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Cavernous angiomas (CAs) or cerebral cavernous 
malformations (CCMs), which affect 0.1%–0.5% 
of the American population, are abnormally clus-

tered, dilated capillary caverns lined by a single layer of 
leaky endothelium and lacking mature vessel wall ele-
ments.1–3 Although they are low-flow vascular malforma-

tions that are angiographically occult,4–6 CAs can cause 
significant morbidity and mortality. Indeed, CAs predis-
pose to a lifetime risk of symptomatic hemorrhage (SH) 
and other clinical sequelae.1,7,8 Symptoms are related to 
acute bleeding or iron deposition from chronic blood leak-
age.9 CAs can occur sporadically and are often associ-
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OBJECTIVE The purpose of this study was to systematically assess asymptomatic changes (ACs), including subclini-
cal hemorrhage, growth, or new lesion formation (NLF) during longitudinal follow-up of cerebral cavernous angiomas 
(CAs), and to correlate these with symptomatic hemorrhage (SH) during the same period and with clinical features of the 
disease.
METHODS One hundred ninety-two patients were included in this study, among 327 consecutive patients with CA, 
prospectively identified between September 2009 and February 2019. Included patients had undergone clinical and 
MRI follow-up, in conjunction with institutional review board–approved biomarker studies, and harbored ≥ 1 CA with a 
maximum diameter of ≥ 5 mm on T2-weighted MRI. Rates of AC and SH per lesion-year and patient-year were assessed 
using prospectively articulated criteria. In multifocal/familial cases, rates of NLF were also assessed.
RESULTS There were no differences in demographic or disease features among cases included or excluded in the 
study cohort, except for a higher proportion of included patients with CCM3 mutation. Follow-up was 411 patient-years 
(2503 lesion-years). The rate of AC was higher than the rate of SH (12.9% vs 7.5% per patient-year, and 2.1% vs 1.2% 
per lesion-year, both p = 0.02). Patients presenting with a prior history of SH had a higher rate of AC than those with oth-
er forms of presentation (19.7% and 8.2% per patient-year, respectively; p = 0.003). A higher rate of NLF on T2-weighted 
MRI (p = 0.03) was observed in patients with prior SH. Three of 6 solitary/sporadic and 2 of 28 multifocal/familial patients 
underwent resection of the lesion after AC.
CONCLUSIONS Rates of AC are greater than SH during prospective follow-up of CAs, and greater in cases with prior 
SH. AC may be a more sensitive biomarker of lesional activity, and a more efficient surrogate outcome in clinical trials 
than SH. Patients experiencing an AC are more likely to undergo a surgical intervention when CAs are solitary/sporadic 
than when they are multifocal/familial.
https://thejns.org/doi/abs/10.3171/2020.1.JNS193479
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ated with a developmental venous anomaly.10 A familial 
form, which is less frequent, is inherited in an autosomal 
dominant fashion through one of three documented genes 
(KRIT1/CCM1, OSM/CCM2, and PDCD10/CCM3).3 Spo-
radic and familial CAs are histologically undistinguish-
able and harbor somatic mutations in the same CCM 
genes.11–14 The CCM genes encode proteins involved in 
maintaining endothelial barrier integrity by inhibiting 
RhoA kinase (ROCK) activation.15,16

Meta-analyses of natural history studies have consis-
tently identified a previous SH and brainstem lesion loca-
tion as significant risk factors for future SH.8,17,18 CAs are 
known to undergo asymptomatic changes (ACs) on radio-
logical imaging,19 but rates of these subclinical changes 
have not been systematically assessed in prospective stud-
ies. Such ACs have been associated with increased vascu-
lar permeability measured by dynamic contrast-enhanced 
quantitative perfusion, and iron deposits measured by 
quantitative susceptibility mapping on MRI, thereby re-
flecting underlying lesional biology.20

Here we conducted a prospective cohort study of pa-
tients with CA to assess patient-year and lesion-year rates 
of AC among consecutive cases with CA followed pro-
spectively. We also assessed new lesion formation (NLF) 
in cases with multifocal/familial disease. These rates were 
compared to SH events during the same follow-up period, 
and correlated with initial clinical presentation, lesion 
location, and solitary/sporadic versus multifocal/famil-
ial disease. Finally, we assessed pragmatically how such 
changes on MRI influenced clinical management.

Methods
Data Availability

We agree to make available the data used to produce 
this manuscript for the purpose of reproducing the results, 
with the permission of the local IRB.

