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parsimonious model to explain tIgE distribution indicat-
ed by the reduced pedigree structure was a two-distribu-
tion Mendelian model. However, larger and non-genetic 
models could not be rejected. Simulations over 200 rep-
licates performed to evaluate the reliability of this mod-
el, indicated that using restricted genealogical informa-
tion had minimal impact on results of segregation anal - 
yses performed here. 

 Copyright © 2005 S. Karger AG, Basel 

 Introduction 

 Across the globe, rates of asthma prevalence have been 
steadily increasing over the past several decades  [1, 2] . 
While it has been argued that many of these trends may 
be attributed to changes in research methods and diag-
nostic criteria, most researchers agree the observed in-
creases are real. The prevalence of asthma varies greatly 
among countries, with higher prevalence observed in 
Western and developed countries compared to develop-
ing countries  [3] . The vast majority of asthmatic indi-
viduals experience symptoms following exposure to an 
inhaled trigger, and in these individuals there appears to 
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 Abstract 
  Objectives:  This study was aimed at performing a seg-
regation analysis of total serum immunoglobulin E (tIgE) 
in an isolated population using maximal genealogical 
information permitted by current software and comput-
er capacities, while assessing the reliability of the best-
fi tting model of inheritance for tIgE through simulations. 
 Methods:  All current Tangier Island, VA, residents (n = 
664) belonged to one large extended pedigree (n = 3,501) 
spanning 13 generations, with an average inbreeding co-
effi cient of 0.009. Phenotype data were obtained on 453 
(68.2%) of the residents using a population-based re-
cruitment scheme. Due to computational limitations re-
sulting from the extremely complex pedigree structure, 
analysis on only two pedigree reconstructions was fea-
sible: a reduced pedigree retaining all phenotyped indi-
viduals and their parents as 57 distinct families, and 922 
nuclear families.  Results:  Familial correlations and heri-
tability calculations reveal a signifi cant genetic compo-
nent to tIgE in these data (heritability = 26%). The most 
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be a strong relationship between asthma, allergen expo-
sure, Immunoglobulin E (IgE) production, and atopy (al-
lergic response associated with elevated IgE)  [4, 5] . 

 Several researchers have demonstrated higher concor-
dance rates in total serum IgE (tIgE) among monozygotic 
twins compared to dizygotic twins  [6, 7] , with heritabil-
ity estimates ranging between 60%  [8]  and 92%  [9] . There 
have also been several segregation analyses of tIgE, and a 
variety of models have been proposed. These studies have 
provided evidence for recessive inheritance of ‘high’ IgE 
 [10–13] , polygenic  [14] , codominant  [15–17] , mixed 
models  [18, 19] , as well as dominant models for ‘high’ IgE 
 [20, 21] . Conversely, a study by Parks et al.  [22]  found no 
evidence for a genetic control of tIgE, but suggested that 
parasitism which was endemic in their population could 
potentially confound the underlying IgE distribution. 
Clearly, the mode of inheritance of tIgE remains uncer-
tain. One explanation may be genetic heterogeneity – 
both within any single study (i.e. between families) and 
across studies. The issues of ascertainment for highly cor-
related traits such as asthma may also contribute to in-
consistent results across studies. Samples ascertained 
through asthmatic or allergic family members are more 
likely to have a bimodal distribution for IgE with asth-
matic/allergic individuals having higher IgE levels, and 
these could easily push evidence in favor of a dominant 
or recessive model. Proper adjustment for appropriate 
covariates to remove background noise is another con-
cern. In samples of families enriched for atopic individu-
als, the season of bleed becomes relevant when studying 
tIgE levels. The goal of this study was to perform a segre-
gation analysis of tIgE using an isolated population with 
comprehensive genealogical information, including only 
members from a single large pedigree with relatively uni-
form allergen exposure. 

