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Abstract Background. Cerebral cavernous malforma-
tion is a vascular disease of the brain causing head-
aches, seizures, and cerebral hemorrhage. Familial and
sporadic cases are recognized, and a gene causing fa-
milial disease has been mapped to chromosome 7. His-
panic Americans have a higher prevalence of cavernous
malformation than do other ethnic groups, raising the
possibility that affected persons in this population have
inherited the same mutation from a common ancestor.

Methods. We compared the segregation of genetic
markers and clinical cases of cavernous malformation in
Hispanic-American kindreds with familial disease; we
also compared the alleles for markers linked to cavern-
ous malformation in patients with familial and sporadic
cases.

Results. All kindreds with familial disease showed
linkage of cavernous malformation to a short segment of

EREBRAL cavernous malformation is a vascular
disorder of the brain characterized by abnormal
vascular spaces lined by a single layer of endothelium
without intervening neural parenchyma or identifiable
mature vessel-wall elements.? There is almost always
evidence of prior hemorrhage, characterized by the ac-
cumulation of hemosiderin. This disease was recog-
nized as a common clinical entity after the advent of
magnetic resonance imaging (MRI), which demon-
strates a characteristic lesion of variable signal intensity
surrounded by a dark ring attributable to hemosiderin
(Fig. 1).3* Before the introduction of MRI, patients with
cavernous malformation were typically classified as
having an idiopathic seizure disorder or an angiograph-
ically occult vascular malformation. Both MRI and au-
topsy studies suggest a prevalence of cavernous malfor-
mation of 0.5 percent, although the prevalence of
symptomatic disease is much lower.®
Symptomatic disease typically begins in the third
through fifth decades of life.>” Treatment ranges from
therapy with antiepileptic drugs in patients with seizures
to surgical excision of accessible lesions in patients with
recurrent hemorrhage or intractable seizures.!%!®
Although the pathogenesis of cavernous malforma-
tion is unknown, a familial predisposition has been rec-
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chromosome 7 (odds supporting linkage, 4x10:1). For-
ty-seven affected members of 14 kindreds shared identi-
cal alleles for up to 15 markers linked to the cavernous-
malformation gene, demonstrating that they had inherited
the same mutation from a common ancestor. Ten patients
with sporadic cases also shared these same alleles, indi-
cating that they too had inherited the same mutation.
Thirty-three asymptomatic carriers of the disease gene
were identified, demonstrating the variability and age de-
pendence of the development of symptoms and explain-
ing the appearance of apparently sporadic cases.
Conclusions. Virtually all cases of familial and spo-
radic cavernous malformation among Hispanic Ameri-
cans of Mexican descent are due to the inheritance of the
same mutation from a common ancestor. (N Engl J Med
1996;334:946-51.)
01996, Massachusetts Medical Society.

ognized, with up to 35 percent of patients having an af-
fected relative.'*? Genetic linkage studies have recently
mapped a gene causing cavernous malformation to a
segment of the long arm of chromosome 7 (7q).2**
Familial and sporadic cases are particularly evident
among Hispanic Americans of Mexican descent.!!2!-23
The disproportionate number of cases in this popula-
tion raises the possibility that a common mutation in-
herited from a shared ancestor (a founder mutation)
may be responsible for the disease. If identified, such a
founder mutation would permit both the development
of a highly specific genetic test for the disease and an
assessment of whether apparently sporadic cases in this
group are in fact genetic and due to the same mutation.

METHODS
Patients

The study protocol was approved by the Human Investigation
Committee at Yale University School of Medicine. Informed consent
was obtained from the study participants. Twenty-two patients with
cavernous malformation, who described themselves as Hispanic Amer-
icans, were identified from neurosurgical records at the University of
New Mexico and Stanford University; two Hispanic-American kin-
dreds affected by familial cavernous malformation were identified by
the University of Texas Southwestern Medical School and the Univer-
sity of Southern California. Eleven of the index patients had surgical-
ly documented cavernous malformation, and 13 had diagnostic find-
ings on MRIL

Detailed family trees were assembled, and family medical histories
were obtained. The ancestors of 22 patients were from Mexico, and
the origin of 2 families was uncertain. None of these families were
known to be related to one another; tracing family trees to at least the
great-grandparents of each index patient identified no ancestors
shared by two or more kindreds.

Control Subjects

For the estimation of the allele frequencies, 16 Hispanic spouses of
the index patients and 33 unrelated, healthy Hispanic volunteers re-
cruited by the University of New Mexico (n =19) and Stanford Uni-
versity (n = 14) served as controls. In addition, 62 independent chro-
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mosomes not linked to cavernous malformation in the study kindreds
were used as controls. There were no significant differences in allele
frequencies among these groups for any of the markers studied.