Study Participants
We reviewed our prospectively maintained CA data-

base to identify eligible patients. Patients with a confirmed 
diagnosis of sporadic/solitary or multifocal/familial CA 
disease, and who had ≥ 1 clinical follow-up visits with 
MRI data, were included in the study. All clinical evalu-
ations were conducted at a single referral center (www.
uchicagomedicine.org/ccm), where patients with CA dis-
ease are offered clinical and imaging follow-up in con-
junction with IRB-approved biomarker studies. The se-
nior author (I.A.A.) reviewed all MR images as part of 
the routine clinical care and adjudicated the entries in 
the database contemporaneously with each clinical visit. 
Routine MRI sequences included T2-weighted images, 
T1-weighted pre- and postcontrast images, T2*-weighted 
images, and susceptibility-weighted imaging (SWI) se-
quences performed on a 3T MRI scanner. Patients with 
sporadic disease who were referred for resection without 
further follow-up were excluded from the study. Patients 
with previous partial CA resection or any prior brain ir-
radiation were also excluded. Two patients with familial 
disease, one with exceptional lesion burden (> 100 lesions 
on T2-weighted images), and the other with > 30 NLF on 

SWI sequences in a single year, were excluded as statisti-
cal outliers. Informed consent was obtained from all par-
ticipants per IRB approval.

Clinical examination and MRI studies were typically 
performed at the initial visit, at 3 months, and then yearly 
thereafter in the absence of clinical symptoms. Earlier or 
more frequent follow-up studies were performed as clini-
cally indicated if new symptoms occurred. Demograph-
ic information was collected in all patients including sex; 
age at diagnosis; age at first visit; mode of presentation (in-
cidental, seizure, or SH); genotype; primary CA location; 
and number of lesions. Cases were categorized as solitary/
sporadic if they included a single lesion with or without 
clustered venous anomaly, and no family history. Cases 
were categorized as multifocal/familial if the patient 
harbored multifocal CAs, family history, or genotyped 
CCM1, CCM2, or CCM3 germline mutation.

Defining Lesion Location, SH, and AC on Radiological 
Imaging

Lesions included for analysis were ≥ 5 mm at maxi-
mum width on T2-weighted sequences at initial scan. 
Location and number of CAs were recorded for each 
patient. CA locations were recorded as lobar, deep, cer-
ebellar, or brainstem. The definition of SH required evi-
dence of new bleeding on imaging studies and attributable 
clinical symptoms, as per published and widely accepted 
evidence-based criteria.19 Briefly, these include documen-
tation of new clinical symptoms and imaging evidence 
of new bleeding or lesion expansion that can explain the 
symptoms. Imaging evidence includes acute or subacute 
bleeding on CT or MRI, new FLAIR signal on MRI, and/
or lesion expansion in any diameter by ≥ 3 mm on compa-
rable T1- or T2-weighted sequences.

AC was defined as either lesional growth or new le-
sional hemorrhage. CA lesional growth was defined as an 
increase in any lesion diameter by ≥ 3 mm on comparable 
T1- or T2-weighted sequences (Fig. 1). Lesional growth 
was not assessed on SWI sequences because the blooming 
effect generates inaccurate readings for comparison. Pa-
tients with multifocal/familial disease were also assessed 
for the rate of NLF on follow-up MRI, based on lesion 
counts on SWI and T2-weighted sequences.21,22

Statistical Analysis
The rates of SH and AC were calculated per patient-

year, and per lesion-year. The 2 rates were identical by 
definition in cases with solitary/sporadic lesions. The rate 
of NLF was also calculated in multifocal/familial cases. 
Rates and relative risks with 95% confidence intervals of 
AC and SH in patient-years and lesion-years were calcu-
lated according to initial clinical presentation and lesion 
location.

Sex, genotype, lesion location, mode of presentation, 
and the rate of SH, AC, and NLF were analyzed using a 
chi-square test or Fisher’s exact test. Differences in age 
at inclusion were analyzed using a 2-sample t-test or an 
ANOVA for more than 2 groups. A p value < 0.05 was 
considered statistically significant. SAS 9.4 (SAS Institute, 
Inc.) was used to conduct statistical analyses.
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Results
Demographics and Disease Characteristics

Between September 2009 and February 2019, a total 
of 327 patients with CA were evaluated at our referral 
center, and 192 (harboring 885 lesions ≥ 5 mm at maxi-
mum diameter on T2-weighted sequences at initial scan) 
consented to participate in this IRB-approved study, met 
our inclusion/exclusion criteria, and had at least one clini-
cal and imaging follow-up (Fig. 2). There was no differ-
ence between the cohorts of patients who were included 
and excluded, except for a higher rate of familial CCM3 
genotype in the included patients (Supplemental Table 1). 
The patients were followed for a total of 411 patient-years 
(2503 lesion-years).