 Materials and Methods 

 Study Population 
 Tangier Island, Virginia, is a 3 by 1-mile wide marshy piece of 

land approximately 2 feet above sea level. It lies close to the mouth 
of the Chesapeake Bay, 12 miles from the nearest mainland port 
(Crisfi eld, Maryland). The current population is approximately 
650, and the isolated nature of the island has led to low levels of 
inbreeding as described elsewhere  [23] . Briefl y, the average in-
breeding coeffi cient (F) for the entire Tangier Island Population 
(dating back to 1722) is 0.009 (range: 0.000–0.156, n = 3,512). In 
the early cohorts close consanguinity contributed to inbreeding, 
while in the later cohorts there was a conscious avoidance of close 
matings and the observed inbreeding levels were a result of older 
lines of more distant relationships. The prevalence of asthma on 
Tangier Island is 5% (n = 33), and while up to 57% of the popula-

tion has self-reported rhinitis, only 19% have documented allergic 
rhinitis. 

 Subject Characterization 
 Volunteer subjects from Tangier Island were phenotyped to 

measure levels of tIgE. All subjects gave written informed consent 
as approved by The Johns Hopkins University Institutional Re-
view Board. Subject characterization included: (1) an interviewer-
administered standardized respiratory questionnaire from which 
data on age, gender and smoking exposure were obtained, and (2) 
peripheral fasting blood collection for IgE. All residents of Tangier 
Island were invited to participate in this study, regardless of their 
asthma or atopy status. 

 Total Serum IgE Levels 
 Measurements were conducted on serum samples using chemi-

luminometric immunoassay (Magic Lite Total IgE extended range; 
ALK, Copenhagen, Denmark/CIBA-Corning, Medfi eld, Mass., 
USA) in the Dermatology Allergy and Clinical Immunology labo-
ratories at Johns Hopkins University, Baltimore. All measurements 
were conducted in duplicate and the average of the two values was 
used. For samples with coeffi cient of variation (CV)  1 15%, mea-
surements were retested, and original values were discarded. 

 Preliminary Data Analysis 
 Several groups have argued that the presence of signifi cant skew-

ness in the distribution of a quantitative trait such as tIgE can lead 
to falsely inferring a major gene  [24] . This is because skewness can 
mimic the commingling of two (or more) underlying distributions. 
Consequently, the fi rst stage of analysis with these data was to test 
for normality in tIgE, and choose a suitable transformation. Un-
paired t tests were used to compare mean levels of tIgE between 
dichotomous covariates. For categorical variables with k levels, lin-
ear regressions with k – 1 dummy variables were used. Simple lin-
ear regression was used to evaluate the relationship between nor-
malized tIgE and age. Finally, multiple linear regression models 
were used to adjust for all covariates showing independent relation-
ships with normalized tIgE. The intercept was added back to re-
sidual values to maintain the original scale. 

 Familial Correlations 
 Familial correlations for parent-offspring (also father-child and 

mother-child), spousal, and sib-sib (also broken down by gender) 
and their signifi cance were calculated using Genetic Analysis Soft-
ware (GAS v.2.0). 

 Pedigree Feasibility 
 A simple model of inheritance was fi t using several pedigree 

reconstructions to determine run times for segregation analysis giv-
en a single set of starting values. In this testing phase, a simple 
polygenic model estimating one mean, standard deviation, and her-
itability was fi t for various pedigree reconstructions. Testing was 
conducted on a high-speed SUN station with two 480 MHz proces-
sors and 2 gigabytes of memory. At each stage, the computation 
time taken for a single iteration in the maximum likelihood proce-
dure was noted. Estimating on average 20 iterations to reach a 
maximum point on the likelihood surface, the estimated run time 
for a single set of initial values was calculated. Pedigree reconstruc-
tions attempted are described in  table 1 , and ranged from the full 
complex pedigree to 922 nuclear pedigrees with the duplication of 
297 phenotyped individuals. 
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 Segregation Analysis 
 Segregation analyses were carried out using Pedigree Analysis 

Package (PAP v.4.0)  [25] . Because of the population-based recruit-
ment scheme, no ascertainment correction was necessary. A gen-
eral unrestricted model with a single locus, three genotypic means, 
single variance, residual heritability, and estimated transmission 
probabilities was fi t. Several restricted models nested within this 
general model were considered including; (1) a non-genetic single-
distribution sporadic model; (2) a simple polygenic model; (3)  Men-
delian dominant, codominant and recessive mixed  models, and (4) 
 environmental  models with equal transmission of a non-genetic fac-
tor controlling tIgE. 

