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Prospective Hemorrhage Rates of Cerebral Cavernous
Malformations in Children and Adolescents Based
on MRI Appearance

O. Nikoubashman, F. Di Rocco, I. Davagnanam, K. Mankad, M. Zerah, and M. Wiesmann

ABSTRACT

BACKGROUND AND PURPOSE: Current classifications of cerebral cavernous malformations focus solely on morphologic aspects. Our
aim was to provide a morphologic classification that reflects hemorrhage rates.

MATERIALS AND METHODS: We retrospectively categorized 355 cavernous malformations of 70 children and adolescents according to
their morphologic appearance on MR imaging and calculated prospective hemorrhage rates on the basis of survival functions for 255
lesions in 25 patients with a radiologic observation period of >180 days.

RESULTS: Overall, there were 199 MR imaging examinations with 1558 distinct cavernous malformation observations during a cumulative
observation period of 1094.2 lesion-years. The mean hemorrhage rate of all 355 cavernous malformations was 4.5% per lesion-year.
According to Kaplan-Meier survival models, Zabramski type | and Il cavernous malformations had a significantly higher hemorrhage rate
than type Ill and IV lesions. The presence of acute or subacute blood-degradation products was the strongest indicator for an increased
hemorrhage risk (P = .036, Cox regression): The mean annual hemorrhage rate and mean hemorrhage-free interval for cavernous malfor-
mations with and without signs of acute or subacute blood degradation products were 23.4% and 22.6 months and 3.4% and 27.9 months,
respectively. Dot-sized cavernous malformations, visible in T2* and not or barely visible in TIWI and T2WI sequences, had a mean annual
hemorrhage rate of 1.3% and a mean hemorrhage-free interval of 37.8 months.

CONCLUSIONS: It is possible to predict hemorrhage rates based on the Zabramski classification. Our findings imply a tripartite classifi-
cation distinguishing lesions with and without acute or subacute blood degradation products and dot-sized cavernous malformations.

ABBREVIATIONS: CCM = cerebral cavernous malformation; GRE = gradient-echo

C erebral cavernous malformations (CCMs) are common vas-
cular malformations with a prevalence of 0.2%-0.5%."
CCMs may have a considerable clinical impact due to their high
annual hemorrhage rates of up to 60%.>

The appearance of CCMs on MR imaging is manifold, and
knowledge of specific imaging features and how these relate to
hemorrhage rates can influence surgical treatment considerations

Received February 17, 2015; accepted after revision March 17.

From the Department of Neuroradiology (O.N., M.W.), University Hospital Aachen,
Aachen, Germany; Institute for Neuroscience and Medicine 4 (O.N.), Science Cen-
tre Julich, Julich, Germany; Service de Neurochirurgie Pédiatrique (F.D.R, M.Z.),
Hopital Necker—Enfants Malades, Paris, France; Department of Neuroradiology
(1.D.), National Hospital for Neurology and Neurosurgery, London, UK; Brain Repair
& Rehabilitation Unit (I.D.), UCL Institute of Neurology, London, UK; and Depart-
ment of Paediatric Neuroradiology (K.M.), Great Ormond Street Hospital, London,
UK.

Please address correspondence to Martin Wiesmann, MD, PhD, Department of
Neuroradiology, University Hospital Aachen, Pauwelsstrasse 30, 52074 Aachen,
Germany; e-mail: mwiesmann@ukaachen.de

E Indicates article with supplemental on-line tables
http://dx.doi.org/10.3174/ajnr.A4427

and the frequency of radiologic follow-up. Zabramski et al” (Ta-
ble 1 and Fig 1) and Mottolese et al* (On-line Table 1) presented
MR imaging classifications characterizing the varied appearances
of CCMs. However, neither classification elucidates the relation-
ship between morphologic CCM type and clinical risk. Therefore,
these classifications are rarely used in clinical practice. Recently,
Jeon et al’ investigated hemorrhage rates of Zabramski types I-II1
in an adult population and found that nonhemorrhagic type III
CCMs were associated with a significantly lower hemorrhage rate
than hemorrhagic type I and II CCMs. Unfortunately, the authors
excluded children and adolescents and did not analyze dot-sized
type IV CCMs, thus leaving out an important type of CCM fre-
quently encountered in hereditary forms of the disease.®