Table 1 presents demographic and disease features as 
well as numbers and rates of SH and AC. Patients who 
presented with SH were more likely to have a brainstem 
lesion compared to those with non-SH presentation (p < 
0.0001). In contrast, patients who were diagnosed inciden-
tally or after a seizure were more likely to harbor a lobar 
lesion (p = 0.003). The mean follow-up with clinical evalu-
ation and imaging for all patients was 2.1 years, and the 
median follow-up with clinical evaluation and imaging for 
all patients was 1.6 years. Patients in the multifocal/famil-
ial group were followed for a significantly longer period 
compared to solitary/sporadic patients (median 2.0 vs 1.1 
years; p = 0.002).

SH and ACs
Figure 3 presents the number of cases in various epochs 

of follow-up, and cases with events logged during those 
epochs. A total of 31 SHs (in 30 lesions) occurred, with a 
rate of 7.5% per patient-year. Analysis of solitary/sporadic 
versus multifocal/familial cases is presented in Table 2. A 
significantly higher rate of SH per patient-year was found 
in patients with multifocal/familial disease compared to 
solitary/sporadic cases (10.4% vs 4.5%; p = 0.04). Patients 
with solitary/sporadic disease had a significantly higher 
rate of SH in lesion-years compared to multifocal/familial 
cases (4.5% vs 1.0%; p = 0.0006).

Fifty-three ACs (in 53 lesions) occurred during follow-
up, with a rate of 12.9% per patient-year, significantly 
higher than the rate of SH (7.5%) during the same period 
(p = 0.02). Rates of AC were also greater per lesion-year 
than SH (2.1% vs 1.2%; p = 0.02). Multifocal/familial cas-
es had a higher rate of AC than solitary/sporadic cases in 
patient-years (22.1% vs 3.0%; p < 0.0001) but not in lesion-
years (2.0% vs 3.0%; p = 0.31). Rates of SH and AC were 
not significantly different in males and females.

Patients presenting initially with SH had a higher rate 
per patient-year of both AC (p = 0.003) and SH (p = 0.03) 
than those presenting with seizures or incidentally (Table 
1). Similarly, the rate of SH per lesion-year was signifi-
cantly higher (p < 0.0001) in lesions with previous SH 
compared to lesions with other forms of presentation. 
However, the rate of AC per lesion-year in those present-
ing with SH was not significantly different from those pre-
senting incidentally or with seizures.

In cases with prior SH, the rates of new SH and AC in 
patient-years and lesion-years were not significantly dif-
ferent in brainstem and nonbrainstem lesion location. In 
cases without prior SH, those with brainstem lesions had a 
significantly higher rate of new SH and new AC in patient-
years than those with nonbrainstem lesions (Table 3). The 
same was true in lesion-year analyses, with higher rates 
of SH and AC in brainstem cases presenting without SH 
(Table 4).

New Lesion Formation
During the follow-up period of 212 patient-years in pa-

tients with familial disease, 62 new lesions on SWI and 24 
new lesions ≥ 5 mm maximum diameter on T2-weighted 
imaging were identified, representing rates of 29.2% and 
11.3%, respectively (Table 1). No differences in NLF were 
observed among genotypes, although the numbers of cas-
es with each genotype were small (Supplemental Table 2).

Patients who had presented with SH had a significantly 
higher rate of NLF ≥ 5 mm maximum diameter on T2-
weighted images compared to those presenting with non-
SH (16.2% vs 5.3%, p = 0.03) (Table 1). The rate of NLF 
on SWI was also higher, but not significantly different 
between patients with and without initial SH presentation 
(34.0% and 23.2%).

