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ABSTRACT

Objective: We tested two hypotheses regarding age at onset within familial epilepsies: (1)
family members with epilepsy tend to have similar ages at onset, independent of epilepsy
syndrome; (2) age at onset is younger in successive generations after controlling for sampling
bias.

Methods: We analyzed clinical data collected by the Epi4K Consortium (303 multiplex
families, 1,120 individuals). To test hypothesis 1, we used both linear mixed models
commonly used for heritability analysis and Cox regression models with frailty terms to
assess clustering of onset within families after controlling for other predictors. To test
hypothesis 2, we used mixed effects models, pair-wise analyses, and survival analysis to
address sampling-related bias that may mimic anticipation.

Results: (1) Age at seizure onset was significantly heritable (ICC 0.17, p < 0.001) after
adjusting for epilepsy type, sex, site, history of febrile seizure, and age at last observation.
This finding remained significant after adjusting for epilepsy syndromes, and was robust
across statistical methods in all families and in generalized families. (2) The mean age at
onset decreased in successive generations (p < 0.001). After adjusting for age at last
observation, this effect was not significant in mixed-effects models (p=0.14), but remained
significant in pair-wise (p=0.0003) and survival analyses (p=0.02).

Interpretation: Age at seizure onset is an independent familial trait, and may have genetic
determinants distinct from the determinants of particular epilepsy syndromes. Younger onsets
in successive generations can be explained in part by sampling bias, but the presence of
genetic anticipation cannot be excluded.
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INTRODUCTION

Epilepsy is a disorder with strong genetic contributions. Relatives of people with
epilepsy have an increased incidence of epilepsy, even in families without Mendelian
(monogenic) patterns of inheritance.>? Moreover, studies of twins and families have shown
that specific features of epilepsy are themselves heritable traits, including specific epilepsy
syndromes,** seizure types and symptoms,>® and EEG patterns.”® These features may have
genetic determinants that are distinct from the genetic determinants of epilepsy per se.

Age at epilepsy onset is variable across individuals, even those with the same epilepsy

1012 \Whether this variability in age at onset is (at least in part) genetically

syndrome.
determined remains unknown. In this study, using data from a large cohort of multiplex
families with epilepsy,*® we hypothesized that age at epilepsy onset is in part a heritable trait.
This analysis must account for epilepsy syndromes, which often have characteristic ages of
onset and which tend to aggregate in families. Thus, family members might have similar ages
of onset because they share the same syndrome. If, however, family members have similar
ages of onset after adjusting for epilepsy syndrome, this would suggest that age at onset is
itself heritable.

In a separate analysis, we observed in these families that age at onset tends to
decrease across successive generations. This effect may be due to anticipation, a known
genetic phenomenon, or may be a spurious finding due to sampling-related bias.***° For
example, early ages of onset may be over-represented in later generations because they are

younger at the time of the study; conversely, older ages of onset may be over-represented in

older generations because childhood epilepsies that have long-since resolved may be
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forgotten and not ascertained. We sought to determine whether these forms of sampling bias
are present in our data and, if so, whether they completely account for the observed

association between generation and age at epilepsy onset.

METHODS
Data Collection

Ascertainment methods and data collection have been described in detail.** Briefly,
each family contained three or more relatives with unprovoked seizures. Relatives with
epilepsies of known acquired causes, such as structural brain lesions, were not included.
Once a family was ascertained, data on every affected relative were obtained by direct
interview, sourcing of available records or by interviewing reliably family informants.
Ascertainment and data collection took place at 7 centers in North America, Europe,
Australia and New Zealand, and has occurred gradually at each center over many years. For
the Epi4K study, all data were systematically reviewed, entered into a detailed database, and
cross-validated by study personnel at multiple sites. Families with known causal mutations
were excluded.

