients at age <20 years at time of radiation therapy
and with a median follow-up time of 9 years (IQR
4.5-27). The cumulative prevalence of CMBs among
patients who underwent radiation therapy at age =
older than 20 years ranged from 50% to 80% with
a median follow-up time of 4 years (IQR 1-6.25).
The cumulative prevalence of CMBs was slightly
higher in patients treated with a WBRT dose =25
Gy and adjuvant chemotherapy, compared to those
patients with WBRT dose <25 Gy and no chemo-
therapy, but this did not reach statistical significance
(70% vs 30%; p = 0.653 and 63.2% vs 36.8%; p =
0.676, respectively). The type of radiation (photon vs
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proton radiation) did not seem to influence the fre-
quency of CMBs.

Clinical and demographic characteristics of pa-
tients with and without CMBs are presented in the
table. The time interval from radiation therapy to
the last follow-up T2*-weighted GRE was different
between patients with and without CMBs (4.9 vs 1.7
years, p = 0.035). No statistically significant differ-
ence was identified between patients with and with-
out CMBs in terms of sex, age at CSI, type of
radiation, history of hypertension, use of anticoagu-
lant or antithrombotic drugs, clinical variables such as
neurologic deficit, TIA, seizure, learning difficulty,
and word-finding difficulty. Neurocognitive deficits
were present in >50% in all patients, independent of
presence of CMBs; however, memory deficits were
more common in patients without CMBs (16.7%
vs 66.7%, p = 0.020).

The prevalence of CMBs per person-year stratified
by years after radiation therapy was further analyzed.
The prevalence of CMBs increased with time from
cranial irradiation following an exponential pattern
(figure 1A). The prevalence of lobar CMBs was high-
er than the prevalence of CMBs in deep and

infratentorial regions (figure 1B). No CMBs were
identified in deep gray matter within a 5-year
follow-up period after radiation therapy. Five of 27
patients also had follow-up spine MRI with axial
T2*-weighted GRE after CSI (2 patients had cervical
MR, 2 patients had lumbar MR, and 1 patient had
cervical and thoracic MRI). No spinal cord micro-
bleeds were identified in any of these patients, who
were followed for a median of 3.81 years (range 0.07—
28.02).

CMBs were more frequently noted in lobar distri-
butions, in particular in bilateral occipital lobes (fig-
ure 2). The individual number of CMBs at each time
point is presented in figure 3. The overall rate in the
number of new CMBs was 3.93 = 5.4 lesions per
year. Among these, the average rate in the low-rate
group was 0.9 = 0.8 lesions per year (n = 10) and
in the high-rate group 12.5 = 1.6 lesions per year
(n = 4).

We found that 75% (3 of 4 patients) within the
high-rate CMB group had a history of antithrombotic
use, compared to 10% (1 of 10 patients) within the
low-rate CMB group (p = 0.041). In patients with
high-rate  CMBs, 2 patients had a history of

[ Figure 1 Prevalence of cerebral microbleeds (CMBs) after cranial irradiation ]
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(A) Prevalence of CMBs stratified by years after radiation therapy. (B) Prevalence of CMBs after radiation therapy stratified

by location. WBRT = whole brain radiation therapy.

Neurology 88 February 21, 2017



[ Figure 2

Topographic data of all cerebral microbleeds (CMBs) from the last
follow-up MRI after cranial irradiation

A red dot represents 1 CMB (n = 18, total number of CMBs = 457).

acetylsalicylic acid use. Acetylsalicylic acid was started
at 1.4 years prior to and at 0.9 years after CSI, and the
duration of acetylsalicylic acid use was 1.4 and 2.8
years, respectively. One patient had history of low-
molecular-weight heparin use, which was started at
5.3 years after CSI and was administered for 2 years.
None of the other variables including age, sex, radi-
ation dose, type of radiation, chemotherapy, and his-
tory of hypertension were identified as risk factors for

Total number of microbleeds during the 5-year observation period in

the patients who developed cerebral microbleeds (CMBs)

Figure 3
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Each line represents the change in number of CMBs for an individual.