Genotyping and Analysis of Linkage and Linkage
Disequilibrium

Genomic DNA was prepared from venous blood.?® Highly inform-
ative genetic markers on chromosome 7q were genotyped by the pol-
ymerase chain reaction.?® The genotypes were assessed independently
by two investigators who were unaware of the subjects’ status.

For the analysis of linkage, subjects with diagnostic findings on sur-
gery or MRI were classified as affected. Asymptomatic subjects over
the age of 20 with no history of seizures, headaches, or cerebral hem-
orrhage were classified as unaffected, whereas asymptomatic subjects
20 years of age or younger were classified as having an unknown phe-
notype. All phenotypes were assigned prospectively.

Linkage analysis?’ was performed, with cavernous malformation
specified as an autosomal dominant trait with a gene frequency of
0.001, penetrance of 80 percent, and prevalence of sporadic cases of
0.001.%> Changing the estimates of penetrance or the prevalence of spo-
radic cases had small effects on the lod score and did not affect the lo-
cation of the mutant gene.

Haplotypes (the string of particular alleles for different markers
present on individual chromosomes) were constructed on the basis of
linkage within families. The likelihood of finding specific haplotypes
by chance was calculated as the product of the allele frequencies on
control chromosomes. The allele frequencies in the patients and con-
trols and disease penetrances in different age groups were compared
by the chi-square test.?® The ages of symptomatic and asymptomatic
gene carriers were compared by a two-tailed t-test.”®

We calculated P, ., an indicator of the degree of departure of
marker-allele frequencies in patients from those found in controls,
with the following equation:

chccss = (Ppalicnls - Pconlrols)/(l - Pconlrols)’

where Ppa(il:nh and PL:(m(m]%
cavernous-malformation and control chromosomes, respectively.

denote the frequency of a particular allele on
29,30

RESULTS

One or more additional cases of cavernous malfor-
mation were identified among the relatives of 14 of the
24 index patients (58 percent) — a figure consistent
with prior estimates for the familial form of the disease
in Hispanic Americans.”® Thus, a total of 57 patients
(31 female and 26 male) with a diagnosis of cavernous
malformation were studied: 47 members of 14 kindreds
with familial cavernous malformation and 10 patients
with sporadic cases. The patients ranged in age from
2 to 69 years. Four symptomatic patients were given a
diagnosis before the age of 10, 34 were given a diagno-
sis between the ages of 10 and 40, and initial symptoms
developed in 9 patients after the age of 40. Ten patients
were asymptomatic. Signs and symptoms included head-
ache in 28 patients, seizure disorder in 22, and cerebral
hemorrhage in 24.

Analysis of Linkage

Since prior studies have supported linkage of cavern-
ous malformation to a large segment of 7¢,?*?’ we com-
pared the segregation of genetic markers on 7q to the
segregation of cavernous malformation in the 10 fami-
lies with 2 or more living affected members. Analysis
showed strong evidence favoring linkage of cavernous
malformation to a segment of 7q in all families. For ex-
ample, every affected member of Family 1 inherited al-
lele 6 of locus D7S657, whereas none of the unaffected
family members inherited this allele (Fig. 2A). Similar

FOUNDER MUTATION AS A CAUSE OF CEREBRAL CAVERNOUS MALFORMATION 947

Figure 1. Sagittal T,-Weighted (Panel A) and Axial T,-Weighted
(Panel B) Magnetic Resonance Images Demonstrating the Typ-
ical Appearance of Cavernous Malformation.

The small and large arrows indicate lesions within the frontal
lobe and the rolandic area, respectively. In both images there
are areas of heterogeneous signal intensity surrounded by black
rings indicative of hemosiderin deposition from previous micro-
hemorrhages (more readily seen in Panel B). The high-intensity
signal (white) is due to recent hemorrhage within the lesion.

analyses can be performed in all families with this and
additional markers. The odds of the observed linkage
results’ occurring by chance were calculated and com-
pared with the likelihood of observing these results un-
der the specified model of linkage (Fig. 2B). In all 10
families combined, the odds favoring linkage to D7S657
with no recombination were 4X10':1 (lod score, 10.6).
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Nearby markers, D75492 and D7S5479, did not com-
pletely cosegregate with the disease, which indicates
that the disease gene was located in a 7-cM segment
between D75492 and D75479. These findings are con-
sistent with the hypothesis that all cases of cavernous
malformation in these kindreds are due to a mutation
in the same gene, but they provide no indication of
whether the same or independent mutations cause the
disease in different kindreds.