During this review process, each individual was assigned to one of five epilepsy types
(generalized, focal, combined generalized/focal, febrile seizures plus (FS+), or unknown) by
an expert clinician. Those individuals with generalized or focal epilepsy were further
assigned to epilepsy subtypes, including recognized epilepsy syndromes.?’ The subtypes of
generalized epilepsy were early onset absence epilepsy, childhood absence epilepsy, juvenile

absence epilepsy, childhood/juvenile absence epilepsy indistinguishable, juvenile myoclonic
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epilepsy, generalized tonic-clonic seizures alone, “severe” generalized epilepsy (including
myoclonic atonic epilepsy, absence epilepsy with eyelid myoclonia, myoclonic absence
epilepsy, and one case of Lennox-Gastaut syndrome of unknown cause) and other
generalized epilepsy. The subtypes of focal epilepsy were temporal lobe epilepsy, frontal
lobe epilepsy, posterior quadrant epilepsy (including parietal and occipital lobes), self-limited
focal epilepsy of childhood, and unlocalized focal epilepsy. After epilepsy types and subtypes
were assigned to individuals, each family was assigned to one of four categories (generalized,
focal, generalized epilepsy with febrile seizures plus (GEFS+), or mixed) as previously
described.*®
Age at epilepsy onset was defined as the age at first unprovoked seizure. Provoked

seizures and febrile seizures were not included in this definition. Age at last observation was
the age at the time of direct interview, informant interview, or last medical documentation
available for review, whichever was last. For all family members, this reflects the end of an
age window beyond which the subject could not have been observed to have onset of
epilepsy. In a few cases where information about a subject was collected after his or her
death, by interview of family members, we defined the last observation as the age of death.
Generations within each pedigree were counted relative to the youngest generation, to
account for pedigrees of various sizes across the cohort. Information about age was not
collected for family members without epilepsy.

The Epi4K study was approved by the research ethics committee at each participating
site and all subjects provided informed consent to participate. The current analysis used only

deidentified data from that study, therefore separate ethics approval was not required.
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Statistical Analysis

We conducted two sets of analyses, testing two distinct hypotheses: (1) that age at epilepsy
onset correlates within families after accounting for other predictors, suggesting age at onset
is a heritable trait; (2) that age at onset is younger in successive generations after controlling
for sampling biases, suggesting that genetic anticipation may be present.

To test hypothesis 1, we constructed linear mixed effects models that modeled the
known contributors as fixed effects and shared familial effects as random effects. To model
random familial effects, we took the standard approach and assumed such effects followed a
multivariate normal distribution with mean vector 0 and covariance matrix equivalent to
twice the kinship matrix multiplied by the estimated variance due to polygenes. Fixed effects
included sex, ascertainment site, history of febrile seizure, epilepsy type, and age at last
observation. The fixed effect “epilepsy type” was first defined broadly for each individual
(generalized, focal, combined, FS+, unknown). In separate models including only those
families with generalized or focal epilepsies, we also included the applicable epilepsy
subtypes or syndromes as fixed effects. Prior to analysis, we performed an inverse-normal
transformation on age at onset to satisfy the assumptions of linear mixed effects models
(repeating the analysis with untransformed age at onset values produced a qualitatively
similar pattern of results).

Intraclass correlation coefficients (ICC) calculated from these mixed effects models
were estimates of the proportion of variability in age at onset that is attributable to shared

familial effects after first adjusting for the fixed effect variables. We tested the significance of
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the shared familial effects using a likelihood-ratio statistic, which compared the full model
that included the random familial effect with the null model that excluded the random
familial effect. Collinearity among independent variables was evaluated by variance inflation
factor method and was not substantially present in the models.

As an alternative approach to testing hypothesis 1, we also performed a Cox
proportional hazard (survival) analysis that accounted for right truncation of the distribution
of onset ages, which must be less than age at last observation. We first reversed the time axis
to convert right truncation into left truncation.?*#> We then constructed Cox proportional
hazard models using the same fixed effects as the mixed-effects model above while
modelling the random (shared) family effects using a frailty term following a gamma
distribution. The significance of the shared-frailty term in these models tests the hypothesis
that age at onset aggregates within families, while adjusting for the covariates and truncation
bias.

To test hypothesis 2, we performed a series of analyses aimed at distinguishing the
relative contributions of sampling bias versus genetic anticipation in producing younger
onsets over successive generations within families. First, for the entire cohort, we constructed
a mixed-effects model using age at onset as the outcome variable, generation as the
independent variable (fixed effect), and family as a random effect. We then added age at last
observation as an additional fixed-effect independent variable, and assessed the relative
contributions of generation versus age at last observation as predictors of age at onset.

