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ABSTRACT

BACKGROUND AND PURPOSE: The morphologic features of brain arteriovenous malformations differ between children and adults;
therefore, our aim was to analyze various features of brain arteriovenous malformations to assess the risk of hemorrhage in children.

MATERIALS AND METHODS: We identified all consecutive children admitted to Beijing Tiantan Hospital for brain arteriovenous malfor-
mations between July 2009 and April 2014. The effects of demographic characteristics and brain arteriovenous malformation morphology
on hemorrhage presentation, annual bleeding rates, postnatal hemorrhage, and immediate posthemorrhagic neurologic outcomes were
studied by using univariate and multivariable regression analyses.

RESULTS: A total of 108 pediatric brain arteriovenous malformation cases were identified, 66 (61.1%) of which presented with hemorrhage.
Of these, 69.7% of ruptured brain arteriovenous malformations were in a periventricular location. Periventricular nidus location (OR, 3.443;
95% CI, 1.328 – 8.926; P � .011) and nidus size (OR, 0.965; 95% CI, 0.941– 0.989; P � .005) were independent predictors of hemorrhagic
presentation. The annual hemorrhage rates in children with periventricular brain arteriovenous malformations were higher at 6.88% (OR,
1.965; 95% CI, 1.155–3.341; P � .05). The hemorrhage-free survival rates were also lower for children with periventricular brain arteriovenous
malformations (log-rank, P � .01). Periventricular location (hazard ratio, 1.917; 95% CI, 1.131–3.250; P � .016) and nidus size (hazard ratio, 0.983;
95% CI, 0.969 – 0.997; P � .015) were associated with hemorrhage after birth in pediatric brain arteriovenous malformations. An ordinal
analysis showed lower immediate posthemorrhage mRS in patients with periventricular brain arteriovenous malformations (OR for greater
disability, 2.71; 95% CI, 1.03–7.11; P � .043).

CONCLUSIONS: Small periventricular brain arteriovenous malformations were associated with increased hemorrhage risk in pediatric
patients. Cautious follow-up of children with untreated periventricular brain arteriovenous malformations is recommended because of a
higher hemorrhage risk and potentially more severe neurologic outcomes.

ABBREVIATIONS: BAVM � brain arteriovenous malformations; ICH � intracranial hemorrhage; IVH � intraventricular hemorrhage

Hemorrhagic stroke accounts for half of pediatric strokes and

is a life-threatening disease with a mortality rate of �30%

and permanent deficits in up to 40% of patients.1-3 Brain arterio-

venous malformations (BAVMs) have been proved to be the un-

derlying cause of most intracranial hemorrhage (ICH) in chil-

dren.4 In contrast to adult patients, children with BAVMs are

more likely to present initially with ICH, while the overall annual

hemorrhage rate for pediatric BAVM does not exceed that of

adults.5 A long-term follow-up study revealed that childhood pre-

sentation may provide relative protection against subsequent

ICH.6 Recent studies have indicated that the angioarchitectural

features of BAVM differed between children and adults, but spe-

cific studies of hemorrhagic risk assessment in children have been

limited.7

Previous studies have been performed primarily in adults or

patients of all ages and have shown that presentation with hem-
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orrhage is the most important and widely accepted risk factor for

future bleeding from BAVMs.8-10 Meta-analyses of natural his-

tory studies and large-scale cohort studies failed to reach a con-

sensus regarding the role of other factors such as nidus size, ex-

clusive deep venous drainage, associated arterial aneurysm, and

deep location.11-13 A periventricular location has also been

found to correlate positively with the risk of hemorrhage be-

fore the treatment of BAVMs.14,15 However, this feature, al-

though amenable to analysis with imaging, has not been

studied carefully in the risk assessment of interventional-ver-

sus-observational treatment.

This study was based on the hypothesis that a periventricular

location, along with other morphologic features such as deep lo-

cation, posterior fossa location, nidus size, exclusively deep ve-

nous drainage, and associated aneurysm, is a potential risk factor

for BAVM rupture and unfavorable outcomes in pediatric pa-

tients. The study aimed to accomplish the following objectives: 1)

to assess the association of these factors with the risk of hemor-

rhage in children with BAVMs; 2) to evaluate the hemorrhage-

free survival of children with and without these factors, assuming

that the BAVM had been present from birth; 3) to study the asso-

ciations of these factors with the time from birth to first hemor-

rhage; and 4) to compare the hemorrhage site, severity of the acute

presentation, and the type of intervention in ruptured periven-

tricular and nonperiventricular BAVMs.

MATERIALS AND METHODS
The study protocol was approved by the institutional review

board of Beijing Tiantan Hospital. Written informed consent was

obtained from all participants and/or their guardians at

admission.