Other authors identified prior hemorrhage as an important
risk factor for subsequent hemorrhage by comparing hemorrhage
rates of CCMs with and without prior hemorrhage.">>”* Ac-
cording to these studies, hemorrhage rates ranged from 0%—6%
and 4.5%—60%, depending on whether prior hemorrhage was or

was not present, respectively.">>”"* However, these articles have
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Table 1: Original MRI classification of CCMs according to Zabramski et al®

Lesion Type MRI Signal Characteristics Pathologic Characteristics
Typel TI: hyperintense core Subacute hemorrhage, surrounded by a rim of hemosiderin-stained
T2: hyper- or hypointense core with surrounding macrophages and gliotic brain
hypointense rim
Typelll TI: reticulated mixed-signal core Loculated areas of hemorrhage and thrombosis of varying ages,
T2: reticulated mixed-signal core with surrounding surrounded by gliotic, hemosiderin-stained brain; in large lesions,
hypointense rim areas of calcification may be seen
Type lll TI: iso- or hypointense core Chronic resolved hemorrhage, with hemosiderin staining within
T2: hypointense with a hypointense rim that and around the lesion
magnifies the size of the lesion
GE: hypointense with greater magnification than T2
Type IV TI: poorly seen or not visualized at all Two lesions in the category were pathologically documented as

T2: poorly seen or not visualized at all
GE: punctate hypointense lesions

telangiectasias
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whom 4 were excluded from the study
due to a history of radiation. The re-
maining 70 patients had 356 CCMs. One
small histologically proved CCM was
found to be adjacent to a larger CCM
during an operation and was removed.
It was excluded from our analysis be-
cause it was not visible in previous imag-
ing. In the end, we included 355 CCMs
in 70 patients in this study. In addition
to neuroimaging features, we assessed
clinical and demographic information,
such as age, sex, medical history, treat-
ment, family history, and histologic
findings by chart review. Two neurora-
diologists, blinded to all clinical data,
analyzed the imaging data. Unblinded
consensus readings were performed to
obtain a reference standard for statistical
analyses.

Definitions
All lesions were radiologically defined

FIG1. CCM types according to the Zabramski classification. Graphic illustration (left 3 rows) and
corresponding MR images (right 3 rows) of CCMs according to the MR imaging classification of
Zabramski et al.* Type IV CCM: arrowhead indicates a small T2* lesion. Type V: arrows indicate
parts of the actual CCMs that are visible in the center of the hemorrhage; however, the CCM is

not fully distinguishable from hemorrhage.

a lack of comparability because of differing hemorrhage defini-
tions.'® Hence, our aim was to evaluate whether the different
CCM types according to the Zabramski classification, including
dot-sized type IV lesions, are associated with different hemor-
rhage rates and to provide a simple, yet comprehensive morpho-
logic classification that reflects hemorrhage rates best.

MATERIALS AND METHODS

Patients

After approval from the local institutional ethics board, we retro-
spectively reviewed data from the medical files from the depart-
ment of Pediatric Neurosurgery of Hopital Necker Enfants
Malades, Paris, France, between January 1, 1993, and December
31, 2009. We identified 74 patients younger than 18 years of age
with clear radiologic and/or pathologic criteria of CCMs, of
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according to the Zabramski classifica-
tion.” An additional category (type V)
accounting for CCMs presenting with
gross extralesional hemorrhage was
added to take these lesions into account
(Fig 1).

Only MR imaging studies performed at 1.5T were included, to
minimize variation through magnetic field strength on suscepti-
bility artifacts. All examinations were evaluated on TIWI and
T2WI sequences with gradient-echo (GRE) imaging considered
when present.

CCM diameters on TIWI and T2WI were averaged in all cases
except in dot-sized CCMs (Zabramski type IV). The diameter of
these lesions, which are only visible on T2*, was arbitrarily defined
as 1 mm, because measuring lesion diameters on the basis of sus-
ceptibility artifacts alone will result in different results depending
on the amount of hemosiderin depositions, section thickness, and
section orientation. Overall hemorrhage size was assessed if the
discrimination of a distinct lesion within the hemorrhage was not
possible. Lesion growth was defined as a visually distinct increase
of lesion diameter of at least 1 mm.