Next, following studies exploring anticipation versus sampling bias in other

15-17

disorders, we identified affected parent-child pairs for further analysis. We included only
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one nuclear family per pedigree; following the procedure of Tsai et al'® we selected the
largest nuclear family within each pedigree or, in case of ties, randomly selected one nuclear
family per pedigree. To test whether children have earlier onset than parents while
accounting for multiple affected parent-child pairs within families, we used a mixed-effect
models to regress delta age at onset (i.e., Onsetyarent — ONSetenilg) ON the model intercept,
treating family as random effect. We repeated these pairwise analyses in the subset of
“comparable” parent-child pairs,™° being those pairs in which both members’ age at last
observation was older than both members’ age at onset. Conceptually, this excludes pairs in
which the parent’s seizure onset occurs at an older age than the child was ascertained or last
observed, because in that circumstance the child’s onset can only be earlier than the parent’s.
This approach reduces bias due to right truncation, although it does so with some limitations
and does not reduce other kinds of bias (see Discussion).

Finally, we repeated the Cox proportional hazards model with frailty terms in all
families as described above, adding generation to the model as a covariate. The significance
of this generation term in the model tests the association between generation and age at onset
while adjusting for other fixed effects, familial aggregation, and truncation bias.

Analyses were performed using Stata and the R programming language. The R
packages Kinship2 and FamAgg were used for pedigree analysis. Mixed-effects modeling
was carried out in Stata and in R using the Imekin function within the coxme package.

Survival analyses were performed in R using the survival package.

RESULTS
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Clinical characteristics

The characteristics of this cohort have been described in detail.** In summary, the
cohort includes 1,120 individuals with epilepsy from 303 families. Families contained 3-8
affected individuals. Age at epilepsy onset was available for 1,064 subjects (Table 1), and
complete data were available for 1,008 subjects from 300 families. The distribution of age at
onset was skewed, with many childhood onset cases and relatively fewer adult onset cases,
consistent with the known epidemiology of familial epilepsies.? Focal epilepsy subtypes had

more variability in age at onset compared to generalized epilepsy subtypes, as expected.

Correlation of age at onset within families

Mixed effects models showed a significant correlation among family members’ ages
of onset after adjusting for sex, ascertainment site, history of febrile seizure, epilepsy type,
and age at last observation (Table 2). The results were similar when the analysis was carried
out within strata defined by broad family epilepsy type (generalized families and focal
families). When the stratified analysis was repeated with additional adjustment for the
epilepsy subtypes and syndromes of the individual subjects (listed in Methods and in Table
1), the magnitude of the ICC decreased, suggesting that some of the familial correlation in
age at onset is explained by familial clustering of these subtypes. Nonetheless, these models
still demonstrated a significant family contribution to age at onset after adjusting for familial
aggregation of epilepsy syndromes and subtypes.

We also performed shared-frailty survival analysis to account explicitly for right

truncation of our observed distribution of age at onset. Testing the variance of the family-
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based frailty term, we continued to observe significant evidence of familial correlation of age
of onset in all families (variance = 0.17, X3(102) = 183.6, p<0.001) and generalized families
(variance = 0.24, X*(38) = 71.5, p<0.001) after adjustment for syndromes. However, after
adjustment for syndrome, familial correlation in focal families did not reach significance

(variance = 0.10, X*(11) = 16.6, p=0.11).

Earlier onset in successive generations

We observed in these data that younger generations had earlier age at onset compared to
older generations (Figure 1A). To explore qualitatively the contribution of sampling bias to
this observed association, we plotted age at last observation versus age at epilepsy onset
(Figure 1B) which demonstrated evidence for two sources of bias. First, age at onset
logically cannot be greater than age at last observation (creating the diagonal “ceiling” effect
in the plot), so subjects with young ages at last observation must by definition have young
ages at onset. Second, among subjects with older ages at last observation, young ages at onset
are relatively under-represented. Because age at last observation is strongly related to
generation (colors in Figure 1B), these two sampling-related effects contribute to the
observed association between generation and age at onset.

We tested the association between generation and age at onset in a simple mixed-
effects model, using family as a random effect to account for relatedness. Generation was
significantly associated with age at onset (slope estimate 6.2, 95% CI 5.0, 7.4, p < 0.001).
When age at last observation was added to the model as a second predictor of age at onset,

generation was no longer significantly associated with age at onset (slope estimate -1.3, 95%
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Cl -3.1, 0.3, p = 0.14), whereas age at last observation was significantly associated with age
at onset (slope estimate 0.32, 95% CI 0.27, 0.36, p < 0.001). These slope estimates indicate
change in age at onset (in years) per one unit change in the predictor variable.