Patients and Study Design
The Tiantan BAVM data base has been previously described and is

a prospectively maintained data base collecting demographic,

clinical, and neuroradiologic data for all patients with a confirmed

angiographic or histologic diagnosis of BAVM treated at Beijing

Tiantan Hospital, Capital Medical University.16 This data base

was retrospectively queried to identify all consecutive children

diagnosed with BAVMs between July 2009 and April 2014. Pedi-

atric patients were defined as patients who were 18 years of age

or younger at the first angiographic diagnosis of BAVM (ex-

cluding dural and pial arteriovenous fistulas and vein of Galen

malformations).

BAVM hemorrhage was defined as a symptomatic clinical

event with signs of fresh intracranial blood on CT or MR imaging

and/or in the CSF, with no easily identifiable alternative source

that was more likely to be the cause than the BAVM. All hemor-

rhages before treatment for BAVM were documented. Annual

hemorrhage rates were calculated as the ratio of the number of

hemorrhages to the total number of patient-years of follow-up.

We calculated patient-years of follow-up, assuming that the

BAVM was present from birth until the first treatment for BAVM.

For the BAVM hemorrhage-free survival analysis, the primary

outcome was the first hemorrhage from BAVM, and patients were

censored at the time of any interventional treatment for the

BAVM or at the time of the last follow-up.

Neurologic function at hemorrhage onset was assessed by us-

ing the mRS and Glasgow Coma Scale. The immediate posthem-

orrhage mRS and Glasgow Coma Scale scores were recorded

within 24 hours of the presenting hemorrhage. A clinician who

was not directly involved in the care of these patients performed

all scale assessments. Emergency intervention for ICH evacuation

or drainage was considered in patients with a Glasgow Coma Scale

score of �8, ICH with neurologic deficit, or intraventricular hem-

orrhage (IVH) with hydrocephalus.

Neuroradiologic Review
MR imaging, CT, and angiographic images available for each pa-

tient were evaluated by consensus between 2 neuroradiologists

(J.M., with 24 years of experience, and W.B.G., with 10 years of

experience) who were blinded to the clinical information. A struc-

tured list of angiographic and MR imaging features was retrospec-

tively scored by using a protocol that generally conformed to the

consensus recommended by a Joint Writing Group for BAVM

research reporting terminology.17 Variants that were reported to

be predictive of BAVM rupture but were not expanded in the

recommended protocol were defined with reference to previous

studies.18-20

BAVM location was dichotomized into deep (basal ganglia,

thalamus, cerebellum, and corpus callosum) and superficial (all

other locations). A posterior fossa location was defined as brain

stem, cerebellum, or both. BAVMs were also classified as having a

periventricular location if the nidus (with a contrast-enhance-

ment or flow void) contacted the ependymal lining of the ventri-

cle on contrast-enhanced T1- and T2-weighted images.14,21,22 To

reduce the confounding effects of hematoma on the imaging anal-

ysis for patients with hemorrhages, we evaluated all MR images

available before treatment (Fig 1). For the few patients who un-

derwent emergency treatment but had no MR images obtained

before the BAVM rupture, the BAVM location was identified on

CT according to the consensus of the 2 neuroradiologists.

ICHs were classified as intraparenchymal hemorrhage, IVH,

SAH, or a combination of the above 2 or 3 locations. Hematoma

volume was evaluated with an ellipsoid method.23 Hematomas

were defined as deep if the basal ganglia, thalamus, brain stem,

cerebellum, or corpus callosum was involved.

Venous drainage was dichotomized into exclusively deep ve-

nous drainage or nonexclusively deep venous drainage (superfi-

cial-only drainage or superficial and deep drainage). An aneu-

rysm was defined as a saccular dilation of the lumen �2 times the

width of the arterial vessel that carried the dilation. An aneu-

rysm was diagnosed when dilation was evident with no obvious

overlap of neighboring vessels on 2 orthogonal (both coronal

and sagittal) angiographic views. Associated aneurysms in-

cluded only aneurysms related to shunt flow. For statistical

analysis, the associated aneurysm variable was dichotomized

into absent or present.

Each nidus was measured in 3 dimensions on the latest

contrast-enhanced MR imaging and angiogram before BAVM

rupture. The largest diameter (in millimeters) among the 3

dimensions was recorded as the maximal AVM size for further

analysis.

AJNR Am J Neuroradiol 36:1550 –57 Aug 2015 www.ajnr.org 1551



Statistical Analysis
Data were analyzed by using SPSS Statistics, Version 20.0

(IBM, Armonk, New York). Statistical significance was set at

P � .05. For the neuroradiologic and clinical data, patients

with and without periventricular BAVMs were compared by

using descriptive statistics, including t tests for continuous

variables and �2 tests for categoric variables. The � coefficient

was used to analyze the interobserver agreement between the 2

neuroradiologists.