Evidence That All Familial Cases Are Due to the Same

Mutant Chromosome

To assess the possibility that different kindreds with
familial cavernous malformation inherited the same mu-
tation from a common ancestor, we compared the alleles
for markers closely linked to the cavernous-malforma-
tion gene in affected members of different kindreds (Fig.
3). If all these families had independent mutations in the
same gene, these mutations would have occurred on un-
related chromosomes; consequently, alleles of genetic
markers linked to the disease gene would show no great-
er similarity to one another in different kindreds than
expected by chance, and marker alleles and cavernous-
malformation mutations would be said to be in linkage
equilibrium. Alternatively, if different families had all in-
herited the identical mutation from a common ancestor,
the alleles of markers closely linked to the disease gene
would be identical to one another, since they would all
have descended from the same ancestral chromosome.
In this case, knowledge that a chromosome carries a
mutation at the cavernous-malformation locus would be
predictive of the genotype at a flanking locus, and these
alleles would be said to be in linkage disequilibrium.

Analysis of marker D75689, which showed no re-
combination with cavernous malformation in these fam-
ilies, revealed that 47 of 47 disease chromosomes from

Figure 2. Linkage of Cavernous Malformation to Chromosome 7q.

Panel A shows the pedigree of four generations of Family 1.
Squares denote male family members, circles female family
members, symbols with a slash deceased members, solid sym-
bols affected members, open symbols unaffected members,
and gray symbols members with unknown disease status
(these family members either were asymptomatic subjects un-
der the age of 20 or had died). Below each symbol, the gen-
otypes of marker loci on chromosome 7q are shown in their map
order, with the locus nearest the centromere at the top
(D7S502). Marker alleles that are identical on chromosomes
containing the cavernous-malformation mutation in different
kindreds are enclosed by a box. The most likely ancestral hap-
lotypes in generation | were inferred and are shown in brackets
(the distinction between maternal and paternal haplotypes is ar-
bitrary). Asymptomatic subjects V-1, IV-2, V-3, and IV-4 have
all inherited the segment of chromosome 7q containing the cav-
ernous-malformation locus. All four are less than 20 years old,
a fact that reflects the age-dependent nature of the develop-
ment of symptoms.

Panel B shows the results of linkage analysis of cavernous mal-
formation and markers D7S492, D7S657, and D7S479. The ge-
netic distance of each marker from D7S492 is indicated.>' The
lod scores for the linkage of cavernous malformation to each po-
sition on the map are shown. The maximal lod score was 10.6
with no recombination with D7S657, suggesting that the disease
locus lies between D7S492 and D7S479. The lod — 1 support in-
terval (approximating the 95 percent confidence interval) for the
location of the cavernous-malformation locus spans a 7-cM
segment of chromosome 7q.
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Figure 3. Identical 7q Haplotypes in Patients with Cavernous Malformation.

At the left, a diagram of chromosome 7 is shown. Adjacent to this, marker loci in the
region 7q11.23—22 are shown in their map order.3' Markers recently used to con-
struct an integrated genetic map are indicated in bold, and the distances in centi-
morgans (cM) between adjacent markers are shown to the left of the loci.®! Addition-
al markers in each interval are also shown; loci that have not been separated by
recombination are in brackets. The consensus haplotype for marker alleles found on
disease chromosomes is shown. The frequency of each of these alleles on 98 chro-
mosomes from Hispanic control subjects without cavernous malformation and on
disease chromosomes from 47 members of 14 kindreds with familial disease is
shown to the right of the consensus haplotype. The value for P, ..., an indicator of
the strength of linkage disequilibrium of cavernous-malformation mutations and
marker alleles, is shown for each locus (see the Methods section). Linkage disequi-
librium is present over a long segment of chromosome 7, and P, reaches a max-
imum of 1.0 with loci D7S646, D7S558, and D7S689.
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affected subjects of 14 kindreds with
familial cavernous malformation car-
ried allele 2 of this marker, as com-
pared with only 4 of 98 chromo-
somes from Hispanic control subjects
(P<<0.001) (Fig. 3). This finding pro-
vides strong evidence of linkage dis-
equilibrium between cavernous mal-
formation and this marker in these
families and is corroborated by anal-
ysis of other markers tightly linked
to the cavernous-malformation gene
(Fig. 3). The degree of linkage dis-
equilibrium is expressed as P__..;
this value is zero if the allele fre-
quencies in patients and controls are
identical, and 1.0 if every disease al-
lele carries the same allele of a pol-
ymorphic marker. In this analysis,
P, ... was equal to or approximated
1.0 in the vicinity of D7S689 and di-
minished gradually toward zero in
both directions from this location
(Fig. 3). This peak location is within
the interval containing the cavern-
ous-malformation gene that was de-
fined by linkage analysis within fam-
ilies.