Next, we performed pairwise analysis of affected parent-child pairs, using analyses
that selected one nuclear family per pedigree and adjusted for multiple pairs within families
(Table 3). In all eligible pairs the mean difference in age at onset between parent and child
was 6.4 years (95% ClI 4.6, 8.2). When we repeated these analyses in only “comparable”
parent-child pairs, the mean difference in age at onset between parent and child was reduced
to 2.3 years (95% CI 1.0, 3.5) but this difference was still significantly greater than zero (p =
0.0003).

Finally, we repeated the survival analysis in all families, adding generation as a
covariate. The generation term was significantly associated with age at onset (X2(1) =5.1, p

= 0.02) despite adjusting for other covariates, familial aggregation, and truncation bias.

DISCUSSION

In this study, using data from a large cohort of families with common epilepsies, we
tested two hypotheses related to age at epilepsy onset within families. First, we tested
whether age at onset aggregates within families. The results indicated significant correlation
of age at onset within families after controlling for multiple potential predictors of age at
onset, including epilepsy types (e.g. generalized or focal) and more specific epilepsy subtypes
and syndromes (e.g. absence epilepsies, juvenile myoclonic epilepsy). The findings suggest

that age at onset has familial determinants, independent of epilepsy syndrome. Second, we
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tested whether age at onset decreases in successive generations. We found that much of this
effect disappeared after controlling for sampling bias, but some evidence for declining age
remained, suggesting a role for genetic anticipation in at least some families.

In testing the hypothesis that age at onset correlates within families, it was
particularly important to account for epilepsy syndromes. Some syndromes have
characteristic ages at onset (e.g. childhood absence epilepsy; juvenile myoclonic epilepsy),
and these syndromes tend to aggregate within families, so correlation of age at onset within
families could be partly explained by familial aggregation of these syndromes. We found that
family membership explains a significant portion of the variability of age at onset after
accounting for epilepsy syndromes. Conceptually, this implies that among families with a
given syndrome (e.g. JME), some will tend to have onset at a younger age (e.g. 12 years)
while others will tend to have onset at an older age (e.g. 18 years), and this age at onset is a
heritable feature of each family’s epilepsy, independent of the syndrome they share. This
finding was robust to multiple statistical approaches in the generalized epilepsies; in the focal
epilepsies the effect was smaller, and in one statistical approach did not reach statistical
significance. We note that decreasing age at onset in successive generations, while not
incompatible with familial aggregation, tends to make family members’ onset ages less
similar to one another. To the extent that this generational effect is an artifact of sampling
bias (see below), our estimates of intrafamilial aggregation may underestimate the true
heritability of age at onset.

Prior literature has hinted at the familial nature of age at epilepsy onset. For example,

a study of twins with febrile convulsions found a correlation in their ages at onset.”® A study
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of families with genetic generalized epilepsy (formerly idiopathic generalized epilepsy)
found that age at onset tends to cluster within families, but the analysis did not account for
other predictors of age at onset and the authors acknowledged that shared epilepsy syndromes
within families may have explained their observation.?* Age at onset is a heritable trait in
other familial neurocognitive disorders, including major depressive disorder,? essential
tremor,?” and frontotemporal dementia,?® but this effect has not previously been fully
explored in epilepsy.

Our findings suggest that age at seizure onset may be determined at least in part by
genetic factors, and that these genetic determinants may be distinct from the genetic factors
that lead to the development of epilepsy per se. The nature of these genetic determinants is
presently unknown. One possibility is that the genetic factors that determine the time course
and trajectory of neurodevelopment (including the maturation of neuronal networks, changes
in the expression of different ion channel subunits, etc.) interact with the genetic factors that
cause (or confer risk of) epilepsy. Under this model, age at seizure onset likely reflects the
interaction of these overlapping but distinct processes and their respective genetic
determinants. A less likely possibility is that age at seizure onset has its own set of genetic
determinants, independent of the genetic determinants of epilepsy. Future studies will be
needed to better understand the mechanisms of these complex processes.

