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Venezuelan kindreds reveal that genetic and
environmental factors modulate Huntington’s
disease age of onset
The U.S.–Venezuela Collaborative Research Project* and Nancy S. Wexler†

Contributed by David E. Housman, December 31, 2003

Huntington’s disease (HD) is an autosomal dominant neurodegen-
erative disease caused by a triplet (CAG) expansion mutation. The
length of the triplet repeat is the most important factor in determin-
ing age of onset of HD, although substantial variability remains after
controlling for repeat length. The Venezuelan HD kindreds encom-
pass 18,149 individuals spanning 10 generations, 15,409 of whom are
living. Of the 4,384 immortalized lymphocyte lines collected, 3,989
DNAs were genotyped for their HD alleles, representing a subset of
the population at greatest genetic risk. There are 938 heterozygotes,
80 people with variably penetrant alleles, and 18 homozygotes.
Analysis of the 83 kindreds that comprise the Venezuelan HD kindreds
demonstrates that residual variability in age of onset has both genetic
and environmental components. We created a residual age of onset
phenotype from a regression analysis of the log of age of onset on
repeat length. Familial correlations (correlation � SE) were estimated
for sibling (0.40 � 0.09), parent-offspring (0.10 � 0.11), avuncular
(0.07 � 0.11), and cousin (0.15 � 0.10) pairs, suggesting a familial
origin for the residual variance in onset. By using a variance-compo-
nents approach with all available familial relationships, the additive
genetic heritability of this residual age of onset trait is 38%. A model,
including shared sibling environmental effects, estimated the com-
ponents of additive genetic (0.37), shared environment (0.22), and
nonshared environment (0.41) variances, confirming that �40% of
the variance remaining in onset age is attributable to genes other
than the HD gene and 60% is environmental.

Huntington’s disease (HD) is a fatal, autosomal dominant
neurological illness that causes involuntary movements, severe

emotional disturbance, and cognitive decline. There is currently no
treatment to slow the progression of the disease, which leads
without remission to death, �20 years after onset. The prevalence
of HD is �1 in 10,000 people in the Americas, Europe, and
Australasia (1).

Genetic and clinical data from the Venezuelan kindreds de-
scribed in this article were responsible for localizing the HD gene
on chromosome 4p16.3 (2) and for subsequently discovering the
defective gene and identifying the nature of its mutation (3). The
huntingtin mutation is an unstable trinucleotide (CAG) repeat
expansion in the ORF of exon 1 of the gene. The mutation leads to
the expression of an expanded polyglutamine repeat in the hun-
tingtin protein (3). Although ubiquitously expressed, this protein
causes neuronal dysfunction and death, particularly in the striatum
and cortex. The pathophysiological processes involved, from ex-
panded repeat to cell death, are currently under intense investiga-
tion (4–6).

The expanded HD allele is autosomal dominant, and symptoms
inevitably will appear in a gene carrier who lives a normal life span.
Phenotypic expression, such as age of onset, disease duration, and
the concatenation of physical and mental symptoms, however, are
variable (1). The most critical determinant of age of onset is the
number of CAG repeats in the HD allele. Despite this fact, family
members and even individuals with identical repeat lengths have
significant variability in their ages of onset, suggesting that modi-
fying factors exist (7–9). Previous studies have indicated that some
of these modifying factors may be familial, but they involved only
small sample sizes (10) or sibling pairs (11). Such methodologies

cannot reliably separate the influences of genes and shared (family)
environment, and it is unclear whether the age of onset of HD is
influenced primarily by additional genetic or environmental factors
or by a combination of both. Our study, using data collected from
the Venezuelan HD kindreds, was undertaken to identify genetic
and environmental factors modifying the age of onset of the disease.

The Venezuelan HD kindreds first were described by Negrette,
Avila-Giron, and Bonilla (12). These kindreds now represent the
largest and best characterized HD population in the world. Twenty-
three years of prospective genetic, neurological, and cognitive
studies have been carried out with kindred members. The families
primarily live in the region of Lake Maracaibo in Zulia state. Some
dwell in the urban city of Maracaibo; others live in tiny, rural fishing
villages around the lake. The Venezuelan kindreds are highly
heterogeneous. The majority are Hispanic, but their genetic and
phenotypic heterogeneity results from matings with European
sailors and traders and some Native American admixture. Most
members of the Venezuelan kindreds are descendents of a woman
living in the early nineteenth century in a stilt village on Lake
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Maracaibo. She died of HD and passed her abnormal allele through
10 generations.