We first examined the association of periventricular location

with the time to hemorrhage, before any treatment. We per-

formed Cox proportional hazards analysis of the time from

birth to the first hemorrhage, censoring patients at the time of

treatment or last follow-up. Kaplan-Meier survival curves and

log-rank tests were used to evaluate hemorrhage-free survival

for patients with and without periventricular BAVMs. Both

univariate and multivariable Cox proportional hazards analy-

ses were performed, including all potential risk factors for

hemorrhage.

The second stage of the analysis examined the relationship

between BAVM hemorrhage outcomes at presentation and

periventricular location. Both univariate and multivariable logis-

tic regression analyses were performed by using hemorrhage pre-

sentation and severe posthemorrhage presentation (mRS �3) as

the outcomes, respectively, and periventricular location as the

primary predictor. We created a multivariable model that in-

cluded all the potential risk factors, regardless of whether they

were significant on univariate analysis. The mRS scores were also

analyzed by using both an unadjusted proportional-odds regres-

sion model across all levels of the scale and a proportional-odds

regression model that adjusted for other baseline demographic

and morphologic variables.

RESULTS
Characteristics of the Study Population
A total of 108 pediatric patients with BAVM were identified.

None of the patients had familial BAVM or hereditary hemor-

rhagic telangiectasia. Baseline characteristics are shown in Table

1. The age at diagnosis ranged from 1 to 18 years (mean age,

10.95 � 4.13 years). Of these, 66 of 108 patients (61.1%) initially

presented with ICH. Most patients experienced their first BAVM

rupture during their first 12 years (48/66, 72.7%). The most com-

mon initial hemorrhage type was intraparenchymal hemorrhage

(34/66, 51.5%), followed by intraparenchymal hemorrhage with

IVH (19/66, 28.8%) and IVH (5/66, 7.6%). Exclusively deep ve-

nous drainage was found in 9.3% of the BAVMs, and associated

aneurysm, in 13%. A deep location was encountered in 34.3%,

and 7.4% involved the posterior fossa. Notably, 65 of 108 BAVMs

(60.2%) were classified as periventricular, 70.8% of which pre-

sented with ICH. In significant contrast, 46.5% of BAVMs with-

out ventricular involvement ruptured (P � .011). The periven-

tricular BAVMs were more likely to have a deep location (P �

FIG 1. Ruptured BAVMs having a periventricular location. Patient A was diagnosed with right occipital BAVM. Axial T2WI on posthemorrhage day
3 (A and B) and 1 month later (C and D). The relationship between the ventricle and BAVM lesion is explicit at 1 month after hemorrhage. Patient
B was diagnosed with right temporal BAVM. Axial T2WI (E and F) and postcontrast T1WI (G and H) on posthemorrhage day 14. The hematoma
does not obscure the nidus edge contacting the ventricle.
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.001) and to be diagnosed early (P � .022). However, these lesions

were not more likely to have distinct venous drainage, and there

was no significant difference in supra-/infratentorial distribution,

associated aneurysm incidence, or nidus size in this series of pa-

tients (P � .05) (Table 1).

Association of Periventricular
Location with Hemorrhage
Presentation
Univariate analysis revealed that

BAVMs with hemorrhage were more

likely to be periventricular (69.7% ver-

sus 30.3%, P � .011). Moreover, the ni-

dus size was significantly smaller in

BAVMs that presented with hemorrhage

(35.64 � 18.54 mm versus 45.33 � 18.25

mm, P � .009). BAVMs with hemor-

rhagic presentation were not different

from the unruptured BAVMs with re-

spect todemographicandmorphologic fac-

tors, including exclusively deep venous

drainage, deep location, infratentorial loca-

tion, and associated aneurysm (Table 2).

The multivariable model that adjusted

for other potential risk factors showed that

a periventricular location was highly pre-

dictive of hemorrhagic presentation (OR,

3.443; 95% CI, 1.328–8.926; P � .011)

and that increased nidus size was relatively

protective (OR, 0.965; 95% CI, 0.941–

0.989; P � .005) in children with BAVMs.

Age, sex, deep location, posterior fossa in-

volvement, exclusively deep venous drain-

age, and associated aneurysms did not

predict hemorrhagic presentations in

these pediatric patients (On-line Table 1).

Association of Periventricular
Location with Hemorrhage-Free
Survival
If one assumes that the BAVM had been

present since birth, there were 1279 pa-

tient-years of follow-up for this popula-

tion of 108 patients (mean, 11.8 years).

