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ABSTRACT

A

BACKGROUND AND PURPOSE: Early identification of the etiology of spontaneous acute intracerebral hemorrhage is essential for
appropriate management. This study aimed to develop an imaging model to identify cavernoma-related hematomas.

MATERIALS AND METHODS: Patients 1-55 years of age with acute (=7 days) spontaneous intracerebral hemorrhage were included.
Two neuroradiologists reviewed CT and MR imaging data and assessed the characteristics of hematomas, including their shape
(spherical/ovoid or not), their regular or irregular margins, and associated abnormalities including extralesional hemorrhage and pe-
ripheral rim enhancement. Imaging findings were correlated with etiology. The study population was randomly split to provide a
training sample (50%) and a validation sample (50%). From the training sample, univariate and multivariate logistic regression was
performed to identify factors predictive of cavernomas, and a decision tree was built. Its performance was assessed using the vali-
dation sample.

RESULTS: Four hundred seventy-eight patients were included, of whom 85 had hemorrhagic cavernomas. In multivariate analysis,
cavernoma-related hematomas were associated with spherical/ovoid shape (P <.001), regular margins (P = .009), absence of extrale-
sional hemorrhage (P = .01), and absence of peripheral rim enhancement (P = .002). These criteria were included in the decision
tree model. The validation sample (n = 239) had the following performance: diagnostic accuracy of 96.1% (95% Cl, 92.2%-98.4%),
sensitivity of 97.95% (95% Cl, 95.8%-98.9%), specificity of 89.5% (95% Cl, 75.2%-97.0%), positive predictive value of 97.7% (95% Cl,
94.3%-99.1%), and negative predictive value of 94.4% (95% Cl, 81.0%—98.5%).

CONCLUSIONS: An imaging model including ovoid/spherical shape, regular margins, absence of extralesional hemorrhage, and absence
of peripheral rim enhancement accurately identifies cavernoma-related acute spontaneous cerebral hematomas in young patients.

ABBREVIATION: DVA = developmental venous anomaly

cute spontaneous intracerebral hematomas are frequent  prognosis and treatment depend on the underlying cause of bleed-

and remain a major cause of morbidity and mortality.' The  ing. In older patients, primary hemorrhages, due to hypertension

or amyloid angiopathy, are the most frequent. The probability of
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finding a secondary cause, such as vascular malformations, is
increased in younger patients.

An etiologic work-up based on imaging is advocated in all
patients younger than 55 years of age.>> In patients presenting
with acute spontaneous intracerebral hemorrhage, the shape of the
hematoma on imaging performed in the acute phase is correlated
with prognosis: Irregular margins may predict hematoma expan-
sion* and have been associated with death and major disability.” In
some instances, the shape of the hematoma may also suggest the
underlying pathology. Lobar intracerebral hemorrhage with finger-
like projections is suggestive of amyloid angiopathy.® Some imag-
ing features, including mixed-aged blood, mulberry-like clusters,
and a developmental venous anomaly (DVA) in the vicinity of the
hematoma, may suggest an underlying cavernoma. A spherical or
ovoid hematoma has sometimes been reported in hemorrhagic
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cerebral cavernomas.”® However, this characteristic is not men-
tioned in the widely used MR imaging classification of cavernomas
described by Zabramski et al,” and recent reviews on the imaging
of acute spontaneous cerebral hemorrhages did not report it as a
critical finding.'>"" Consequently, the predictive value of a spheri-
cal or ovoid hematoma in diagnosing underlying cerebral caver-
noma is as yet unknown.

We aimed to assess the radiologic characteristics of hemor-
rhagic cerebral cavernomas compared with other etiologies in a
large series of patients 55 years of age or younger presenting with
acute spontaneous intracerebral hematomas. We built and eval-
uated a radiologic model to predict an underlying cavernoma in
case of acute spontaneous intracerebral hematoma.

MATERIALS AND METHODS
We performed a retrospective study in a tertiary hospital (Pierre
Wertheimer Hospital, Hospices de Lyon).

Data Availability Statement
Further anonymized data can be provided to qualified investiga-
tors on request to the corresponding author.

Ethics Statement
The local ethics committee approved the study and waived the
need for informed consent.