 The Likelihood Ratio Test (LRT) 
 The likelihood of a model to explain the distribution of a trait 

in a pedigree is proportional to the probability of the observed phe-
notypic data under this model  [26] . Once maximal log-likelihood 
values have been attained within PAP, nested models may be com-
pared using the LRT. Asymptotically, if the reduced model is true, 
then twice the difference in the ln-likelihoods of the two models 
will follow a chi-square distribution with n degrees of freedom (d.f.); 
where n is the difference in the number of parameters estimated in 
the two models. However, when parameters are constrained at their 
boundaries in the reduced model, the LRT is more approximately 
compared to a mixture of  �  2  distributions, and in these situations 
mixtures of chi-squares as suggested by Self and Liang  [27]  can be 
considered. Briefl y, as an example consider the simple case of a 
quantitative trait in the context of a mixed single locus model where 
the general model has nine estimated parameters: the allele fre-
quency (q A ), three genotypic means ( �  AA ,  �  AB , and  �  BB  ), common 
variance ( �  2 ), residual heritability (h 2 ), and three arbitrary trans-
mission parameters ( �  AA ,  �  AB , and  �  BB ). The mixed codominant 
Mendelian model is nested within this general model, and has six 
estimated parameters: q A ,  �  AA ,  �  AB ,  �  BB ,  �  2 , and h 2 , with the trans-
mission probabilities ( �  AA ,  �  AB , and  �  BB ) constrained to their Men-
delian expectations of 1, 0.5 and 0, respectively. In routine practice, 
the LRT for this comparison is evaluated as a  �  2  with 3 d.f. (9 pa-
rameters in general model – 6 parameters in nested model). How-
ever, the null hypothesis here (the mixed codominant model) has 
three constrained parameters of which two are constrained at their 
boundaries (since, 0  !   �   ! 1). Hence, the distribution of the LRT is 
better represented as a 1/4:   1/2:   1/4 mixture of  �  2 s with 1, 2, and 3 

d.f., respectively, which would result in a lower critical value (6.25 
vs. 7.81 for a  �  2  with 3 d.f.) corresponding to rejecting the null hy-
pothesis at the 5% signifi cance level. Alternatively or where appro-
priate mixtures are not known, the LRT test could be evaluated at 
the upper and lower ranges of the number of estimated parameters 
with the smaller d.f. representing a more liberal test and the larger 
d.f. representing a more conservative test  [28] . In the interest of 
comprehensiveness, mixtures of chi-squares and ranges of p values 
are both utilized for model comparison. Finally, the Akaike Infor-
mation Criteria (AIC)  [29]  was used to determine the most parsi-
monious model (i.e. the model with the smallest value of AIC). 

 Data Simulation 
 Based on the results from measured tIgE data, 200 replicates of 

a quantitative trait were simulated in PAP. In the simulation step 
of this analysis, all the inbreeding was taken into account by utiliz-
ing the full 13-generational pedigree structure to simulate the quan-
titative trait. In the segregation analysis phase, however, only phe-
notype data on the original 445 members phenotyped were re-
tained, and analysis was performed using the same restricted 
pedigree structures utilized in the segregation analyses on observed 
tIgE. This was done to evaluate the reliability of the segregation 
analysis on subsets of the full genealogy, i.e. to evaluate the failure 
to utilize the true pedigree structure. The general model, the mod-
el selected based on the observed data (and smaller models as nec-
essary) were fi t to each of the 200 replicates. Between 3 (for the 
smaller models with fewer parameters)  and 5 (for the larger models 
with more parameters) starting point estimates were used for each 
replicated data set. While one set of initial estimates was selected 
to be close to the generating values, the others were set to have ini-
tial estimates far from the generating values. 

 Results 

 Preliminary Data Analysis 
 Between the years 1995 and 2001 (when subject re-

cruitment occurred), there were 664 individuals on Tang-
ier Island. Total serum IgE was measured on 453 (68.2%) 
individuals. A total of 139 (21%) subjects refused to par-

  Table 1.  Feasibility estimates of a segregation analysis with varying levels of pedigree structure in the Tangier 
Island population 

Pedigree structure CPU time
for 1 iteration

Time per
maximization

Number of
pedigrees

Number of
inbred subjects

Full 13-generational pedigree >14 days �9 months 1 1,917
Upper 5 generations removed >7 days �4.5 months 10 19
445 phenotyped individuals