Analyses of haplotypes allow one
to determine how long a piece of the
original founder chromosome, in this
case chromosome 7, is conserved
among different subjects. Affected
patients from 10 kindreds had iden-
tical haplotypes (identical alleles for
each different genetic marker) over
an interval of at least 22 c¢M, since
the alleles for all 15 markers from
D78820 to D78821 were identical.
In unrelated Hispanic subjects, this
haplotype would be expected to be
found by chance on 1 chromosome
in 7.8X10"2. The finding of this same
haplotype in members of 10 kin-
dreds provides a strong indication
that these shared segments were de-
rived from a common ancestral chro-
mosome.

Affected subjects from 4 other
kindreds with familial cavernous mal-
formation shared haplotypes with
these 10 families over shorter seg-
ments, ranging from 16 to 1 cM.
These shared haplotypes all includ-
ed at least a portion of the interval
containing the cavernous-malforma-
tion gene identified by linkage anal-
ysis. The likelihood of finding these
haplotypes by chance ranges from
9.2X107% to 2.6X1077. These find-
ings indicate that the patients in all
the families inherited the same cav-
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Table 1. Age Dependence of the Symptoms of Cavernous
Malformation.

SYMPTOMATIC ASYMPTOMATIC PERCENT

AGE (YR) PATIENTS CARRIERS ToraL SYMPTOMATIC
1-10 3 12 15 20
11-20 3 4 7 43
21-30 10 3 13 77
31-50 15 8 23 65
=51 8 6 14 57
Total 39 33 72 54

ernous-malformation mutation by descent from a com-
mon ancestor.

Penetrance of Symptomatic Disease

The identification of a conserved haplotype in kin-
dreds with familial cavernous malformation provides
an opportunity to determine the proportion of persons
who have inherited the cavernous-malformation muta-
tion who are clinically symptomatic (the penetrance of
the trait). Sixty-eight members of families with two or
more living affected members were screened for the
conserved haplotype. Thirty-three asymptomatic sub-
jects harboring the entire conserved haplotype span-
ning the interval from D75492 to D75479 were identi-
fied, including 10 subjects in whom the disease had
been previously diagnosed by MRI. The mean (*SE)
age of these subjects was significantly lower than that
of symptomatic subjects (25%3.5 vs. 37£2.5 years,
P=0.004), suggesting that the asymptomatic subjects
are at risk for symptomatic disease in the future.

From these data, age-specific penetrances of sympto-
matic disease can be estimated (Table 1). The preva-
lence of symptomatic disease varied significantly with
age, being low until the age of 20 (27 percent) and in-
creasing to 66 percent after the age of 20 (P=0.002).
The prevalence of symptomatic disease never increased
above 76 percent in any decade, indicating that pene-
trance of the disease is age-dependent and less than
100 percent in all age groups.

Evidence That Sporadic Cases Are Also Genetic

The finding that all patients with familial disease had
inherited the same mutation from a common ancestor,
coupled with the knowledge that disease penetrance
was incomplete, raised the question of whether Hispan-
ic patients with apparently sporadic cases of cavernous
malformation may have inherited the same mutation.
To test this possibility, we determined the chromosome
7q genotypes and haplotypes of 10 patients with spo-
radic cavernous malformation. Eight of these patients
had the same long haplotypes as patients with familial
disease, which extended 12 to 30 ¢cM and included
identical alleles for 10 to 21 markers that span the lo-
cation of the cavernous-malformation gene; the likeli-
hoods of these haplotypes’ occurring by chance range
from 2X107" to 24X107% The remaining two kin-
dreds shared a portion of the conserved haplotype
within the interval containing the cavernous-malforma-
tion gene, with likelihoods that these are chance find-
ings of 24X1073 and 0.14. These results indicate that
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virtually all sporadic cases in this group were genetic
and due to the inheritance of the same mutation as was
inherited by patients with familial disease.