Inclusion Criteria

On the basis of our radiology database, we retrieved patients with
a diagnosis of symptomatic spontaneous acute cerebral hemor-
rhage during a 12-year period (January 2010 to December 2021).
We included patients 1year of age and older and 55 years and
younger presenting with a first episode of acute-to-early subacute
(= 7 days) intracerebral hematoma either on CT or MR imaging.
Admission imaging had to be available on the PACS to allow
multiplanar assessment.

Exclusion Criteria

Patients presenting with intracerebral hematomas lacking imag-
ing data or having poor image quality and no definite or probable
etiology after work-up or with traumatic lesions, known brain
tumors, hematomas following either IV thrombolytic therapy,
interventional neuroradiology, or neurosurgery were excluded.
Patients with hematomas of >7 days and intracerebral hemato-
mas with a largest diameter of <10 mm were also excluded.

Etiologies of the Hematoma

The final etiologic diagnosis was determined by consensus between
stroke neurologists and neuroradiologists after reviewing all
available etiologic work-ups. Etiologic diagnoses were classified
as follows: cerebral aneurysm, arteriovenous shunt (ie, AVM,
AVF, AVM draining into a DVA), cerebral cavernoma, cerebral
vein thrombosis (ie, direct visualization of thrombi in the cere-
bral venous system on either contrast-enhanced CT or MR
imaging or cerebral angiography), hypertension, probable amy-
loid angiopathy, spontaneous hemorrhagic transformation of
ischemic stroke, reversible vasoconstriction syndrome, posterior
reversible encephalopathy syndrome, pseudoaneurysm in the set-
ting of infective endocarditis, other vasculopathies (ie, Moyamoya,
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vasculitis), neoplasms with acute hemorrhagic presentation, and
toxic or coagulation disorders.
For cavernomas, diagnosis was made on the basis of either

1213 or follow-up.'* Mixed vascular lesions with

histopathology
both cavernous components and capillary telangiectasia at histo-
pathology were classified as cavernomas. Follow-up-based diag-
noses were established by consensus after review of the medical
files and required a cerebral angiography with negative findings
and at least 12months of follow-up with a favorable clinical
course and a typical imaging course of cavernoma as previously

. 14
described.’

Data Collection

Two senior neuroradiologists (A.B.-S., M.H.) reviewed neuroi-
maging examinations (CT scanner, 1.5T or 3T MR imaging scan-
ners) at the acute (ie, =7 days) phase. After undergoing a training
period of 100 cases, blinded to clinical data and final diagnosis,
they reviewed, independently, imaging data of all patients, and
discrepancies were settled by consensus.

They classified hematoma shape as being “spherical/ovoid” or
not (Fig 1) and as having regular or irregular margins according
to the following definition: regular, no angular aspect at any part
of the hematoma border; irregular, =1 angular aspect protruding
from any part of the hematoma (Fig 2). Hematomas with lobu-
lated margins without any angular aspect were considered regular
(Fig 2). Hematoma location was classified as supratentorial lobar,
supratentorial deep, brainstem, cerebellar, or multifocal.

Associated anomalies, including extralesional hemorrhage
(ie, intraventricular, subarachnoid, subdural), peripheral rim
enhancement, evidence of blood-breakdown products of varying
stages, DVA, arteriovenous shunt, and aneurysm, were assessed
after analysis of all available imaging data. Radiologic signs of
small-vessel disease were also evaluated (microbleeds on T2* and
white matter disease with a total Fazekas score of =2 using
FLAIR or CT when MR imaging was not available'®).

Whenever possible, hematoma shape and margins were eval-
uated on T2*-weighted MR imaging performed in the acute phase,
and on T1 and T2 FLAIR sequences when susceptibility artifacts
obscured the margins. Plain CT was used when MR imaging data
were not available. Volumes were obtained by measuring hema-
toma diameters and calculated using the ABC/2 score.'

In case of multiple acute hematomas, the analysis focused on
the largest one.

Baseline demographic and clinical characteristics, including
medications, patient history, and Glasgow Come Scale score were
collected from the medical records, blinded to imaging data.