Hemorrhage Definition

To differentiate hemorrhage and simple intralesional thrombosis
of blood, we postulated a radiologic hemorrhagic event if there
was extralesional hemorrhage (acute or subacute blood-degrada-
tion products) or if there was intralesional hemorrhage (acute or
subacute blood-degradation products) accompanied by lesion
growth, mass effect, or edema. In accordance with criteria pro-
posed by Al-Shahi Salman et al,'® neither lesion growth without
signal changes nor the presence of hemosiderin without signs of
recent hemorrhage was considered a hemorrhagic event. In addi-
tion, the appearance of subacute blood-degradation products
without lesion growth or edema was not considered a hemor-
rhagic event. Because assessment of lesion growth is, by defini-
tion, not possible for supposedly hemorrhagic lesions at first im-
aging, intralesional hemorrhage at first imaging accompanied by
corresponding clinical symptoms was also regarded as hemor-
rhage.” A hemorrhagic event was considered symptomatic if there
was a relation between clinical symptoms and hemorrhage age,
anatomic location, or electrophysiologic examination findings. Le-
sions were regarded as de novo only when their new appearance
could be shown in 2 comparable (ie, section thickness and orienta-
tion) consecutive series.

Hemorrhage Rate Calculations
Hemorrhage rates were calculated by 2 methods:

1) Lifetime hemorrhage rates were calculated as hemorrhagic
events per time. The observation period of de novo lesions was
defined as the period between radiologic diagnosis and last imag-
ing. The observation period of lesions that were present at first
imaging (presumably congenital lesions) was defined as the pe-
riod between birth and last imaging. The lifetime hemorrhage rate
was calculated as the average of hemorrhage rates of de novo and
presumably congenital lesions. All 355 lesions were included in
these calculations.

2) Prospective hemorrhage rates were calculated on the basis
of Kaplan-Meier survival models and were analyzed with the
Breslow test, log-rank test, and Cox regression. Because CCMs are
dynamic lesions that may change in appearance with time, we
analyzed prospective hemorrhage rates depending on the lesion
appearance at any given observation point.>'' Only lesions with a
radiologic follow-up of >180 days were included in these
calculations.

Statistical Analysis

Standard statistical tests (Student ¢ test, Fisher exact test, Pearson
X~ test, Breslow test, log-rank test, Cox regression) were per-
formed when applicable. P values under the « level of .05 were
defined as significant. All statistical analyses were performed with
SPSS software (Version 20; IBM, Armonk, New York).

RESULTS
Demographics and Genetics
There were 355 CCMs in 48 male and 22 female patients. Twenty
of 70 patients had multiple CCMs. The mean age of all 70 patients
at first radiologic diagnosis of a CCM was 8.9 = 4.5 years, ranging
from 6.7 months to 17.3 years (median 9.5 years).

If one considered only lesions with a radiologic observation

period of at least 180 days, there were 255 lesions in 10 female and
15 male patients. Of these 255 lesions, 248 were observed in 18
patients with multiple lesions. Six of these 18 children were tested
for CCM1, CCM2, and CCM3 mutations. Three patients had a
CCM1 mutation, and 3 children had a CCM3 mutation.

Lesion Characteristics

In initial imaging, there were 33 type I, 15 type II, 74 type III, 190
type IV, and 30 type V CCMs. In addition, there was 1 hemor-
rhagic, predominantly cystic CCM. Initial lesion type could not be
classified in 12 cases because of a lack of adequate MR imaging
examinations at the date of the finding. Overall, there were 91
frontal, 72 parietal, 64 temporal, 59 occipital, and 5 subependy-
mal CCMs. Twenty-five CCMs were located in deep brain struc-
tures, 19 in the brain stem, and 20 in the cerebellum. Sixteen of
355 CCMs were associated with developmental venous anoma-
lies. The initial average diameter of all CCMs excluding dot-sized
CCMs was 12.0 £ 12.3 mm, ranging from 1 to 50 mm (median 5
mm). The diameter of lesions with extralesional hemorrhage
(mean, 22.5 * 11.8 mm; median, 20 mm; range, 5-50 mm) was
greater than that of lesions with intralesional hemorrhage (mean,
9.4 = 8.8 mm; median, 5 mm; range, 1-35 mm) and that of non-
hemorrhagic type IIT lesions (mean, 3.4 = 3 mm; median, 2 mm;
range, 1-15 mm) (P < .001, Student  test).