Refined Location of the Cavernous-Malformation Gene

Knowledge of a founder cavernous-malformation mu-
tation in this population can be used to refine the loca-
tion of the disease gene. The founder chromosome had
one specific allele at each marker locus. The span of
this ancestral haplotype has been reduced in subse-
quent generations by recombination, with ancestral al-
leles for markers more closely linked to the mutation
being retained and more distant marker alleles being
exchanged for alleles that are representative of the gen-
eral population. Consequently, identification of the min-
imal set of marker alleles shared by all patients who in-
herited the founder mutation can be used to define the
location of the disease gene; this approach, called dis-
equilibrium mapping, takes advantage of many more
meiotic events than can be observed in individual fam-
ilies. In patients with familial disease, all disease chro-
mosomes had the same alleles for markers D75646,
D7S558, and D7S5689. These findings strongly suggest
that the cavernous-malformation gene lies very near
these loci, refining the position of the mutant gene con-
siderably from that obtained by meiotic mapping in in-
dividual kindreds.

Di1SCUSSION

Although cavernous malformation has been recog-
nized as an autosomal dominant trait in some families,
50 percent of cases have been classified as sporadic.'®??
In the present study, virtually all cases in Hispanic
Americans of Mexican descent, including apparently
sporadic cases, could be attributed to inheritance of the
same mutation from a common ancestor. The apparent
paradox of sporadic cases’ being due to the same mu-
tation as familial cases can be explained by incomplete
penetrance, with some carriers remaining asymptomat-
ic. The only argument against this interpretation is the
finding of one patient with a sporadic case who har-
bored only a small segment containing two marker al-
leles of the conserved haplotype in the linked interval.
This patient could have either the same mutation or an
independent mutation that occurred by chance on a
chromosome with these alleles. This issue will be defin-
itively resolved by the identification of the common cav-
ernous-malformation mutation in Hispanic Americans.

Meiotic mapping within families localized the cav-
ernous-malformation gene to a 7-cM interval in His-
panic Americans, and disequilibrium mapping refined
the location of the gene within this interval to a much
smaller segment near loci D7S646, D7S5558, and
D75689, greatly aiding the search for the underlying
mutant gene. This interval can be excluded as the po-
sition of the cavernous-malformation gene in several
non-Hispanic kindreds® (and unpublished data), indi-
cating that in at least some of these kindreds the dis-
ease is due to a mutation at other loci.

The long length of the conserved haplotype in many
of the families studied suggests that in some cases the
common ancestor with cavernous malformation may
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have been in a relatively recent generation. This possi-
bility seems surprising given that the families were
from diverse geographic locations and that no blood
relationships were found between different kindreds,
but it may reflect the relatively recent migration of a
founder from Mexico to the United States. If so, some
patients with cavernous malformation who live in Mex-
ico might prove to share very small segments of the an-
cestral haplotype, permitting very precise mapping of
the cavernous-malformation gene, as has been accom-
plished for several other diseases with founder muta-
tions. 2930

The present findings have implications for the genet-
ic diagnosis of cavernous malformation in Hispanic per-
sons. To date, definitive diagnosis has relied on charac-
teristic findings on MRI or surgery. Our demonstration
that the disease is commonly due to the inheritance of
a founder mutation in this ethnic group indicates that
genetic testing can be used for the preclinical diagnosis
of cavernous malformation. Moreover, once the disease-
causing mutation in this population has been identified,
a single direct test of high sensitivity and specificity will
be available and applicable to this group. The advan-
tages and drawbacks of such testing will have to be
carefully considered in each case.

The ability to identify carriers of cavernous-malfor-
mation mutations also provides the potential to recog-
nize affected subjects in other diagnostic groups. For
example, 20 percent of patients with intractable tempo-
ral-lobe epilepsy harbor intracranial mass lesions; cav-
ernous malformation accounts for one fourth of these
lesions.*? If a simple genetic test becomes available, it
may be used to identify patients with cavernous malfor-
mation among Hispanic Americans with intractable ep-
ilepsy.

Finally, these findings have implications for the patho-
genesis of cavernous malformation in non-Hispanics,
among whom familial and sporadic cases have been
recognized.'*? The finding that virtually all sporadic
cases among Hispanic Americans are in fact genetic
raises the possibility that many apparently sporadic
cases in non-Hispanic patients will also prove to be
genetic. The present findings provide the framework
for a unified understanding of the pathogenesis of this
disease.

We are indebted to the patients and their families for their partici-
pation in the study, and to Debra Garcia, R.N., Teresa Bell, R.N.,
Retha Jane Woods, R.N., Dawn Fishback, P.A.-C., Evangeline
Thompson, R.N., and Kathy McNamara, R.N., for their help in pa-
tient recruitment.
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