Statistical Analysis

Data are presented as counts (percentages) for binary variables
and medians (interquartile range) for continuous variables because
none were assumed to have normal distributions. Interrater agree-
ment for radiologic characteristics was assessed using the Cohen «
coefficient. Descriptive statistics were performed using parametric
or nonparametric tests as appropriate. The study population was
randomly split into 2 parts to provide a training sample (50%) and
a validation sample (50%). Using the training sample, we per-
formed univariate logistic regression to evaluate putative predictive



FIG 1. Assessment of hematoma shape. A, Spherical, acute lobar
hematoma on plain CT of a patient with a pathologically proved
hemorrhagic cerebral cavernoma. B, Spherical lobar hematoma on
T2*-weighted imaging in a patient with pathologically proved hem-
orrhagic cerebral cavernoma. C, Ovoid cerebellar hematoma on
T2*-weighted imaging of a patient with pathologically proved
hemorrhagic cavernoma. D, Plain CT obtained at admission in a
patient with an angiographically proved cerebral AVM. The elon-
gated shape of the hematoma did not fulfill the criteria spherical
or ovoid. Its margins were considered irregular because angular
aspects were present. It was associated with intraventricular hem-
orrhage. E and F, Hemorrhagic cerebral cavernoma. Both plain CT
(D) and T2* MR images (E) were available to assess the hematoma
shape. The hematoma shape was classified as spherical/ovoid on
the basis of MR imaging.

factors of underlying cavernomas. A multivariable model was sub-
sequently built using a forward selection with a P value threshold
of .05. A decision tree including these variables was constructed
using a recursive partitioning method (package rpart;'” https://
www.rdocumentation.org/packages/rpart/versions/4.1.19). Briefly,
this method recursively assesses all possible splits to provide the
optimal combination to distinguish hemorrhagic cavernomas
from other causes of hematoma. In addition, it is not affected by

FIG 2. Assessment of hematoma margins. A and B, TI- and T2*-
weighted MR imaging shows a hematoma with regular margins in a
patient with pathologically proved hemorrhagic cavernoma in the
setting of familial cavernomatosis. C and D, T1 and T2*-weighted MR
imaging shows a hematoma in a patient with a pathologically proved
cerebral cavernoma. The lesion was multiloculated with bumpy bor-
ders. The margins were classified as regular because no angular aspect
was present in any part of the lesion. Hematoma with irregular mar-
gins presenting with angular aspects on plain CT (E) and T2*-weighted
MR imaging (F) in 2 patients with arteriovenous shunts proved by cer-
ebral angiography.

multicollinearity effects and correlation among variables. Using
the validation sample, we assessed the performance (accuracy,
sensitivity, specificity, negative and positive predictive values) of
this decision tree by means of a 10-fold cross-validation. The per-
formance of the model was assessed in the whole validation pop-
ulation and among the validation population in patients 18 years
of age or younger.

A 2-sided P value < .05 was considered statistically significant.
All statistical analyses were performed with the R statistical and
computing software, Version 3.2.1 (http://www.r-project.org/).
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FIG 3. Flowchart of study population.

RESULTS

Descriptive Analysis of the Population

During the study period, we identified 618 patients with a sugges-
tion of acute spontaneous intracerebral hematoma based on imag-
ing reports. One hundred forty subjects were excluded from the
study: Thirty-one had unavailable or poor-quality imaging, 23 had
purely extracerebral hemorrhages, 20 had hematomas of >7 days,
4 had infracentrimetric hematomas, 45 had no definite etiology at
work-up, and in 17, the hematoma was not spontaneous (trauma,
surgery, IV thrombolysis). Finally, 478 patients met the inclusion
and exclusion criteria. The patient flowchart is shown in Fig 3.

The median age of the study population was 41 years (inter-
quartile range, 26.0-49.0 years), and 259 (54.2%) were men. The
Online Supplemental Data detail the number of subjects included
for each hematoma etiology and the imaging modalities available
for each.

Among them, 85 patients (17.8%) had hemorrhagic caverno-
mas. The diagnosis of cavernoma was histologically proved in 55
patients, and the remaining 30 patients had at least 12 months of
clinical and MR imaging follow-up. Among patients with caver-
nomas, 27 (31.8%) underwent DSA in the acute phase despite
negative findings on noninvasive angiography.
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Interrater agreement was good for all radiologic characteris-
tics with a k coefficient ranging from 0.77 to 0.96. Descriptive
clinical and radiologic characteristics of the study population
are presented in the Online Supplemental Data. The following
characteristics of intracerebral hematomas were associated with
cavernomas: spherical or ovoid shape, regular margins, evidence
of blood products of varying ages within the lesion, absence of
extralesional hemorrhage, absence of peripheral rim enhance-
ment, presence of a DVA near the hematoma, smaller hema-
toma volume, and no evidence of microbleed or white matter
disease. Spherical or ovoid hematomas were significantly
smaller (median volume, 6.6 mL; interquartile range, 2.3-12.3
mL, versus 21.6 mL; interquartile range, 9.0-43.1 mL; P <.001).
Among patients with familial multiple cavernous malformation
syndrome (n = 8), radiologic characteristics did not significantly
differ (all P = .32) from those of sporadic cavernomas.