Clinical Findings

Overall, 63 of 70 patients were symptomatic during a mean
clinical observation period of 4.0 years. Seizures, signs of raised
intracranial pressure, focal neurologic deficits, and isolated
headache were observed in 24, 22, 20, and 2 patients, respec-
tively. A cross-tabulation illustrating the co-occurrence of ini-
tial symptoms can be found in On-line Table 2. Infratentorial
lesions were more likely to present with symptoms related to
mass effect (ie, intracranial pressure and focal neurologic def-
icits), while supratentorial lesions were more likely to present
with seizures (P < .001, Pearson x” test). Seven patients with
36 CCMs were symptom-free at diagnosis. All 7 patients re-
mained symptom-free during the entire clinical observation
period (mean, 5.1 * 4.5 years; median, 3.9 years; range, 7
months to 13.0 years).

Radiologic Events

If one considered all 355 CCMs, there were 131 radiologic hem-
orrhagic events. Seventy-four of 131 hemorrhagic events were
clinically symptomatic, while the remaining 57 hemorrhagic
events were clinically silent. In addition to the 74 clinically symp-
tomatic cases, there were 10 further reported clinical events in
which an association between a clinical event and hemorrhage
was not determinable due to a lack of adequate MR imaging ex-
aminations. Clinical symptoms were likely to be caused by hem-
orrhage (P = .004, Fisher exact test). Hemorrhage was more likely
to be clinically symptomatic if the CCM was located in the brain
stem (P = .004, Fisher exact test).

Intralesional signal changes without fulfillment of our hemor-
rhage criteria were present in 97 cases. These intralesional signal
changes were likely to be asymptomatic (P < .001, Pearson x*
test).
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Three cases of recurring seizures were associated with non-
hemorrhagic type III lesions. All dot-sized CCMs (Zabramski
type IV) in our series were asymptomatic.

Conventional Hemorrhage Rate Calculations

Overall, 199 MR imaging studies were performed (mean: 4.4
studies per child; range, 1-12 MR imaging studies per child).
There were 1558 distinct observations of 355 CCMs with a cumu-
lative radiologic observation period of 1094.2 lesion-years. The
lifetime hemorrhage risk with regard to all 355 lesions was 4.5%
per lesion-year on average, based on 20 hemorrhagic events in 95
de novo lesions during a mean observation period of 3.8 years
(5.5% per lesion-year) and 111 hemorrhagic events in 260 pre-
sumed congenital CCMs during a mean observation period of
12.3 years (3.5% per lesion-year).

Prospective Hemorrhage Rate Calculations

The mean radiologic observation period of 255 CCMs with a ra-
diologic observation period of at least 180 days was 4.2 * 2.9
lesion-years, ranging from 217 days to 13.0 years (median 3.2

Table 2: Hemorrhage-free survival®

Mean Hemorrhage-Free Survival

CCM Standard 95% Cl

Type Estimator Error Lower Upper
| 18.82 1.52 15.84 21.80
1] 24.92 2.91 19.21 30.63

1l 27.88 0.38 2713 28.63

1\ 37.78 0.40 37.00 38.57

\ 21.34 2.67 16.10 26.59

(N 22.63 150 19.68 25.57

All 36.06 0.59 34.91 37.21

? Demonstrating mean hemorrhage-free survival in months depending on the ex-
tended CCM type of Zabramski et al.

years). There were 1398 radiologic observations of 255 lesions.
The mean time between imaging was 8.8 months, ranging from 2
days to 29.9 = 7.7 months (median 5.6 months). Table 2, On-line
Table 3, and Figs 2 and 3 provide an overview of hemorrhage rates
based on survival functions.