These observations are relevant to syndrome diagnosis and definitions. Age at onset
is considered a crucial piece of data in diagnosing some syndromes, particularly in childhood
and adolescence, and in defining the nosological boundaries of those syndromes. For

example, there are arguments as to whether one can diagnose juvenile myoclonic epilepsy in
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a nine-year-old or a 22-year-old, when the syndrome is classically regarded as beginning
between 12 and 18 years.”>*° The distinction between childhood absence epilepsy (typical
onset 4-8 years) and juvenile absence epilepsy (typical onset 12-18 years) can be blurred
when patients present between these typical ages. Our finding that age at epilepsy onset is
determined in part by familial factors independent of epilepsy syndromes sheds light on this
debate, and argues for looser rather than tighter age-based definitions.

In our second analysis, we observed that successive generations within these families
tended to have earlier ages at onset. This raises the possibility of anticipation, a well-known
genetic phenomenon. Anticipation has previously been suggested in families with epilepsy.*

3233 are not common causes of

Repeat expansions, the best known mechanism of anticipation,
epilepsy, but were recently identified as the mechanism of benign adult familial myoclonic
epilepsy,** and may be a more common mechanism of epilepsy than previously thought.
Parental mosaicism, another potential cause of anticipation,® is common in severe pediatric
epilepsies®® and could also be present in milder forms of epilepsy. Additional mechanisms of
anticipation may be yet undiscovered.

However, the appearance of anticipation may also be a spurious finding due to

various forms of bias:*+°

(1) later onset ages will be underrepresented in the youngest
generation, who are ascertained at young ages; (2) early onset epilepsies will be
underrepresented among older generations, due to reduced reproductive fitness in severe
cases or the resolution of mild childhood epilepsies; (3) ascertainment of multiplex families

may be biased toward families with adult onset epilepsies in parents and childhood onset

epilepsies in offspring, rather than the reverse (see Figure 2); (4) parents with subtle seizure
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types (e.g. absence) may recognize these seizures earlier in their children than they were
recognized in the parents themselves.

We found evidence of bias within our data (see Figure 1 and accompanying text) and
used several statistical approaches to address it. Analysis of “comparable” parent-child

pairs'>*®

reduced (but did not eliminate) a significant difference in onset ages between
parents and children. Separately, a survival analysis adjusting for right truncation showed a
significant association between generation and age at onset. These approaches address right
truncation caused by ascertainment of children at younger ages than their parents, but they do
not address other forms of bias. On balance, our interpretation is that the generation effect
observed across this large cohort results largely from sampling-related bias, but the presence
of anticipation in some families with epilepsy remains possible. The search for a possible
mechanism, such as the recently shown repeat expansion in benign adult familial myoclonic
epilepsy,** may be worthwhile.

Our study has several limitations. Ascertainment of families occurred over time and
retrospectively. Subjects’ memories of the age at which their epilepsy began may have been
inaccurate. We attempted to collect medical records wherever possible, but these were not
always available. Similarly, assignment of epilepsy types and subtypes was based on all
available information about seizure types and EEG findings, but this information was
sometimes limited and some patients could not be confidently classified. Retrospective
ascertainment also creates the potential for biases that may lead to spurious findings.” We

have attempted to control for these biases in several ways: with mixed-effects models that

adjust for age at last observation; with survival models that adjust for right truncation; and
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with pairwise analyses limited to comparable pairs. However, bias is best addressed through
study design, and our findings should be confirmed by prospective studies that ascertain and
follow both affected and at risk individuals over time, rather than through retrospective
ascertainment of affected cases. Finally, while we cannot exclude the possibility that shared
environmental (rather than genetic) factors contributed to similar ages at onset within
families, this seems unlikely to be the major cause of our findings because there are no
known environmental determinants of age at epilepsy onset and because the familial effect
was present at every site of ascertainment.

In conclusion, our findings suggest that age at seizure onset is a familial trait,
independent of epilepsy syndrome, and may have genetic determinants that are distinct from
the genetic determinants of epilepsy per se. An apparent anticipation effect in these data is
due largely to sampling bias, although anticipation may exist in some families with epilepsy.
Future studies should confirm these findings and seek to clarify the underlying mechanisms

that determine the age at which epilepsy occurs.
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FIGURE LEGENDS

Figure 1. (A) Age at onset was significantly associated with generation, with earlier onset in
younger generations (Spearman rho =-0.31, p < 0.001). (B) Age at last observation reveals
evidence of several sources of bias that may explain the generation effect in panel (A).
Younger generations were ascertained at younger ages, and thus only early ages of onset
were captured. Older generations were ascertained at older ages and early ages of onset were
under-represented.