A total of 70 hemorrhages occurred in 66

patients with ruptured BAVMs, yielding

an overall annual BAVM hemorrhage

rate of 5.47% for pediatric patients. A

total of 50 hemorrhages occurred in 46
patients with ruptured periventricular
BAVMs during 727 patient-years of fol-
low-up, yielding an annual hemorrhage
rate of 6.88%. In contrast, of the 552 pa-
tient-years of follow-up in 20 patients with
ruptured nonperiventricular BAVMs,
only 20 hemorrhages occurred, yielding
an annual hemorrhage rate of 3.62%. The
odds ratio for rupture of periventricular
BAVMs, compared with nonperiventricu-

lar BAVMs, was 1.965 (95% CI,

1.155–3.341).

There was a significant difference between the time to hem-

orrhage for patients with periventricular and nonperiventricular

BAVMs (log-rank, P � .01). Periventricular BAVMs ruptured

Table 1: Baseline characteristics of periventricular and nonperiventricular BAVMsa

Characteristic
Nonperiventricular

(n = 43)
Periventricular

(n = 65)
Total

(n = 108) P Value
Demographic

Sex .450
Female 19 (44.2) 24 (36.9) 43 (39.8)
Male 24 (55.8) 41 (63.1) 65 (60.2)

Age at diagnosis (yr) 12.07 � 3.41 10.22 � 4.42 10.95 � 4.13 .022b

Clinical
Hemorrhage presentation .011b

No 23 (53.5) 19 (29.2) 42 (38.9)
Yes 20 (46.5) 46 (70.8) 66 (61.1)
IVH nonpresence 17 (85.0) 22 (47.8) 39 (59.1)
IVH presence 3 (15.0) 24 (52.2) 27 (40.9)

Venous drainage .315c

Not exclusively deep 41 (95.3) 57 (87.7) 98 (90.7)
Exclusively deep 2 (4.7) 8 (12.3) 10 (9.3)

Deep location �.001b

No 37 (86.0) 34 (52.3) 71 (65.7)
Yes 6 (14.0) 31 (47.7) 37 (34.3)

Posterior fossa location .374
No 41 (95.3) 59 (90.8) 100 (92.6)
Yes 2 (4.7) 6 (9.2) 8 (7.4)

Associated aneurysm .737
No 38 (88.4) 56 (86.2) 94 (87.0)
Yes 5 (11.6) 9 (13.8) 14 (13.0)

Maximal nidus size (mm) 35.74 � 15.11 41.83 � 20.87 39.41 � 18.95 .082d

a Data are No. (%) or mean � SD.
b Statistically significant.
c P values are from the �2 test (correction for continuity).
d P values are from the t test.

Table 2: Factors associated with hemorrhagic presentation by univariate analysisa

Characteristic
Nonhemorrhage

(n = 42)
Hemorrhage

(n = 66)
Total

(n = 108) P Value
Demographic

Sex .771
Female 16 (38.1) 27 (40.9) 43 (39.8)
Male 26 (61.9) 39 (59.1) 65 (60.2)

Age at diagnosis (yr) 11.71 � 4.23 10.47 � 4.03 10.95 � 4.13 .128
Radiologic

Venous drainage .344b

Not exclusively deep 40 (95.2) 58 (87.9) 98 (90.7)
Exclusively deep 2 (4.8) 8 (12.1) 10 (9.3)

Deep location .320
No 30 (71.4) 41 (62.1) 71 (65.7)
Yes 12 (28.6) 25 (37.9) 37 (34.3)

Periventricular location .011c

No 23 (54.8) 20 (30.3) 43 (39.8)
Yes 19 (45.2) 46 (69.7) 65 (60.2)

Posterior fossa location 1.000d

No 39 (92.9) 61 (92.4) 100 (92.6)
Yes 3 (7.1) 5 (7.6) 8 (7.4)

Associated aneurysm .396
No 38 (90.5) 56 (84.8) 94 (87.0)
Yes 4 (9.5) 10 (15.2) 14 (13.0)

Maximal nidus size (mm) 45.33 � 18.25 35.64 � 18.54 39.41 � 18.95 .009c

a Data are No. (%) or mean � SD.
b P values are from the �2 test (correction for continuity).
c Statistically significant.
d P values are from the Fisher exact test.
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earlier before treatment, with a median hemorrhage-free survival
of 11.00 years (95% CI, 9.31–12.69) for periventricular BAVMs
and 16.00 years (95% CI, 14.29 –17.71) for nonperiventricular
BAVMs (Fig 2). There was a borderline significant association
between the presence of an aneurysm and hemorrhage-free sur-
vival (log-rank, P � .052). We do not have sufficient data to sup-
port an association of deep location (log-rank, P � .488) or ex-
clusively deep venous drainage (log-rank, P � .101) with earlier
BAVM rupture in childhood before any treatment.