Sixty-one of 131 radiologic hemorrhagic events occurred in
the excluded 100 lesions. Fifty-three of these 61 hemorrhagic
events corresponded to CCMs that were hemorrhagic at first im-
aging. Only 8 of 61 excluded hemorrhagic events corresponded to
consecutive hemorrhagic events of lesions that eventually were
resected within 180 days.

Prospective Hemorrhage Rates Based on Zabramski Type
The annual hemorrhage rate was 29.8% for Zabramski type I,
20.1% for type I, 3.4% for type III CCMs, and 1.3% for type IV
CCMs. The hemorrhage rate was 23.1% for our proposed new
type V.CCM and 23.4% for combined type L, II, and V CCMs.

Hemorrhage rates of type III and IV CCMs differed signifi-
cantly (Breslow test: P = .015; log-rank test: P = .014). There was
no significant difference between hemorrhage rates of type I, II,
and V CCMs (Breslow test: P = .133; log-rank test: P = .247;
On-line Table 3). Mean event-free intervals of type I, II, and V
lesions were significantly shorter compared with type IIT and IV
CCMs (Breslow test: P = .006; log-rank test: P = .044; On-line
Table 3).

Prospective Hemorrhage Rates Based on Other Factors

Univariate analyses revealed that solitary CCMs had a higher
hemorrhage risk in the long term than CCMs in the context of
multiple CCMs (Breslow test: P = .082; log-rank test: P = .002).
In addition, CCMs located in the brain stem had an increased
hemorrhage rate (Breslow test: P = .007; log-rank test: P = .044).
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FIG 2. Hemorrhage-free survival. Kaplan-Meier diagram illustrates hemorrhage-free survival depending on the Zabramski CCM type.
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FIG 3. Cumulative hazard. Diagramiillustrates the cumulative hazard for hemorrhage according to our proposed CCM classification, 1) CCM with
signs of acute or subacute hemorrhage, 2) CCM without signs of acute or subacute hemorrhage, and 3) dot-sized CCMs.

Table 3: Prospective hemorrhage rates in the literature®

DISCUSSION

Hemorrhage
Rate without

No.of No.of Hemorrhage

Hemorrhage

h Prospective Hemorrhage Rates
Rate with

Based on the Zabramski

Study Patients Lesions Assessment Prior Hemorrhage Prior Hemorrhage 3 .
AlShahi Salman etall 134 NI MRI/clinical 24% 29.5% Classification
Kondziolka et al® 122 NI MRI/clinical 0.6% 45% When a CCM is diagnosed, the most im-
Moriarity et al"® 68 228 MRI/clinical 31%° NI portant issue is to predict the risk for fu-
Porter et al'® 173 NI MRI/clinical 1.6%° NI ture hemorrhage and clinical symptoms.
Robinson et al” 57 66  MRI/clinical 0.7%°< NI

Thus, the aim of any classification

Note:—NI indicates not indicated.

* Hemorrhage rates of supratentorial and infratentorial CCMs found in prospective registry studies. Hemorrhage rates

are in patient-years.
© Overall hemorrhage rate.
© Hemorrhage rates in lesion-years.

CCMs associated with a developmental venous anomaly had a
higher hemorrhage risk in the shortterm (Breslow test: P = .032;
log-rank test: P = .213).

CCM size (cutoffs: 1.5, 2, 2.5, 3 cm) had no significant impact on
hemorrhage rates, when dot-sized CCMs were excluded from anal-
ysis (Breslow test: P = .352; log-rank test: P = .299). CCMs located
close to gray matter had no increased hemorrhage rate (Breslow test:
P = .723; log-rank test: P = .759). Neither sex nor mutation type
(CCM1 versus CCM3) had a significant influence on hemorrhage
rates (Breslow test: P = .203;log-rank test: P = .071; and Breslow test:
P = .173; log-rank test: P = .232, respectively).