Impact on Clinical Management
Nine of 24 patients (37.5%) with new SH during follow-

up underwent resection of the hemorrhagic lesion. These 
included 75% of sporadic cases and 18.75% of familial 

FIG. 1. Axial T1- (left-hand images) and T2- (right-hand images) weight-
ed MR images showing a cerebellar CA lesion with the typical popcorn-
like appearance at baseline (A) and after 1 year of follow-up (B) with 
demonstrated growth. The patient remained asymptomatic during this 
time period.
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patients with SH, respectively (p = 0.02). Five of 34 cases 
(14.7%) with AC underwent resection, after consideration 
of all options and risks. These included 3 of 6 (50%) soli-
tary/sporadic cases and 2 of 28 (7.1%) patients with mul-
tifocal/familial disease (p = 0.03). Reasons for surgery in 
the 3 solitary/sporadic cases included the desire to cure 
a growing lesion and confirm histological diagnosis (rule 
out neoplasm). In the 2 familial cases, the lesion growth 
was major (by > 1 cm) in one case, and included repetitive 
ACs in the second case.

Discussion
The natural course of CAs has been widely studied. Ear-

lier reports included various definitions of outcome events 
and a heterogeneous description of hemorrhages.7,19,23 
Confusion often arose about what might constitute a le-
sional hemorrhage, given the evidence of chronic bleed-
ing in every CA lesion on imaging and pathology.1–3 More 
recently, a standardized definition of SH was articulated, 
requiring evidence of new bleeding on diagnostic studies 
and attributable new clinical manifestations.19 Subsequent 
studies considering this definition have consistently iden-
tified a prior SH and a brainstem lesion location as risk 
factors of recurrent SH.8,17,18

Although asymptomatic hemorrhages and lesional 
growth have been known to occur in CAs,19 their rates 

have never been systematically assessed. This is largely 
in view of inconsistent recommendations of clinical and 
imaging surveillance in asymptomatic lesions.1 Routine 
follow-up in clinical practice is dependent on insurance, 
patient preferences, and neurological and/or neurosurgi-
cal practitioners’ practice standards. Repeat imaging may 
be precipitated by changes in neurological status, in par-
ticular the development of new neurological symptoms 
suggestive of CA hemorrhage, changed or worsening epi-
lepsy, or changes in neurological signs on examination. 
Follow-up imaging may also be inconsistently considered 
to reassure patients about stability of CAs with respect 
to lifestyle, medications, pregnancy, or nonspecific symp-
toms. With the establishment of CA registries at Angi-
oma Alliance–designated Centers of Excellence (www.
angioma.org), harmonized data entry in trial readiness 
initiatives,24 and more frequent follow-up of cases in con-
junction with biomarker studies,20 an opportunity arose to 
assess rates of AC during systematic prospective surveil-
lance of CAs.

Rates of ACs were significantly higher than (almost 
double) the rates of SH per patient-year and lesion-year 
during the same follow-up of CAs. Although this has nev-
er been reported previously, it should not be surprising, 
because many CA lesions arise in noneloquent lesion loca-
tions, where a hemorrhage might not result in overt symp-
toms. Also not surprising are our findings that most of the 

FIG. 2. CONSORT diagram of included and excluded patients. Between September 2009 and February 2019, 327 patients with 
CAs, either solitary/sporadic or multifocal/familial, were screened. One hundred thirty-five patients were excluded from our study. 
One hundred ninety-two patients were included, of whom 144 did not have clinical or radiological changes during the follow-up 
period. There were 53 ACs in 34 patients, and 31 SHs in 24 patients. Some patients had both AC and SH events. In the diagram, 
n refers to the number of AC or SH events.
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patients with SH at initial presentation had a brainstem 
lesion, whereas patients who were diagnosed after seizure 
or incidentally had predominantly lobar lesions. And as 
with previous studies, we found that patients with initial 
SH presentation had higher rates of subsequent SH.8,17,18 
We now showed that patients with initial SH presentation 
also had greater rates of AC. Rates of AC per patient-year 
were significantly greater in multifocal/familial cases than 
in solitary/sporadic cases, consistent with a greater num-
ber of lesions in the former. Rates of AC per lesion-year 
were not different in multifocal/familial and solitary/spo-
radic lesions.

Rates of AC were consistently greater than rates of 
SH regardless of lesion location and initial presentation. 
Among cases with non-SH presentation, those with a 
brainstem lesion had a significantly higher risk of future 
SH and AC compared to nonbrainstem lesions. The higher 
risks of AC and SH in cases with initial SH presentation 
and brainstem lesion location indicate that AC and SH re-
flect similar biological propensities. The rate of future SH 
or AC in patients with initial SH presentation did not seem 
to be affected by the location of the lesion, perhaps indi-
cating that prior SH is a more dominant predictor of new 
SH and AC than lesion location.