CMBs. The pattern and distribution of CMBs in
a representative patient is shown in figure 4.

To address a possible influence of a different MRI
field strength on CMB count,'”'® only T2*-weighted
GRE obtained at a 1.5T scanner were further ana-
lyzed and compared to the entire cohort. The results,
including prevalence and risk factors of CMBs, re-
mained consistent with the main analysis obtained
from both 1.5T and 3.0T scanners (data not shown).
With respect to other potential vascular adverse
events associated with radiation therapy and in pa-
tients with CMBs, we identified 2 patients with
development of a cavernoma and one patient with
a TIA. None of the patients in this study had evidence
of intracerebral hemorrhage (ICH) or development of
a moyamoya-like syndrome.

DISCUSSION CMBs are usually seen in patients
with cerebral small vessel disease. CMBs in infraten-
torial and deep brain territory are associated with
hypertensive vasculopathy,' whereas CMBs seen
in strictly lobar brain regions are commonly seen in
cerebral amyloid angiopathy (CAA).'***?* CMBs are

H23—25 1

also associated with an increased risk of IC in

certain populations, and especially in the setting of
antithrombotic therapy.?*28

Little is known about the pathophysiology of
radiation-induced CMBs. Specifically, the temporal
and spatial distribution of CMBs associated with cra-
nial irradiation have so far not been systematically
evaluated in a larger patient cohort.

Using longitudinal neuroimaging in a cohort of
patients with medulloblastoma, we characterize the
temporal and spatial pattern of CMBs associated with
cranial irradiation. Our data show a high prevalence
of CMB:s following cranial irradiation. Most CMBs
were detected in lobar distribution, particularly in
occipital lobes. Furthermore, our findings reveal that
the use of antithrombotic therapy might be a possible
risk factor promoting the development of CMBs after
cranial irradiation, and therefore may have important
implications for patient management.

The existing literature suggests a prevalence of
cerebral telangiectasias, or microbleeds, after cranial
irradiation in the range of 20%, when assessed by
conventional MRI without T2*-weighted GRE for
detection.®? However, the prevalence of CMBs
might be higher (in the range of 45%-50%) and
detectable if more sensitive imaging modalities are
used, such as phase-sensitive MRI.¢ Regardless, the
prevalence of CMBs after cranial irradiation and
detected by T2*- weighted GRE remains poorly
characterized.

We hypothesize that the actual prevalence of
radiation-induced CMBs may be even higher than
66.7% since the median follow-up time of patients
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Figure 4

Serial T2*-weighted gradient-recalled echo (GRE) demonstrating an increment of cerebral microbleeds (CMBs) over time in
a characteristic patient

T2*-weighted GRE were obtained at baseline before radiation therapy (A), at 21 months after radiation therapy (B), at 33 months after radiation therapy (C),
at 44 months after radiation therapy (D), and 62 months after radiation therapy (E). Note the increase in CMBs over time.
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without detectable CMBs after radiation therapy in
the present study was significantly shorter than in pa-
tients with CMBs (1.7 vs 5.0 years). Moreover, the
prevalence of CMBs appeared to increase with each
year after radiation therapy. This finding suggests
cumulative and progressive small vessel injury follow-
ing radiation therapy. The prevalence of radiation-
associated CMBs also appears to be influenced by
the age of the patient at time of radiation therapy,
as younger individuals were at higher risk to develop
CMBs. Specifically, we found that 100% of patients
(n = 5) (age below 19 years) developed CMBs after
cranial irradiation. A previous study demonstrated
that age at time of cranial irradiation is a critically
important factor in the development of CMBs,
with 100% of individuals developing telangiectasias/
microbleeds when treated with radiation at age 14 or
younger.” In line with these findings, another study
found that only 33.3% of patients who underwent
brain radiation at age 60 or older developed CMBs (4
of 12 patients) at a mean follow-up time of 29
months (range 3-169 months).®

Prevalence of radiation-induced CMBs in our
series of 27 participants was 10-fold higher than
in the general population in the age group of 45—
50 years®® and 2-fold higher than in the general
elderly population of individuals older than 80
years."” These findings support the notion that
the younger brain is more vulnerable to the effects
of cranial irradiation.