Methods
Sample. Since 1979, an international, interdisciplinary team has
traveled annually to Maracaibo, Venezuela, to identify HD families
and document the extent and progression of their disease. Genetic
and clinical data from these kindreds have been used in this
investigation.

Phenotypic and Genetic Measures. A critical component of the study
has been to develop and validate assessment tools that are specific
and sensitive to HD so as to characterize its natural history. A
protocol of neurological, cognitive, and psychiatric assessments was
designed to specifically meet the cultural and educational require-
ments of this mainly uneducated community (13, 14). We have
created a large prospective database containing clinical and genetic
information, spanning 23 years on more than 2,547 people who have
been examined almost annually.

Age of onset of HD was determined either prospectively or
retrospectively. Both involved the examination of individuals by
experienced neurologists using the Venezuelan HD Neurological
Examination (13, 14). This scale assesses oculomotor function,
dysarthria, dysdiakokinesis, chorea, dystonia, parkinsonism, gait
and postural stability, and functional capacity.

A diagnosis of HD among the Venezuelan family members was
based on the appearance of an appropriate motor abnormality
characteristic of adult or juvenile onset HD. Although cognitive
abnormalities frequently precede the onset of motor symptoms by
years, cognitive impairment was found to be too variable to be used
in assessing age of onset. Three independent diagnoses, given by
three separate examiners simultaneously or by one or more exam-
iners in subsequent years, were required; age of onset was desig-
nated by the first of three consecutive diagnoses.

In some instances family members were symptomatic at our first
encounter. Their ages of onset were established retrospectively by
assessing the clinical severity of their symptoms and from family
history.

Transformed lymphocyte lines were created as described (15)
from the 4,384 blood samples collected. A subset of 3,989 individ-
uals at highest genetic risk was genotyped for the size of its HD
allele. An additional 2,743 people at high genetic risk in these
kindreds have not yet had their DNA collected or genotyped.

Statistical Analyses. We performed both genetic and phenotypic
statistical analyses of these Venezuelan kindreds. By using the
statistical software package SAS 8 (16), we evaluated the character-
istics of repeat length and age of onset and estimated the relation-
ship between these two variables. Pearson product-moment corre-
lations were estimated in the full sample as well as in subsamples
conditioned on the number of repeats in the longer allele. Natural
logarithmic transformations of the raw data were performed in the
presence of nonnormal distributions. Simple and multiple regres-
sion analyses were performed to assess the overall and independent
predictive power of the longer allele, as well as of other covariates
such as the individual’s shorter allele, gender, and paternal and
maternal longer and shorter alleles.

We also used linear regression to compute a residual age of onset
for subsequent genetic analyses. Because the relationship between
repeat length and age of onset is curvilinear, we analyzed the
log-transform of age of onset (LAO). We fitted a simple linear
regression predicting a subject’s LAO from that subject’s repeat
length of the longer allele [E (LAO) � � � �* (repeat length)].
Subtracting the predicted LAO from the actual LAO produces a
residual age of onset score that is independent of the effect of the
repeat length of the HD gene.

By using statistical and genetic software packages, we estimated
the familial relationships and the genetic component of this residual

age of onset phenotype. We used the general linear model and the
variance-components procedure of SAS to estimate the between and
within sibship variances. Sibships were defined with a family code
formed from the parental codes. A model that predicts the residual
age of onset from this family code then was fitted to the data,
allowing for partitioning of the variance into between and within
sibships. The sibling intraclass correlation then was calculated from
these variance components.

We used the FAMILY CORRELATIONS (FCOR) program of the
SAGE genetic software package (17) to form familial relationships
(sibling, parent-offspring, avuncular, and cousin) from which fa-
milial correlations were estimated in our sample. This program
produces pedigree statistics, including asymptotic standard errors.

These familial correlations then were used as input to the MX
structural equation modeling software (18), which was used to
perform variance-components analysis of the residual age of onset
trait. Variance-components analysis in a genetically informative
data set can be used to partition the phenotypic variance observed
in a trait into its genetic and environmental components. More
sophisticated analysis can further decompose the environmental
variance into shared (family) and nonshared components, and the
genetic variance into additive and nonadditive variances attribut-
able to polygenic factors or even due to a single major gene.
Depending on the data available, all or some of these variance
components can be estimated simultaneously.