Eventually, multivariate analyses (Cox regression) revealed
that the presence of acute or subacute blood-degradation prod-
ucts had a significant impact on hemorrhage rates (P = .036),
whereas mass effect (P = .161), the presence of extralesional hem-
orrhage (P = .307), CCMs in the context of multiplicity (P =
.139), the presence of a developmental venous anomaly (P =
.511), and localization in the brain stem (P = .761) had no signif-
icant influence on hemorrhage rates.

should be to predict hemorrhage (and
consequently clinical) risks. Prior hem-
orrhage has already been described as an
important risk factor for subsequent
hemorrhage."*”* However, the term
“hemorrhage” is used to describe both cerebral bleeding and a
clinical symptom in the published literature, making accurate
comparisons of hemorrhage rates difficult, with some authors
calculating hemorrhage rates per patient and indicating clinical
event rates instead of radiologic event rates (Table 3).'° While the
assessment of clinical events appears practical, there is a distinct
risk of false generalization: The same CCM will lead to different
clinical event rates depending on whether it is located in the pre-
central or the middle frontal gyrus. Accordingly, hemorrhage of
brain stem CCMs was more likely to be symptomatic than other
CCMs in our series. Therefore, we advocate the assessment of
lesion-based radiologic hemorrhage rates because the occurrence
of clinical events (with the exception of seizures) depends primar-
ily on lesion location and the extent of hemorrhage.'*'* Clinical
event rates can then be deduced when the localization and hem-
orrhage rate of a given CCM are known."'

We analyzed hemorrhage rates on the basis of the most com-
mon CCM classification by Zabramski et al” and found that it is
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possible to predict radiologic hemorrhage rates on the basis of this
classification. Even though Zabramski type I, II, and (proposed) V
CCMs have distinctive morphologic features, these lesions share
statistically similar high annual hemorrhage rates of 20.1%-—
29.8%. Annual hemorrhage rates of type III and dot-sized CCM
are significantly lower (3.4% and 1.3%, respectively). Our results
imply that the presence of acute or subacute blood-degradation
products, present in Zabramski type I, II, and V CCMs, is the
strongest predictor of hemorrhage. These findings are highly in
accordance with results provided by Jeon et al,” who performed a
comparable analysis on 410 mostly solitary-type I, II, and IIT
CCMs in a population older than 18 years of age: The authors
reported an increased annual hemorrhage risk of type I and II
lesions (27.6% and 15.4%, respectively) compared with type III
lesions (5.4%) (P < .001).” Additionally, the authors found that
female sex, age, infratentorial localization, multiplicity, size, and
the presence of venous angioma were no risk factors for hemor-
rhage, which is also in accordance with our results.” The outstand-
ing role of signs of prior hemorrhage is also supported by previous
published results, in which an increased risk for hemorrhagic
CCM has been reported despite different definitions of hemor-
rhage (Table 3)."*7” A possible explanation might be the de-
struction of microstructural integrity after a first hemorrhagic
event.*

Our findings and data from the literature imply that a simple
tripartite classification might be more useful in clinical practice:

1) CCMs with acute or subacute blood-degradation products
(Zabramski I, 11, V). High hemorrhage risk of 23.4% (litera-
ture: 4.5%—60%).">>* Mean hemorrhage-free interval: 22.63
months. Association with acute or subacute clinical
symptoms.

2) CCMs without acute or subacute blood-degradation products
(Zabramski IIT). Intermediate annual hemorrhage risk of
3.4% (literature: 0%—6%).">>*'>"'” Mean hemorrhage-free
interval: 27.88 months. They may be symptomatic particularly
in the context of seizures: Ten percent of seizures in our series
were associated with these CCMs.

3) Dot-sized lesions, visible in T2* and not or barely visible in
T1WI and T2WI (Zabramski IV). The lowest hemorrhage
rate of 1.3%. Mean hemorrhage-free interval: 37.78
months. Appear to be asymptomatic unless they are

hemorrhagic.®

Other Possible Risk Factors

Whereas univariate analyses implied that brain stem localization,
the presence of a developmental venous anomaly, and a solitary
CCM are associated with an increased hemorrhage risk, these fac-
tors did not prove significant in our multivariate analyses. In fact,
data from various authors imply that an apparent increased hem-
orrhage risk of brain stem lesions is likely to be caused by a selec-
tion bias: Brain stem hemorrhage is more likely to be symptom-
atic than supratentorial hemorrhage and is therefore more likely
to lead to MR imaging.”'*'®'” Furthermore, while the relation-
ship between developmental venous anomalies and CCMs is not