TABLE 1. Demographic data, SHs, ACs, and NLF according to clinical presentation

Characteristic
Clinical Presentation Leading to CCM Diagnosis

p Value*Incidental & Seizure (n = 118) SH (n = 74) Total (n = 192)

Age at diagnosis, yrs (range) 37.7 ± 18.0 (0.5–76) 33.7 ± 20.1 (0.3–72) 36.2 ± 18.9 (0.3–76) 0.2
Age at first visit, yrs (range) 41.7 ± 17.7 (4–80) 38.5 ± 19.2 (1–72) 40.5 ± 18.3 (1–80) 0.2
Sex
 Male 27 (22.9%) 29 (39.2%) 56 (29.2%) 0.1
 Female 91 (77.1%) 45 (60.8%) 136 (70.8%) 0.3
Genotype
 Sporadic/solitary 75 (63.6%) 33 (44.6%) 108 (56.3%) 0.2
 Familial/multifocal
  CCM1 12 (10.2%) 15 (20.3%) 27 (14.1%) 0.1
  CCM2 7 (5.9%) 3 (4.1%) 10 (5.2%) 0.7
  CCM3 10 (8.5%) 12 (16.2%) 22 (11.5%) 0.2
  Multifocal unknown genotype 14 (11.9%) 11 (14.9%) 25 (13.0%) 0.6
Primary CCM location†
 Lobar 72 (61.0%) 19 (25.7%) 91 (47.4%) 0.003
 Deep 20 (17.0%) 10 (13.5%) 30 (15.6%) 0.6
 Cerebellar 13 (11.0%) 3 (4.1%) 16 (8.3%) 0.1
 Brainstem 13 (11.0%) 42 (56.8%) 55 (28.7%) <0.0001
No. of AC & SH
 AC 20 33 53
 SH 12 19 31
Total follow-up
 Patient-years 244.0 167.7 411.7
 Lesion-years 2338.6 164.7 2503.3
Rate in patient-years (95% CI)
 AC 8.2% (5.4–12.5) 19.7% (15.0–26.7) 12.9% (10.0–16.6) 0.003
 SH 4.9% (2.8–8.5) 11.3% (7.4–17.3) 7.5% (5.4–10.6) 0.03
Rate in lesion-years (95% CI)
 AC 2.1% (1.6–2.7) 3.0% (1.3–7.2) 2.1% (1.6–2.8) 0.4
 SH 0.7% (0.4–1.1) 9.1% (5.6–14.8) 1.2% (0.9–1.8) <0.0001
NLF
 SWI 22 40 62
 T2-weighted imaging 5 19 24
Rate of NLF in familial/multifocal cases (95% CI)
 SWI 23.2% (16.1–33.5) 34.0% (26.5–43.8) 29.2% (23.7–36.0) 0.2
 T2-weighted imaging 5.3% (2.2–12.4) 16.2% (10.7–24.4) 11.3% (7.8–16.5) 0.03

* Comparison between patients with SH and those presenting incidentally or with seizures.
† In cases with multiple lesions, the symptomatic lesion was considered primary, and the largest lesion was considered primary if all were asymptomatic.
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The combined rates of SH and AC are nearly 3 times 
those of SH alone. This raises an interesting proposi-
tion: that of using the combined rate as a more sensitive/
efficient surrogate outcome of lesional bleeding than SH 
alone. This would allow smaller sample sizes in proof-of-
concept trials of emerging therapies aimed at decreasing 
lesional bleeding.24 Future studies should also examine 
AC in relation to emerging plasma biomarkers of lesional 
hemorrhage.25

Rates of NLF had previously been estimated in multifo-
cal/familial CA cases,1 including higher rates with CCM3 
genotype.26 We now show that patients with previous SH 
were found to have higher rates of NLF—including, signif-
icantly, the larger lesions on T2-weighted images that are 
more likely to cause clinical sequelae. We had previously 
shown that NLF occurs in brain regions with higher vas-
cular permeability on dynamic contrast-enhanced quanti-
tative perfusion MRI.20 Together, these observations sug-
gest that NLF may serve as an indication of overall disease 
instability.

We analyzed empirically whether SH or AC influenced 
the decision-making process in the clinic. Patients with 
sporadic disease were more likely to undergo resection of 
a lesion with an SH or AC in comparison to familial cases. 
The lower threshold for surgical intervention in the group 

with sporadic disease may be related to the curative na-
ture of the intervention and the avoidance of future risk of 
SH in an unstable lesion, symptoms of mass effect from a 
growing lesion, and even a remote possibility of neoplasia 
rather than CA. Conversely, there was greater equipoise 
with regard to resecting a lesion exhibiting subclinical im-
aging changes in patients with familial disease who harbor 
many lesions, in whom resecting any single lesion is less 
likely to influence the patient’s future life and care.