Finally, we used the QTDT genetic software package (19, 20) to
confirm the heritability estimate for the residual age of onset trait.
QTDT uses all available familial relationships in a sample, taking full
advantage of the depth of the Venezuelan kindreds, and is more
informative than MX.

Results
Analyses of the Venezuelan HD Kindreds. The Venezuelan HD
kindreds comprise 18,149 individuals. There are 9,162 males, 8,256
females, and 731 individuals of unknown gender. Of these, 15,409
are living, and 78% are younger than age 40 years. There are 83
independent kindreds with HD. The majority, 14,761 individuals,
belong to the main kindred, tracing their origin to a single founder
living in the early 1800s. The remaining 3,883 individuals form 82
kindreds of varying size. Most are quite large: three comprise
between 200 and 600 people, and nine other kindreds each include
between 100 and 199 individuals. Descriptive statistics of the
kindreds are shown in Table 1.

The full Venezuelan HD kindreds encompass 10 generations and
4,502 sibships, with an average size of 4.998 siblings and a range of
1 to 21 siblings. The kindreds contain the following pairs: 26,330
sibling, 25,252 parent-offspring, 33,534 grandparental, 97,870 avun-
cular, 8181 half-sibling, and 180,494 cousin. Additionally, 3,783
individuals are founders, 12,626 people are considered nonfound-
ers, and 134 persons are unconnected to any kindred.

Repeat Length Distribution in the Venezuelan HD Kindreds. The HD
mutation is an unstable triplet repeat (CAG) expansion, acting with
a dominant gene action. Alleles with 34 CAG repeats or fewer do
not produce symptoms. Alleles containing 35–39 repeats produce
incomplete penetrance, while a repeat of �40 CAGs is considered
fully penetrant. In our analyses, both in the normal and pathological
ranges, the allele containing the most repeats is designated the
‘‘longer’’ allele and the other, the ‘‘shorter’’ allele. Unless otherwise
noted, repeat length refers to the longer allele.

Those at highest genetic risk, 3,989 individuals, were genotyped
for the length of their CAG repeats; these sizes range from 14 to 86
repeats. Kindred members can be separated into three groups
according to the size of their repeat length: 2,953 people have
normal sized alleles (9–34 CAGs) on both chromosomes; another
80 individuals possess alleles that fall into the variably penetrant
range (35–39 CAGs); and 956 people have fully penetrant alleles
(�40 CAGs). These 956 individuals include 938 heterozygotes.
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They also include 18 homozygotes. Of these, 15 homozygotes are
‘‘true’’ homozygotes and have alleles containing �40 CAGs on both
copies of their chromosome 4s. Three individuals are ‘‘compound
homozygotes,’’ people with a fully penetrant allele on one chro-
mosome 4 and an allele in the variably penetrant range on the other.

The distribution of CAG repeat length of the longer allele in the
full sample is bimodal (Fig. 1), representing the combination of
separate curves, one for those with normal alleles (mode � 17) and
one for those with expanded alleles (mode � 44). These two
distributions overlap slightly for repeat lengths in the low 30s.

The range of repeat lengths for those with normal alleles is

distributed continuously but with kurtosis and positive skew. The
peak at �17 reveals that this is the most common length for the
normal allele, a finding confirmed by examination of the shorter
allele of heterozygotes, which also has a mode at 17. The short
negative tail is probably attributable to a floor effect, because very
few alleles are smaller than 17 repeats. The smallest repeat lengths
observed in this entire sample were 14 in the longer allele and 9 in
the shorter allele. The long positive tail within the normal range is
probably a result of expanded alleles that have not reached the
penetrance threshold.

The second smaller peak represents the fully penetrant range of
repeats. This second population, involving 956 individuals, has a
peak at 44 and is positively skewed. The mode repeat length is 44
(median 45) with 90% of alleles falling between 40 and 50 CAG
repeats. The low tail of this distribution includes the variably
penetrant range. The long positive tail of the distribution extends as
far as 86 repeats. Alleles in this extreme of the distribution probably
have mutated several times because, for all individuals with �65
repeats, at least one parent also had an allele in the fully penetrant
range, although never with precisely the same repeat length as their
offspring. As long as alleles continue mutating, there is no a priori
limit to the maximum number of repeats an allele can have,
although the longest repeats may not be viable.