Both univariate and multivariable Cox regression analyses
were performed on the 108 pediatric patients (On-line Table 1).
Although the univariate analysis identified a periventricular nidus
location (hazard ratio, 1.917; 95% CI, 1.131–3.250; P � .016) and
nidus size (hazard ratio, 0.983; 95% CI, 0.969 – 0.997; P � .015) as
predictors of future hemorrhage risk in pediatric BAVMs, neither
of these variables was significantly associated with earlier BAVM
rupture independent of other characteristics in the multivariable
model. Most unsurprising, the later the BAVM was diagnosed, the
later the lesion ruptured, according to this follow-up approach.

Associations of Periventricular Location with Severe
Presentation in Ruptured BAVMs
In the 66 pediatric patients with ruptured BAVMs, deep, large

(�30 mL) hematomas and acute hydrocephalus were associated

with a severe posthemorrhage presentation (On-line Table 2).

There was a trend toward a higher risk of having an immediate

posthemorrhage mRS of �3 in patients with periventricular

BAVMs than in patients with nonperiventricular BAVMs (50%

versus 25%, P � .059) (On-line Table 2 and On-line Fig 1). The

unadjusted ordinal analysis showed a significant unfavorable shift

in the distribution of immediate posthemorrhage mRS scores in

patients with a periventricular nidus location (pooled odds ratio

for a shift to a higher mRS score, 2.71; 95% CI, 1.03–7.11) (Table

3). In addition, periventricular BAVMs were significantly associ-

ated with ICH involving the ventricles (pure IVH, IVH with in-

traparenchymal hemorrhage, IVH with SAH, IVH with intrapa-

renchymal hemorrhage and SAH) (52.17% versus 15.00%, P �

.005). IVH with intraparenchymal hemorrhage was present in

17/46 (37%) ruptured periventricular BAVMs in contrast to only

2/20 (10%) nonperiventricular BAVMs (Fig 3 and On-line Fig 1).

Further analysis revealed a higher frequency of deep (30.4%),

large (26.1%) hematomas and acute hydrocephalus (21.7%) in

ruptured periventricular BAVMs than in nonperiventricular

BAVMs (On-line Fig 2).

Immediate posthemorrhage Glasgow Coma Scale score of �8

occurred in 26.1% of children with periventricular BAVMs and

20.0% with BAVMs in other locations. Emergent interventions

(craniotomy or external ventricular drainage for blood evacua-

tion with or without decompressive craniectomy) were per-

FIG 2. Kaplan-Meier curves demonstrating the hemorrhage-free survival difference between BAVMs with and without certain morphologic
features.
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formed in 34.8% of children with periventricular BAVMs and in

20.0% with BAVMs in other locations. However, these differences

were not statistically significant (On-line Fig 1).

DISCUSSION
BAVM Hemorrhage Risk Predictors in Pediatric Patients
Many studies aimed at identifying morphologic features associ-

ated with BAVM hemorrhagic presentations and the risk of

subsequent hemorrhage have been performed, mainly in adult

patients.8-13 A recent angiographic study revealed that the angio-

architectural features of BAVM, some of which confer a higher

risk for future hemorrhage in adults, differ between children and

adults.7 However, only a few studies have specifically been con-

ducted to assess the risk of pediatric BAVM hemorrhage and pro-

vide a prognosis before treatment (On-line Table 3).

Previous studies have reported the following factors to be as-

sociated with hemorrhage at presentation in children with

BAVMs: smaller AVM nidus size, deep/exclusively deep venous

drainage, single draining vein, and eloquent nidus location.24-28

Most of these factors and results were obtained from a retrospec-

tive cohort (younger than 22 years of age) at Columbia University

Medical Center.24,26,28 Two larger studies reported results with a

relatively distinct bias (a wide range of odds ratio or only radio-

surgery patients), suggesting that these studies might have been

underpowered to assess the impact of certain features on BAVM

hemorrhage.25,27

In this exclusively pediatric cohort (18 years old or younger) of

patients with BAVMs referred to a high-volume Chinese neuro-

surgery center during the past 5 years, we identified periventricu-

lar nidus location and smaller nidus size as independent predic-

tors of hemorrhagic presentation. In contrast to adult patients,

deep location, exclusively deep venous drainage, and associated

aneurysms were not significantly correlated with the appearance

of hemorrhage in these children. A recent study of the Columbia

pediatric BAVM cohort (of 81 children) identified deep venous

drainage, rather than exclusively deep venous drainage, as a pre-

dictor for hemorrhage presentation.28 Another report on 135

children with BAVMs indicated the presence of an association of

exclusively deep venous drainage with hemorrhage.25 The role of

exclusively deep venous drainage should be analyzed in further

studies with larger sample sizes by using standard angiographic

methods, because only 9.3% of children with BAVMs had exclu-

sively deep venous drainage in our study, which is much less than

the 17%–28% rate reported in other studies.7 The presence of an

associated aneurysm and deep nidus location has failed to corre-

late with BAVM hemorrhage in all previous pediatric studies, and

our data corroborate these findings.24-27

Periventricular Nidus with Higher Hemorrhage Risk and
More Severe Presentation
More than one-third (34%–37%) of BAVMs in patients of all ages