Figure 2. Two hypothetical pedigrees, with ages at epilepsy onset in years. Family A will be
easily recognized and ascertained as multiplex because the parent is affected as an adult and
the offspring are affected as children, making it likely they will all be affected concurrently
and while living as a nuclear family. Family B will be less easily recognized and ascertained
as multiplex, because the parent’s childhood onset epilepsy may have resolved by the time
the offspring present with seizures in adulthood. This is one form of bias that can lead to a
spurious appearance of anticipation.*”*°
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Table 1. Descriptive statistics, age at onset by epilepsy type.

Age at onset (yrs)
Epilepsy Type/Subtype n Mean (£SD) Median Range
Generalized 492 9.5 (£6.3) 9 0.1-40
- Early onset absence 63 2.1(+0.8) 2 06-3
- Childhood absence (CAE)* 106 6.0 (+1.8) 6 15-8
- CAE/JAE indistinguishable® 44 10.0 (+1.4) 10 3-13
- Juvenile absence (JAE) 36 13.8 (£2.0) 135 10-18
- Juvenile myoclonic 111 14.6 (£2.8) 14 9-24
- Generalized tonic-clonic alone 31 13.7 (£3.7) 14 7-23
- Severe generalized 24 2.9 (£2.1) 2 08-8
- Other generalized 77 11.2 (10.0) 8 0.1-40
Focal 313 13.8 (+11.7) 11 0.1-84
- Temporal 128 18.1 (+12.5) 15 05-84
- Frontal 27 9.6 (+8.5) 6 05-37
- Posterior quadrant 64 10.9 (£7.2) 10.5 0.3-30
- Self-limited focal epilepsy 43 6.3 (+2.8) 6 1.3-15
- Unlocalized 51 15.2 (15.4) 12 0.1-68
Combined generalized/focal 61 8.3 (6.6) 7 01-35
Febrile seizures plus 16 4.9 (£3.3) 5 01-7
Unknown epilepsy type 182 15.9 (£12.2) 14 0.1-80
Total 1,064 11.7 (£9.7) 10 0.1-84

%A few participants with otherwise typical onset ages of CAE and CAE/JAE overlap had
single unprovoked tonic-clonic seizures at younger ages and this initial seizure age was taken

as age at onset.
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Table 2. Results of mixed effects models, testing for correlation of age at onset within
families after adjusting for epilepsy type, sex, ascertainment site, history of febrile seizure,
and age at last observation.

Abbreviations: ICC, intraclass correlation coefficient.

Model N of individuals ICC p-value?
(families)
All families 1,008 (300) 0.17 <0.001
Generalized families 373 (115) 0.29 <0.001
- Additional adjustment for subtype/syndrome® 0.11 0.02
Focal families 206 (62) 0.19 0.002
- Additional adjustment for subtype/syndrome® 0.15 0.01

8Likelihood ratio test
PFor list of the epilepsy syndromes/subtypes within generalized and focal epilepsies, see
Table 1 and Methods.
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Table 3. Analysis of apparent anticipation effect in parent-child pairs. Pairs are “comparable”
when both members’ age at last observation is older than both members’ onset age. The
hypothesis that the difference in age at onset within each pair (Onsetparent — ONnsetehiia) IS
greater than zero was tested within a mixed-effects model to account for multiple
observations within families.

A onset age in yrs,

Pair type N of pairs mean (95% CI) t-value p-value
All pairs 287 6.4 (4.6, 8.2) 6.9 <0.0001
“Comparable” pairs 217 2.3(1.0,3.5) 3.7 0.0003
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Sheryl Haut St, Bronx, NY 1046.
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Institute for Genomic Medicine, Columbia University Medical
Center, New York, New York 10032 USA.

Epilepsy Research Centre, Department of Medicine, University
of Melbourne (Austin Health), Heidelberg, Victoria 3084,
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Israel.

Eric Kossoff

Department of Neurology, Johns Hopkins Hospital, Baltimore,
Maryland 21287 USA.
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