Determination of HD Age of Onset. During our 23 years of investi-
gation, the age of onset of HD has been determined for 458 people
(Table 2). More than half, 285 individuals, were diagnosed pro-
spectively; 173 people were diagnosed retrospectively. Of those 458
people, 214 were male and 244 were female. Ages of onset range
from 2 to 69 years with an approximately normal distribution and
a mean age of onset of 34.35 (� 10.07) years. There were no
significant sex differences (t � 1.13, P � 0.26). Of the 18 homozy-
gotes, 12 of the 15 true homozygotes have age of onset data. All
three compound homozygotes have been diagnosed with HD.
Analyses in this article only pertain to heterozygotes.

We have divided kindred members into three groups differen-
tiated by age of onset: juvenile, typical, and late (Table 3). The

Table 1. Venezuelan HD kindred statistics

Numbers of kindreds by size

Number of individuals, sibships, and relative pairsNumber of individuals Number of kindreds

Total number of individuals in Venezuelan HD kindreds 18,149
14,761 1 Male 9,162
200–600 3 Female 8,256
100–200 9 Unknown gender 731
51–99 17 Living 15,409
10–50 20 Immortalized lymphocyte lines 4,384
4–9 7 HD genotype completed 3,989
3 26 Heterozygotes (�40 CAGs) 938

Variably penetrant alleles (35–39 CAGs) 80
Homozygotes 18

Completely penetrant alleles (�40 CAGs on both chromosomes) 15
Compound alleles (�40 CAGs on one chromosome; 35–39 CAGs

on other chromosome)
3

Founders 3,783
Nonfounders 12,626
Unconnected singletons 134
Sibships 4,502
Pairs

Sibling 26,330
Parent-offspring 25,252
Grandparental 33,534
Avuncular 97,870
Half-sibling 8,181
Cousin 180,494

Fig. 1. Histogram of the longer allele repeat length in the Venezuelan HD
kindreds. Repeat length ranges are defined as normal (14–34 CAGs), incom-
pletely penetrant (35–39 CAGs), and fully penetrant (�40 CAGs).
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juvenile form of HD (age of onset �20 years) is characterized by
parkinsonism, tremor, seizures, and a more fulminant course (21).
The juvenile repeat length varies from 43 to 86 CAGs (mean �
60.15). Anyone with �60 CAGs in their longer HD allele invariably
will show symptoms by 20 years of age.

The typical ages of onset fall between 21 and 50 years. Allele
lengths among this group range from 40 to 58 CAG repeats
(mean � 45.72). Those with late onset become symptomatic at �51
years. Their repeat lengths extend from 40 to 45 CAGs (mean �
41.85). Individuals with allele lengths of between 40 and 50 CAG
repeats (the most commonly found repeat sizes) can manifest
symptoms as children, adults, or elderly. Factors in addition to the
size of the CAG repeat clearly play a role in determining the age
of HD onset.

In the 443 heterozygous individuals for whom we have age of
onset and repeat length data, the negative correlation between the
log of the CAG repeat and log age of onset of symptomatic HD was
highly significant (r � �0.85, P � 0.0001). The size of the repeat in
the longer allele accounts for 72% of the variance in age of onset.
Most of this relationship can be attributed to 75 individuals with
�50 CAG repeats whose early age of onset correlates strongly and
inversely with the size of their repeat length (r � �0.81), and
accounts for 66% of the variance.

Of the members of the Venezuelan kindreds for whom we have
confirmed ages of onset, 87% have repeat lengths between 40 and
50 CAGs in their HD allele. In this group the size of the HD allele
is less strongly correlated with age of onset (r � �0.66, P � 0.0001),
accounting for only 44% of the variance. This extensive variability
exists within each repeat length (see Fig. 2).

After controlling for the effect of the longer allele, not even
the size of the shorter allele, any of the parental alleles, or gender
accounted significantly for any remaining variance in age of
onset.

Familial Correlations for Residual Age of Onset. A linear regression
model predicting LAO from the longer HD allele produced a
residual age of onset score. By using SAS, a variance-components
analysis was performed to estimate the between and within sibling-
pair variances of this phenotype, allowing for the computation of
the sibling intraclass correlation.