Previous reports suggest that the radiation dose
correlates with the frequency of CMBs. No CMBs
wete observed in brain regions exposed to a radiation
dose of less than 25 Gy,° suggesting a low risk to
develop CMBs in patients treated with a radiation
dose of 25 Gy or less. Our findings are consistent
with this observation. We show that the frequency
of CMB:s in patients treated with a radiation dose of
=25 Gy was higher than in patients treated with
a radiation dose <25 Gy, although this finding was

Neurology 88 February 21, 2017

not statistically significant, which was likely due to
insufficient patient numbers in both groups.

There are few reports suggesting that radiation-
induced CMB:s are associated with cognitive dysfunc-
tion and that the cognitive domains mostly affected
are associated with the location of CMBs within the
brain.?"?* We were unable to identify an association
between CMBs and cognitive dysfunction in the pres-
ent study; however, this was likely due to the limited
number of patients and design of the study.

In terms of possible other risk factors for the devel-
opment of CMBs, no significant correlations have
been established for sex, type of radiation (proton vs
photon), adjuvant chemotherapy, history of hyper-
tension, history of antithrombotic use, and presence
of CMBs.? It is possible that genetic factors such
as specific germline mutations in patients with
medulloblastomas might represent an independent
risk factor for neurovascular toxicity. However, we
were not able to obtain sufficient molecular-genetic
information in our patient cohort to address this
issue, which could be evaluated in future prospective
studies.

In regard to the spatial pattern of CMBs associated
with cranial irradiation, CMBs were more commonly
located in lobar areas and occipital regions. The lobar
distribution of CMBs in these patients appears to be
similar to the distribution of CMBs in CAA.* Inter-
estingly, in adult patients (mean age 53.2 years) trea-
ted with cranial irradiation, pathologic studies have
shown an increased number of amyloid-containing
blood vessels.*® Moreover, evidence from a postmor-
tem study in patients who received brain irradiation
for malignant neoplasm showed higher prevalence of
cerebral B-amyloid (AB) deposition and amyloid an-
giopathy when compared with non-irradiated pa-
tients (22.2% vs 8.0%, p < 0.05).%

We hypothesize that radiation-induced small ves-
sel injury might share at least some histologic features
with the pathologic process that is driving amyloid



angiopathy. Moreover, amyloid deposits might be
even higher in posterior brain regions due to higher
radiation exposure. Future pathology studies in pa-
tients who have been exposed to cranial irradiation
are needed to better characterize such similarities. It
might also be helpful to obtain brain histopathology
data or amyloid-based PET imaging®* data to further
delineate whether CMBs after cranial irradiation are
associated with vascular AR deposition.

It is possible that the microcirculation in lobar
brain areas is more susceptible to injury from radia-
tion and thus may be the reason for our findings. Fur-
thermore, a higher radiation dose administered to
occipital brain regions is likely to play a role in the
predominance of CMBs to this region.®

Notably, CMBs were less likely to occur in the
cerebellum compared to the occipital lobes despite
exposure to similar radiation doses within the poste-
rior fossa.

While the underlying mechanism of this finding
remains elusive, some investigators have hypothesized
a higher threshold to radiation toxicity within the
cerebellum.?>3¢

Collectively, our data demonstrate a remarkably
high prevalence of CMBs after cranial irradiation
with steady progression each year even after radia-
tion therapy. CMBs were commonly found in lobar
regions (predominantly in the occipital lobe) and
resembled the distribution pattern seen in CAA.
However, characterization of the detailed patho-
logic mechanisms and identification of risk factors
to develop CMB after brain irradiation requires fur-
ther investigation.
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