1?° nor Jeon et al,” who

fully understood yet, neither Flemming et a
performed analyses comparable with ours found that the presence

of developmental venous anomalies was associated with an in-
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creased hemorrhage risk. Finally, it has been reported that pa-
tients with multiple CCMs and patients with CCM3 mutations
have a more aggressive clinical course. Flemming et al,*” for ex-
ample, indicated an odds ratio of 2.65 for hemorrhage in patients
with multiple lesions. However, a more aggressive clinical course
does not necessarily imply an increased hemorrhage risk. Current
evidence suggests that a more aggressive clinical course is possibly
caused by an increased cumulative hemorrhage rate rather than
an increased hemorrhage rate of each CCM.>*"** Paradoxically,
our data demonstrated an increased long-term hemorrhage rate
of solitary lesions. However, this result may have been biased be-
cause most of the solitary lesions were more likely to be resected
early on and thus were absent from long-term radiologic fol-
low-up analyses. Although there were limited patient data with
mutations in our analyzed population, our results did not suggest
that hemorrhage rates of each CCM type depended on a spe-
cific mutation type. Results in the literature suggest that those
carrying the CCM3 mutation are likely to present with an in-
creased number of CCMs at an early age.** Again, a more
aggressive clinical course in patients with CCM3 mutations
may be caused by an increased cumulative risk due to a high
number of CCMs.*>"??

Limitations

Our retrospective approach involves a degree of selection bias. An
ideal study dealing with hemorrhage rates should be prospective
and standardized. However, examining a considerable number of
patients with CCMs on a regular basis—ideally monthly to reli-
ably diagnose new hemorrhage— can be a tedious task, which is
reflected by the fact that all published prospective studies dealing
with the natural history of CCMs are registry studies.”®'>"!”

Furthermore, it has been discussed controversially whether
CCMs in children bear an increased hemorrhage risk.>> Mottolese
etal,* for instance, reported that CCMs in children are more likely
to be symptomatic. In the end, the sometimes reported lower
proportion of asymptomatic incidental CCMs in children is likely
to be caused by a selection bias because routine examinations of
the brain are more common in adults than in children. Addition-
ally, hemorrhage rates in the literature are commonly calculated
under the assumption that CCMs are congenital, despite the
proof of de novo lesions.””'>"'” Consequently, hemorrhage rates
calculated under this assumption are always inversely propor-
tional to the mean age of a patient population, leading to a higher
hemorrhage rate in younger populations. In fact, Jeon et al,” who
performed a prospective hemorrhage rate calculation similar to
ours, reported comparable hemorrhage rates for a population
older than 18 years of age.

A further limitation of our study is a diagnostic uncertainty
concerning dot-sized lesions.® The size and signal of dot-sized
lesions depend strongly on technical MR imaging parameters such as
magnetic field strength and section thickness. It is conceivable that
dot-sized CCMs simply correspond to small nonhemorrhagic
CCMs.° Nonetheless, our data suggest that these different CCM
types have statistically significant distinctive clinical and radiologic
features that justify differentiation of these lesions.

In summary, we believe that analyzing CCMs in children and
adolescents with multiple CCMs is a practical approach in the



absence of prospective studies with serial MR imaging examina-
tions; examining CCMs in the context of multiple lesions allows a
longitudinal analysis of different CCMs of varying types, sizes,
and locations at the same time and underlying the same possible
influence factors. Furthermore, differential diagnosis of dot-sized
T2* lesions in adults comprises microangiopathic, amyloid angio-
pathic, or drug-induced (eg, anticoagulant therapy) microbleeds,
which are rare in children and adolescents.

CONCLUSIONS

This study has shown that it is possible to predict hemorrhage
rates of CCMs on the basis of the most common morphologic
CCM classification proposed by Zabramski et al® when a further
category accounting for CCMs with gross extralesional hemor-
rhage is added. Our findings and data from the literature imply
that a simpler tripartite classification predicts hemorrhage risks
best. Nevertheless, further prospective research needs to be done
to establish whether our results prove correct and practical in
daily clinical work.
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