The 443 heterozygous members of the Venezuelan kindreds,
with CAG repeat lengths ranging from 40 to 86 and for whom we
have age of onset data, form 223 sibships. The estimated sibling
correlation for the residual age of onset was 0.42 (P � 0.0001).
Twice the value of this sibling correlation represents familiality (22).
Our analysis suggests that as much as 84% of the variance in residual
age of onset is familial; that is, it is not attributable to the HD gene
itself but rather to other genetic and�or family environmental
factors.

Familial relationships among these 443 heterozygotes, deter-
mined by using the FCOR program from the SAGE package, formed

the following familial relationships: 441 sibling pairs, 202 parent-
offspring pairs, 729 avuncular pairs, and 1,331 cousin pairs (Table
4). The sibling correlation for residual age of onset was estimated
at 0.40 � 0.09, which is remarkably consistent with the variance-
component estimate. The lesser correlations also computed by
SAGE were: parent-offspring (0.10 � 0.11), avuncular (0.07 � 0.11),
and cousin (0.15 � 0.10) correlations. These results are evidence of
heritable influences, but they also highlight the possibility of
nonadditive genetic or environmental modifiers of the age of onset
of HD.

The parent-offspring correlation differs between same-sex (0.15)
and different-sex (0.06) pairings. These differences are in the
opposite direction and not as large as those between same-sex (0.34)
and sister-brother (0.40) sibling pairs. Moreover, the brother-
brother correlation is much lower (0.18) than the sister-sister (0.49)
or the sister-brother (0.40) correlations. This possible sex effect on
parent-offspring and sibling-pair correlations is intriguing, although
it is only suggestive, given the large standard errors associated with
these estimates.

These familial correlations suggest that genes influence this
residual age of onset phenotype, at least partially, although the
balance between genetic and environmental influences remains
unclear.

Heritability Estimate for Residual Age of Onset. It is possible to
separate genetic and environmental influences on the residual age
of onset phenotype by applying variance-components methodology
to a genetically informative sample such as our Venezuelan kin-
dreds. We used MX (18) to fit a genetic and environmental model
to the familial correlation data obtained from SAGE. For this
analysis, we used the familial correlations for the closest relation-
ships in Table 4, yielding sufficient degrees of freedom to estimate

Table 2. Age of onset by gender and HD genotype

Age of onset, years

n Mean SD Range Median

Total 458 34.35 10.07 2–69 34
Sex*

Male 214 33.77 9.74 2–67 34
Female 244 34.86 10.34 8–69 34

Genotype
Homozygote 15 30.07 6.69 19–40 30

Completely penetrant alleles 12 28.75 6.17 19–37 30
Compound alleles 3 35.33 7.23 27–40 39

Heterozygote 443 34.49 10.14 2–69 34

*t test for gender differences � 1.13; P � 0.26.

Fig. 2. Box plot of age of onset and repeat length of the longer allele. The
curvilinear relationship between the two variables can be observed. It also is
important to note the large variability of age of onset values, even within each
repeat length.

Table 3. Repeat length of longer allele by age of onset class

Age of onset,
years

Repeat length

n Mean SD Range Median

Juvenile, 2–20 40 60.15 9.32 43–86 60
Typical, 21–50 377 45.72 2.97 40–58 45
Late, �50 26 41.85 1.56 40–45 42
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simultaneously several variance components. The additive genetic
(0.37), shared sibling environmental (0.22), and nonshared envi-
ronmental (0.41) variances were estimated. The total environmen-
tal effect (shared and nonshared) accounts for 63% of the variance.

With QTDT, formal estimates of heritability, obtained by fitting a
model with additive polygenic genetic and nonshared environmen-
tal effects, indicate that residual age of onset has an additive genetic
heritability of 38% (P � 0.0001), very similar to the result obtained
with MX. This degree of genetic influence is remarkably similar to
that encountered for most other common multifactorial traits of
biomedical interest and is encouraging for the linkage mapping that
is in progress (23). Our results represent direct estimates of genetic
and environmental effects for residual age of onset of HD and
provide the most compelling evidence so far for genetic modifiers
of HD in humans.