Generalized Logistic Regressions
Generalized logistic regressions were performed using the train-
ing sample (n = 239). At multivariate analysis, the following cri-
teria were significantly associated with cavernomatous etiology: a
spherical or ovoid shape, regular margins, absence of extrale-
sional hemorrhage, and absence of peripheral rim enhancement.
These parameters were included in the decision tree.

The Table summarizes crude and adjusted ORs of incorpo-
rated parameters.

Performance of the Decision Tree Model

When we applied it to the validation sample, the decision tree had
the following performance: a diagnostic accuracy of 96.1%, 95%
CI, 92.2%-98.4%; a sensitivity of 98.0%, 95% CI, 95.8%-98.9%;
a specificity 89.5%, 95% CI, 75.2%-97.0%; a positive predictive
value of 97.7%, 95% CI, 94.3%-99.1%; and a negative predictive
value of 94.4%, 95% CI, 81.0%-98.5%.

Figure 4 illustrates the decision tree applied to the validation
sample.

Among the 71 patients 18 years of age or younger, including 16
with hemorrhagic cavernomas, the decision tree had the following
diagnostic performance on the validation sample: a diagnostic ac-
curacy of 96.7% (95% CI, 83.3%-99.9%); a sensitivity of 90.0%
(95% CI, 55.5%-99.8%); a specificity 100% (95% CI, 83.9%-
100%); a positive predictive value of 100% (95% CI, 66.4%-100%);
and a negative predictive value of 95.5% (95% CI, 83.3%-99.9%).

DISCUSSION
Recognizing the underlying etiology of acute spontaneous intra-
cerebral hematomas may be challenging. Cerebral cavernomas
are one of the most frequent causes of spontaneous intraparen-
chymal hematomas in children and young adults."®'* Our study
based on a large sample size showed that acute hematomas due to
cerebral cavernomas were associated with radiologic characteris-
tics, including a spherical or ovoid shape, regular margins, ab-
sence of extralesional hemorrhage, and absence of peripheral rim
enhancement. Using these characteristics, we built an accurate
radiologic predictive model of hemorrhagic cerebral cavernomas.
Barras et al*® proposed a definition of irregular hematomas,
which demonstrated a usefulness in predicting early hematoma



expansion and poor outcome in patients with hemorrhagic
stroke.*>?** The definition we used in the present study differed
somewhat from theirs. We assessed hematoma regularity on the
whole hematoma (any section, any multiplanar reconstruction
plane) rather than specifically on the largest hematoma axial sec-
tion; and hematomas with any angular aspect arising from their
surface were considered here as irregular.

Pathogenetic Hypothesis

We hypothesized that the spherical or ovoid shape and regular mar-
gins of hemorrhagic cerebral cavernomas may be due to the pres-
ence of a peripheral capsule or pseudocapsule. This capsule, which

has often been reported previously,”"**

may prevent the extent of
bleeding and may contribute to the low incidence of extralesional
hemorrhages. According to Abe et al,”> the hematomas arising
from cerebral cavernomas often present with a thick capsule, con-
sisting of hyalinized walls and numerous capillaries, and resemble
the capsules of chronic subdural hematomas. Although the patho-
genesis of the hematoma capsules is not well-understood, it is
regarded as the source of intralesional hemorrhage rather than a
secondary change after hemorrhage. Most cavernous malformation
hemorrhages are not overt and are contained within the margins of
the lesion capsule, contrasting with hematomas due to the rupture
of other cerebral vascular malformations.”>** However, a peripheral
capsule is not always found at the pathologic analysis of hemor-
rhagic cerebral cavernomas.”® Bleeding within a cavernoma is

Univariate and multivariate logistic regression for the diagnosis of hemorrhagic

believed to occur at low pressure at the capillary level.*® Such low
pressure may contribute to explaining why hematomas due to cere-
bral cavernomas are usually less devastating than those occurring at
high pressure, and they typically tend to displace rather than lacer-
ate the surrounding parenchyma.”” In the present study, hematoma
volume was lower in patients with cavernomas, and the clinical sta-
tus assessed by the Glasgow Coma Scale was better than in those
with other etiologies of bleeding.