have been found to be periventricular.14,15 Our data showed a

higher frequency of periventricular BAVMs in pediatric patients

(60.2%). This heterogeneity related to patient age is congruent

FIG 3. Hemorrhage location of ruptured periventricular BAVMs and nonperiventricular BAVMs.

Table 3: Immediate posthemorrhage presentation severity according to different methods of analysis of scores on the mRS

Characteristic of mRS Scores

Ruptured BAVM

OR (95% CI) P Value
OR adjusted

(95% CI)a P Value
Nonperiventricular

(n = 20)
Periventricular

(n = 46)
Severe presentation (No.) (%) 3.00 (0.94 to 9.62) .065 2.02 (0.51–7.96) .316

0–3 15 (75.0) 23 (50)
4–6 5 (25.0) 23 (50)

Immediate posthemorrhage mRS, shift on
scores (No.) (%)

2.71 (1.03–7.11) .043b 1.96 (0.64–6.04) .242

0 (no symptoms at all)
1 (no significant disability despite symptoms) 0 (0) 0 (0)
2 (slight disability) 2 (10.0) 2 (4.3)
3 (moderate disability requiring some help) 7 (35.0) 8 (17.4)
4 (moderate-to-severe disability, much help) 6 (30.0) 13 (28.3)
5 (severe disability, requiring full care) 1 (5.0) 8 (17.4)

4 (20.0) 15 (32.6)
a Adjusted for age at diagnosis, sex, deep location, infratentorial location, exclusively deep venous drainage, associated aneurysm, and maximal nidus size.
b Statistically significant.
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with another finding that periventricular BAVMs were more

likely to present at a young age than nonperiventricular lesions. In

previous studies (On-line Table 4), a periventricular location cor-

related with an increased risk of BAVM hemorrhage.14,15,21,22,29

In general, 70%–90% of periventricular BAVMs presented with

hemorrhage initially.14,29 The underlying mechanism may be re-

lated to silent intralesional hemorrhage and clot breakdown in

CSF, as reported in previous studies.14 Our data partially verified

this theory, indicating that periventricular locations were associ-

ated with more intraventricular hemorrhages (52.2%). However,

periventricular BAVMs were, as expected, more often located

deep within the brain, raising the possibility that a deep location

and venous drainage might play confounding roles in periven-

tricular BAVM hemorrhages. Nonetheless, the present study in

children did not reveal a significantly increased frequency of ex-

clusively deep venous drainage in periventricular BAVMs, and the

multivariable analysis indicated that periventricular location was

a risk factor for hemorrhage, independent of deep location or

venous drainage pattern.

Previous studies have identified some morphologic factors

that are significant at presentation but do not necessarily predict

future hemorrhages in pediatric patients with BAVMs.24-28 While

the long-term follow-up of prospective studies such as A Ran-

domized Trial of Unruptured Brain Arteriovenous Malforma-

tions will clarify features that predict future hemorrhage in adults

with BAVMs, these studies are less likely to be performed in pe-

diatric patients, a group in which most patients present with

hemorrhage; ethical dilemmas could arise during conservative

treatment with observation of known BAVMs.30 Assuming that

the BAVM had been present since birth, thereby accumulating a

large number of patient-years of follow-up, we found an overall

annual hemorrhage rate of 5.47% in children with BAVMs, which

is much higher than the 2.0% reported in a previous study.6 The

annual hemorrhage rate of periventricular BAVMs (6.88%) was

almost twice that of nonperiventricular BAVMs. The differences

in hemorrhage-free survival between patients with periventricu-

lar and nonperiventricular BAVMs were also pronounced. This

follow-up approach has been used in many previous studies of

BAVMs (On-line Table 5). To consolidate this result, we also re-

analyzed the data with an assumption-free follow-up approach

(On-line Appendix); this analysis also indicated that periven-

tricular BAVMs had a higher hemorrhage rate (On-line Table 6).

Furthermore, our data indicated a potential association be-

tween a periventricular nidus location and a severe clinical pre-

sentation after hemorrhage. Further analysis revealed that the

poor outcome at presentation of patients with periventricular

BAVMs might be associated with deep, large hematomas and

acute hydrocephalus. However, �40% of the periventricular

BAVMs with unfavorable outcomes presented with hydrocepha-

lus that could be reversed with external ventricular drainage.