Discussion
HD is a devastating, fatal disorder without remission. Notwith-
standing its relentless progression, significant variability exists in
symptoms and age of onset, even within families and, most sur-
prisingly, among people sharing the identical CAG repeat length in
their HD gene. Careful study of this variability should illuminate
factors that modify age of onset, symptoms, and even new biological
disease mechanisms and therapeutic targets. The Venezuelan
kindreds are unique in that they comprise the world’s largest
genetically related HD community and have already provided a
wealth of genetically and phenotypically informative data. The
sheer magnitude of the overall kindreds, the size of individual
nuclear families (from 1 to 21 children), the interrelationships
among the branches, the high level of genetic heterogeneity, and the
relative immobility of family members, coupled with their extraor-
dinary cooperation, has taught us immensely and promises to reveal
even more in the future.

The growth of communities at risk, compressed logistically by
poverty and stigma, has increased the number of families both with
the disease and in which both parents are affected or at risk. All
children of homozygotes are destined to inherit the disease, which
raises the genetic hazard in these communities to the extreme.

Although huntingtin is expressed ubiquitously, the gene is subject
to some somatic mosaicism (24–27). In seminal fluid, as well as in
testicular and brain tissue from some kindred members, the repeat
size can expand dramatically. We do not know, however, whether

these expansions in gametic and somatic cells have functional
consequences. Do the sequelae of instability produce an apprecia-
ble, deleterious change in the protein itself? Does increased allelic
instability translate to greater impaired neural activity?

An essential component of our Venezuelan HD research is to
investigate genotype�phenotype relationships: How does the study
of the natural history of HD in this genetically related community
give us evidence of genotypic or environmental modifiers? Age of
onset is one component, among many, to parse the disease and
search for modifiers.

In the Venezuelan kindreds, the repeat size of the longer allele
varies from 14 to 86 repeats, showing peaks at 17 (normal alleles)
and 44 (expanded alleles) repeats (Fig. 1). How the two distribu-
tions of normal and expanded alleles evolved is not evident from
this analysis.

Once the longer allele has been controlled for, the shorter allele
does not account for much variance in age of onset in people
heterozygous for the HD gene, suggesting that variability within
the normal allele range has no observable effects. Whatever the
pathophysiological mechanism by which the CAG expansion in the
huntingtin allele is translated into neurodegeneration leading to
death, we know from studying the Venezuelan kindreds that the
larger the size of the repeat length, the earlier the age of onset.

Members of the Venezuelan kindreds also manifest a statistically
significantly earlier age of onset in comparison to American and
Canadian populations. The Venezuelans’ average age of onset is
34.35 (� 10.07) years in contrast to the mean age of onset for
Americans (37.47 � 13.28) and Canadians (40.36 � 12.97) (28).
Variability in age of onset is quite appreciable among the Vene-
zuelan kindreds: from 2 to 69 years in individuals for whom we
have DNA samples and from 2 to 84 years from family history
information.

What accounts for this earlier age of onset is a subject of
exploration. It could be that other deleterious modifying genes not
associated with the HD gene also are segregating in these kindreds.
Because kindred members are interrelated, many of them may
inherit both the HD gene and these pernicious modifiers. There
also could be shared environmental modifiers that are influencing
age of onset. Although the families are scattered widely in both
urban and rural environments and across all socioeconomic strata,
the majority live in extreme poverty and their diet is marginal.
Because most live along the edges of Lake Maracaibo and fish for

Table 4. Familial correlations for residual age of onset

Familial pairs Gender Number of pairs Correlation (SE)

Sibling 441 0.40 (0.09)
Same sex 220 0.34 (0.16)

Brother-brother 108 0.18 (0.20)
Sister-sister 113 0.49 (0.13)

Different sex 220 0.40 (0.11)
Parent-offspring 202 0.10 (0.11)

Same sex 93 0.15 (0.15)
Different sex 109 0.06 (0.19)

Avuncular 729 0.07 (0.11)
Cousin 1,319 0.15 (0.10)
Great-avuncular 213 0.14 (0.15)
First cousin once-removed 2,615 0.06 (0.08)
First half-cousin once-removed 305 0.04 (0.09)
Second cousin 3,443 0.17 (0.06)
Second half-cousin 1,282 �0.08 (0.13)
First cousin twice-removed 749 0.06 (0.08)
Second cousin once-removed 5,970 0.09 (0.04)
Second half-cousin once-removed 2,340 0.03 (0.11)
Third cousin 6,160 0.08 (0.04)
Third half-cousin 654 �0.08 (0.12)
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a living, they are exposed to potential pollutants from the oil
industry that also occupies much of the lake. Effluvia from the lake
and poor sanitation create a toxic brew in which people eke out a
meager survival. All of these environmental factors and more could
contribute to an earlier age of onset. Life expectancy, in general, in
Venezuela is not decreased. Although census statistics do not exist
for the communities in which families with HD live, the average
Venezuelan life expectancy at birth for males is 70.7 years and
females is 76.5 years (www.who.int�country�ven�en�).