The differential diagnosis of a spherical or ovoid hemorrhagic
lesion with regular margins mainly includes hemorrhagic neo-
plasms. In agreement with previous reports, we found that the
absence of peripheral rim enhancement following contrast injec-
tion was a useful finding to distinguish cerebral cavernomas from
hemorrhagic tumors.”** Rare cases of “encapsulated intracere-
bral hematomas” with a spherical shape and regular margins
have been reported. Most were chronic, sometimes with periph-
eral rim enhancement following contrast injection, and were due
to cavernomas or following radiosurgery for AVMs or, rarely,
aggressive brain tumors.®® In our study, patients with chronic
lesions and those with a previous history of cerebral radiation
therapy were excluded.

Clinical Implications

Accurate early identification of the etiology of acute spontaneous
intracerebral hematomas has several implications. It has a prog-
nostic interest because the morbidity and mortality of cerebral
bleeding due to cavernomas are consid-
ered lower than in the general setting,’’

cavernomas . .
TGeoR e G with a 1-month case fatality rate after
ruae uste
(95% CI) P Value (]95% q) P Value intracerebral hemorrhage of 2.0%.*
Spherical/ovoid 3660 (I589-1020) <001  611(264-1508)  <.001 The risk of early hematoma expansion
Regular margins 34.81(14.99-10390) <.001  3.38 (144-8.6)) 009 may be lower than in other causes of
Extralesional hemorrhage 0.06 (0.02-0.15) <.001 0.39 (0.18-0.76) .01 bleeding. Because cavernomas are angio-
Peripheral rim enhancement  0.18 (0.03—0.53) .009 0.29 (0.13-0.59) .002 graphically occult malformations, their
( Round or Ovoid W
Shape J
Regular Peripheral
Margins Enhancement

1/190
Cavernomas

Extralesional
Hemorrhage

3/4
Cavernomas

FIG 4. Decision tree model applied to the validation sample.

0/4
Cavernomas

38/39
Cavernomas
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early recognition may avoid the risks of futile invasive cerebral an-
giography. Conventional angiography is not recommended in the
evaluation of cerebral cavernomas, unless a differential diagnosis
of arteriovenous malformation is being considered.*® Early recog-
nition of symptomatic hemorrhagic cerebral cavernomas may be
useful in the accurate enrollment of patients in future trials testing
drugs to prevent iterative bleeding.”*

Limitations of the Study

This study has limitations. Because our series originates from a
third-referral single center with neurosurgical and interventional
neuroradiology facilities, our findings may not be representative
of the general population. Referral bias could have resulted in a
disproportionately high number of patients with vascular malfor-
mations. Because we included patients 55 years of age or younger,
our model may, therefore, not be appropriate in older patients.
The criterion standard for the diagnosis of hemorrhagic cerebral
cavernomas remains histopathology, and in our study, the diag-
nosis was based on such analyses in 55 of 85 patients; in 30
patients, the diagnosis was established by follow-up.

The diagnostic accuracy of our predictive model was not
improved when adding other parameters associated with hemor-
rhagic cavernomas (ie, evidence of blood products of varying
ages within the lesion, presence of a DVA close to the hematoma,
smaller hematoma volume, and no evidence of microbleeds or
white matter disease). However, this issue might be due to the
size of our study population. Indeed, the discovery of a DVA next
to a hematoma should suggest a cavernoma as the etiology of the
hemorrhage, and a DVA may increase the risk of bleeding from
cavernomas.” The presence of acute hemorrhage might have
obscured mixed-aged blood and DVAs in some cases. Moreover,
we observed that hematomas due to cavernomas were smaller
than in other etiologies, but we could not demonstrate a causal
relationship between hematoma size and shape. Finally, we per-
formed an internal validation but not an external validation. A
large-scale, multicenter, prospective, external validation of our
model is necessary.

CONCLUSIONS

Spontaneous acute intracerebral hemorrhage with spherical or
ovoid shape, regular margins, absence of extralesional hemor-
rhage, and absence of peripheral rim enhancement is highly sug-
gestive of an underlying cerebral cavernoma in patients 55 years of
age or younger. A decision tree including these parameters seems
to have excellent performance and requires further validation
because it may have major implications and prognostic interest in
clinical practice.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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