Study Limitations
This study was limited by its sample size, single-institutional pop-

ulation, and the assumptions used in the follow-up method. For

the BAVM natural history study, the most valid follow-up model

is to use the time from diagnosis to an event.8,9,31 However, in-

vestigators from our study group and other institutes have also

reported the hemorrhage rate on the basis of a follow-up method

that assumes that the lesion is present from birth and has a

subsequent constant annual hemorrhage risk (On-line Table

5).16,32-35 A recent study comparing the 2 approaches suggested

that the latter follow-up method is a valid alternative for a BAVM

natural history study.36

CONCLUSIONS
Small periventricular BAVMs were associated with an increased

hemorrhage risk in pediatric patients. Cautious follow-up of chil-

dren with untreated periventricular BAVMs is recommended due

to the higher hemorrhage risk and the likelihood of severe neuro-

logic outcomes at the time of hemorrhage onset.

ACKNOWLEDGMENTS
The authors thank Dr Gu Wei-Bin of the Department of Neuro-

radiology at Beijing Tiantan Hospital for his assistance with the

image analysis; and Dr Wang Chen-Xi of the Department of Sur-

gery, West China School of Medicine, at Sichuan University, and

Dr Yuan Lian-Xiong of the Department of Statistics and Epide-

miology, School of Public Health, at Sun Yat-Sen University for

their assistance with the manuscript preparation and data

analysis.

Disclosures: Li Ma—RELATED: Grant: The Ministry of Science and Technology of
China, Beijing Institute for Brain Disorders, National Natural Science Foundation of
China,* Comments: This project was supported by the Ministry of Science and Tech-
nology of China, National Key Technology Research and Development Program
(2013BAI09B03); Beijing Institute for Brain Disorders grant (BIBD-PXM2013_014226_
07_000084); and the National Natural Science Foundation of China (H0906 81271313
to Y.-L. Zhao). *Money paid to the institution.

REFERENCES
1. Fullerton HJ, Wu YW, Zhao S, et al. Risk of stroke in children: ethnic

and gender disparities. Neurology 2003;61:189 –94
2. Blom I, De Schryver EL, Kappelle LJ, et al. Prognosis of haemor-

rhagic stroke in childhood: a long-term follow-up study. Dev Med
Child Neurol 2003;45:233–39

3. Broderick J, Talbot GT, Prenger E, et al. Stroke in children within a
major metropolitan area: the surprising importance of intracere-
bral hemorrhage. J Child Neurol 1993;8:250 –55

4. Meyer-Heim AD, Boltshauser E. Spontaneous intracranial haemor-
rhage in children: aetiology, presentation and outcome. Brain Dev
2003;25:416 –21

5. Stapf C, Khaw AV, Sciacca RR, et al. Effect of age on clinical and
morphological characteristics in patients with brain arteriovenous
malformation. Stroke 2003;34:2664 – 69

6. Fullerton HJ, Achrol AS, Johnston SC, et al. Long-term hemorrhage
risk in children versus adults with brain arteriovenous malforma-
tions. Stroke 2005;36:2099 –104

7. Hetts SW, Cooke DL, Nelson J, et al. Influence of patient age on
angioarchitecture of brain arteriovenous malformations. AJNR
Am J Neuroradiol 2014;35:1376 – 80

8. Stapf C, Mast H, Sciacca RR, et al. Predictors of hemorrhage in pa-
tients with untreated brain arteriovenous malformation. Neurology
2006;66:1350 –55

9. Kim H, Sidney S, McCulloch CE, et al. Racial/ethnic differences in
longitudinal risk of intracranial hemorrhage in brain arterio-
venous malformation patients. Stroke 2007;38:2430 –37

10. da Costa L, Wallace MC, Ter Brugge KG, et al. The natural history
and predictive features of hemorrhage from brain arteriovenous
malformations. Stroke 2009;40:100 – 05

11. Kim H, Al-Shahi Salman R, McCulloch CE, et al. Untreated brain

1556 Ma Aug 2015 www.ajnr.org



arteriovenous malformation: patient-level meta-analysis of hem-
orrhage predictors. Neurology 2014;83:590 –97

12. Gross BA, Du R. Natural history of cerebral arteriovenous
malformations: a meta-analysis. J Neurosurg 2013;118:437– 43

13. Abecassis IJ, Xu DS, Batjer HH, et al. Natural history of brain arte-
riovenous malformations: a systematic review. Neurosurg Focus
2014;37:E7

14. Marks MP, Lane B, Steinberg GK, et al. Hemorrhage in intracerebral
arteriovenous malformations: angiographic determinants. Radiol-
ogy 1990;176:807–13