Members of the Venezuelan kindreds with variably penetrant
alleles, between 35 and 39 CAGs, represent the largest such family
group in the world. Of the 80 persons with variably penetrant alleles,
78 are members of the main kindred. One individual has 21
descendents and another has 24. Although these descendents
exhibited minor expansions and contractions of their variably
penetrant alleles, in no instance did an allele contract to �35 or
expand to �40 CAG repeats. None of those with variably penetrant
alleles have yet been diagnosed with HD (Table 1).

Our analysis of the Venezuelan kindred confirms the strong,
inverse correlation between repeat length and age of onset (Fig. 2).
As this relationship is exponential, the LAO was analyzed. This
significant, negative correlation weakens, however, for individuals
whose repeat lengths fall between 40 and 50 CAGs, the majority of
individuals in the Venezuelan kindreds and elsewhere. Within this
group there is great variability in age of onset, even among those
with identical length repeats. We have demonstrated in our analysis
of the Venezuelan kindred that this variability is attributable to
genetic and environmental modifiers acting in concert with the HD
gene.

Analysis of the Venezuelan kindreds present familial correlations
that are estimated from a larger sample and for more familial
relationships but are in general accord with data reported for
epidemiological samples from Italy (10) and small nuclear families
in North America (11). Other studies also have found variation in
several genes associated with age of onset but were able to explain
only a small proportion of the total variance (29–32). A genome
scan using sibling pairs in North America recently has been com-
pleted and is suggestive of linkage in three genomic loci (11).

By using variance-components analysis, we have been able to
obtain a more precise estimate of the familiality than previous
studies have reported. Surprisingly, even controlling for the effect

of allele length, our results indicate that fully 59% of the variability
in residual age of onset is familial and attributable to either genetic
or shared environmental factors.

There is an intriguing sex effect in the pattern of familial
correlations, although not statistically significant. For sibling pairs,
the sister correlation (0.49) is larger than the sister-brother corre-
lation (0.40) and even the brother correlation (0.18). For parent-
offspring pairs, the same-sex correlation (0.15) is larger than the
different-sex correlation (0.06). These gender differences imply a
sex-limitation effect or favored same-sex transmission, but the large
standard errors associated with these correlations make these
suggestions tentative. Finally, the heritability estimate of 38%
demonstrates that additive genetic effects importantly influence
age of onset, in addition to the HD gene. Our analysis of the
Venezuelan kindreds provides the strongest evidence to date for
genetic factors influencing age of onset of HD that are statistically
independent of the mutation causing the disease. We also confirm
the role of environmental modifiers in modulating age of onset.

With virtually complete penetrance after 40 or more CAG
repeats and with its invariably fatal course, the HD gene would
seem to be the epitome of genetic determinism. And yet our results
demonstrate that genetics as well as environmental factors modu-
late its impact. Identifying these modifiers, particularly those that
lead to postponing age of onset until much later in life and
prolonging productive years, would be most advantageous.

The ultimate aim of these studies is to develop new therapeutic
agents that are available and accessible to everyone, including the
Venezuelans, at an affordable price. In our Venezuelan investiga-
tions, we have attempted to conduct our research in a manner that
is culturally sensitive as well as ethically, sociologically, and psy-
chologically protective of the specific needs, constraints, and pri-
orities of these individuals, families, and communities. It would be
fitting if they, who have given so much, could be the first to reap the
benefits.

We are indebted to the Venezuelan families who have participated in this
project throughout all these years. Their generous collaboration has been
critical to the success of this project and many others. We also acknowl-
edge grants from the National Institute of Neurological Disorders and
Stroke, the National Institutes of Health, the W. M. Keck Foundation,
and the Hereditary Disease Foundation.
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