We admittedly did not study the natural history of AC, 
including prospective risks of SH after an AC. The num-
bers and follow-ups of those cases were limited, and bi-
ased by a high rate of intervention, particularly in solitary/
sporadic cases. We cannot prove that an approach of acting 
on AC, including consideration of surgery, is beneficial to 
patients. In fact, a recent study from a European center 
concluded that regular follow-up imaging of asymptom-
atic CA patients had no influence on surgical decision-
making.27 However, the rate of ACs and their implications 
were not assessed in that study, and both our conclusions 
and theirs remain circuitous, reflecting options of follow-
up surveillance of asymptomatic lesions, or lack thereof. 
Only a prospective randomized study on surveillance 
strategy and clinical outcomes can settle this controversy. 

FIG. 3. Histogram including the number of cases during various epochs 
of prospective follow-up surveillance, and the number of cases with SH 
and AC logged during each epoch.

TABLE 2. ACs and SHs in patients with solitary/sporadic and 
multifocal/familial disease

Variable
Solitary/
Sporadic

Multifocal/ 
Familial

p  
Value

No. of patients 108 84
No. of patients w/ ACs 
& SHs (no. of lesions)
 AC 6 (6) 47 (47)
 SH 9 (8) 22 (22)
Total follow-up
 Patient-year 199.4 212.3
 Lesion-year 199.4 2303.9
Rate in patient-years 
(95% CI)
 AC 3.0% (1.4–6.6) 22.1% (17.2–28.5) <0.0001
 SH 4.5% (2.4–8.6) 10.4% (7.0–15.4) 0.04
Rate in lesion-years 
(95% CI)
 AC 3.0% (1.4–6.6) 2.0% (1.5–2.7) 0.3
 SH 4.5% (2.4–8.6) 1.0% (0.6–1.5) 0.0006

TABLE 3. Rates of SH and AC in patient-years according to clinical presentation and location of index lesion

Presentation, Location No. of Patients Patient-Years SH Rate of SH (95% CI) AC Rate of AC (95% CI)

SH, brainstem 42 98.2 10 10.2% (5.7–18.3) 14 14.3% (8.8–23.2)
SH, nonbrainstem 32 69.5 9 12.9% (7.0–23.8) 19 27.3% (18.6–40.1)
Non-SH, brainstem 13 23.3 4 17.1% (7.0–41.8)* 8 34.3% (19.5–60.1)*
Non-SH, nonbrainstem 105 220.7 8 3.6% (1.8–7.2)* 12 5.4% (3.1–9.4)*

* Values are statistically significantly different (p < 0.05).

*
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Our results do not change current levels of evidence about 
options of prospective surveillance in clinical practice, nor 
decisions about surgery.1 The combined rate of SH and AC 
during prospective surveillance is approximately 3-fold 
the rate of SH alone. Hence, the combined rate may be a 
more sensitive endpoint in clinical trials.

Admittedly, our rates of AC were based on a policy 
of annual surveillance, and may have missed subclinical 
events that could have occurred between imaging ses-
sions. Rates of AC would probably be greater with more 
frequent imaging. Other limitations of this study include 
its single site, with inherent referral biases, and the exclu-
sion of many patients due to a lack of follow-up. However, 
we showed no significant confounders between included 
and excluded cases. Also, our large cohort of patients with 
CAs undergoing regular surveillance in conjunction with 
biomarker studies represented a unique opportunity to ad-
dress a previous knowledge gap in this disease. We hope 
that these results will generate novel hypotheses to be 
tested in future studies including multisite or population-
based enrollments, time-to-event analyses, and correla-
tions with surgical decisions.

Conclusions
We report for the first time the rate of AC, which is 

significantly more common than SH during prospective 
follow-up of patients with CA. Both AC and SH are more 
common in patients with previous SH and with brainstem 
lesions, indicating that they both reflect similar disease 
instability. Together, they may provide a more sensitive 
combined surrogate outcome for biomarker development 
and proof-of-concept trials of therapies aimed at CA hem-
orrhage. Although ACs influence clinical decisions in em-
pirical clinical practice, particularly the curative resection 
of solitary lesions, our results do not change the levels of 
evidence of current recommendations for surgical treat-
ment of CAs.1
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