15. Zipfel GJ, Bradshaw P, Bova FJ, et al. Do the morphological charac-
teristics of arteriovenous malformations affect the results of radio-
surgery? J Neurosurg 2004;101:393– 401

16. Liu XJ, Wang S, Zhao YL, et al. Risk of cerebral arteriovenous mal-
formation rupture during pregnancy and puerperium. Neurology
2014;82:1798 – 803

17. Atkinson RP, Awad IA, Batjer HH, et al. Reporting terminology for
brain arteriovenous malformation clinical and radiographic fea-
tures for use in clinical trials. Stroke 2001;32:1430 – 42

18. Duong DH, Young WL, Vang MC, et al. Feeding artery pressure
and venous drainage pattern are primary determinants of hem-
orrhage from cerebral arteriovenous malformations. Stroke 1998;
29:1167–76

19. Stefani MA, Porter PJ, terBrugge KG, et al. Large and deep brain
arteriovenous malformations are associated with risk of future
hemorrhage. Stroke 2002;33:1220 –24

20. Khaw AV, Mohr JP, Sciacca RR, et al. Association of infratentorial
brain arteriovenous malformations with hemorrhage at initial pre-
sentation. Stroke 2004;35:660 – 63

21. Friedman WA, Blatt DL, Bova FJ, et al. The risk of hemorrhage after
radiosurgery for arteriovenous malformations. J Neurosurg 1996;
84:912–19

22. Meder JF, Oppenheim C, Blustajn J, et al. Cerebral arteriovenous
malformations: the value of radiologic parameters in predicting re-
sponse to radiosurgery. AJNR Am J Neuroradiol 1997;18:1473– 83

23. Stocchetti N, Croci M, Spagnoli D, et al. Mass volume measurement
in severe head injury: accuracy and feasibility of two pragmatic
methods. J Neurol Neurosurg Psychiatry 2000;68:14 –17

24. Anderson RC, McDowell MM, Kellner CP, et al. Arteriovenous mal-

formation-associated aneurysms in the pediatric population.
J Neurosurg Pediatr 2012;9:11–16

25. Ellis MJ, Armstrong D, Vachhrajani S, et al. Angioarchitectural fea-
tures associated with hemorrhagic presentation in pediatric cere-
bral arteriovenous malformations. J Neurointerv Surg 2013;5:
191–95

26. Kellner CP, McDowell MM, Appelboom G. Analysis of hemorrhage
risk factors in pediatric arteriovenous malformations [abstract
105]. Neurosurg Focus 2011;30:A1–35

27. Zheng T, Wang QJ, Liu YQ, et al. Clinical features and endovascular
treatment of intracranial arteriovenous malformations in pediatric
patients. Childs Nerv Syst 2014;30:647–53

28. Kellner CP, McDowell MM, Phan MQ, et al. Number and location of
draining veins in pediatric arteriovenous malformations: associa-
tion with hemorrhage. J Neurosurg Pediatr 2014;14:538 – 45

29. Kasliwal MK, Kale SS, Gupta A, et al. Outcome after hemorrhage
following gamma knife surgery for cerebral arteriovenous malfor-
mations. J Neurosurg 2009;110:1003– 09

30. Al-Shahi Salman R, White PM, Counsell CE, et al; Scottish Audit of
Intracranial Vascular Malformations Collaborators. Outcome after
conservative management or intervention for unruptured brain ar-
teriovenous malformations. JAMA 2014;311:1661– 69

31. Halim AX, Johnston SC, Singh V, et al. Longitudinal risk of intracra-
nial hemorrhage in patients with arteriovenous malformation of
the brain within a defined population. Stroke 2004;35:1697–702

32. Horton JC, Chambers WA, Lyons SL, et al. Pregnancy and the risk of
hemorrhage from cerebral arteriovenous malformations. Neuro-
surgery 1990;27:867–71; discussion 871–72

33. Pollock BE, Flickinger JC, Lunsford LD, et al. Factors that predict the
bleeding risk of cerebral arteriovenous malformations. Stroke 1996;
27:1– 6

34. Han PP, Ponce FA, Spetzler RF. Intention-to-treat analysis of Spet-
zler-Martin grades IV and V arteriovenous malformations: natural
history and treatment paradigm. J Neurosurg 2003;98:3–7

35. Gross BA, Du R. Hemorrhage from arteriovenous malformations
during pregnancy. Neurosurgery 2012;71:349 –55; discussion 355–56

36. Kim H, McCulloch CE, Johnston SC, et al. Comparison of 2 ap-
proaches for determining the natural history risk of brain arterio-
venous malformation rupture. Am J Epidemiol 2010;171:1317–22

AJNR Am J Neuroradiol 36:1550 –57 Aug 2015 www.ajnr.org 1557