+ 1 generation above �3 min <1 h 57 0
445 phenotyped individuals

+ 2 generations above >7 days �4.5 months 19 9
Nuclear families with duplication <20 s <4 min 922 0
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ticipate in this study, contact was never established for 
only 27 subjects, and 7 were potential recruits (i.e. they 
expressed willingness but a convenient recruitment time 
was never found). The remaining subjects were ineligible 
(too young or too old to knowingly consent). A total of 
445 subjects were used in the fi nal analysis (eight subjects 
were dropped as they were not residents). To evaluate the 
validity of a single time-point measure of tIgE, for 102 
subjects blood draws were performed at two different 
times on average 3 years apart. Following adjustment for 
age at bleed, the correlation across these repeat samples 
was excellent (0.99) and the coeffi cient of variation was 
very low (average CV = 0.7%, range = 0.1–1.4%). This 
indicates that beyond the linear effects of age, there is 
little variation in tIgE levels in these subjects, and for 
these samples, results from the later of the two blood draw 
was used for analysis. 

 There were more female than male participants: 260 
(58%) vs. 185 (42%), respectively. The average age at re-
cruitment was 45.6 years (ranging from 6 to 97 years), 
and did not differ between males and females (44.7 vs. 
46.2 years, respectively). Mean tIgE was 164.57 ng/ml 
with a standard deviation of 357.21 ng/ml. These tIge 
levels were highly skewed to the right (skewness coeffi -
cient of +5.10 and kurtosis of +33.96). A logarithm (base 
10) of tIgE (log[tIgE]) achieved a Gaussian distribution, 
and no observations are more than 3 standard deviations 
away from the sample mean. 

 The geometric mean of tIgE was 56.23 ng/ml, and was 
higher in males compared to females (81.3 vs. 42.7 ng/ml, 
p  !  0.001). Five percent of the total phenotypic variation 
in log[tIgE] could be explained by gender, and 3% was 
explained by age (p  !  0.001). No statistically signifi cant 
variation in tIgE levels was observed by month or season 
of bleed. As expected, mean log[tIgE] was higher in ever 
smokers compared to never smokers (geometric mean 
67.81 vs. 43.65 ng/ml, respectively, p = 0.011). However, 
the observed relationship between smoking and tIgE in 
this population could be fully explained by confounding 
with gender (most smokers were male), and removing 
gender effects essentially removed all effects of smoking. 
Based on these results, only effects of age and gender were 
removed from log[tIgE] using multiple regression models 
prior to the segregation analysis to avoid estimating two 
additional parameters within the modeling process. Ad-
justed values were centered to males at age 20. 

 Pedigree Feasibility 
  Table 1  summarizes the evaluation of feasibility of a 

segregation analysis. It is apparent that pedigree struc-

tures 1, 2 and 4 were not conducive to a conventional ap-
proach, with each maximization taking at least 4 months. 
The only feasible options that remained were pedigree 
structures 3 and 5: the inclusion of all 445 subjects with 
their parents, and nuclear families with duplication of 
individuals. Based on these results, these two pedigree 
structures were selected for the fi nal analysis: (1) a  reduced  
pedigree structure, including 57 extended families with 
no duplication of individuals, and (2) the  nuclear  families 
with the duplication of individuals as needed. Both these 
pedigree sub-structures ignore all inbreeding. 

 For the reduced pedigrees, the full 13-generational 
pedigree was broken down into 57 pedigrees without du-
plication of any individuals. Since the 445 phenotyped 
individuals belong to multiple generations (generation 5 
to 13) in the original 13-generational pedigree, the reten-
tion of these and their parents resulted in 57 pedigrees, 
the largest of which was 7 generations deep with 443 in-
dividuals and 161 sibships, while the smallest pedigree 
had 3 individuals. The average pedigree size was 13.1 in-
dividuals and average depth was 2.5 generations. All 57 
pedigrees had at least one phenotyped individual. In the 
nuclear pedigree structure, the full 13-generational pedi-
gree was broken down into 922 nuclear pedigrees with the 
duplication of 1,476 individuals. The largest nuclear fam-
ily had 16 individuals (14 offspring) and smallest had 3 
(1 offspring). The average pedigree size was 5.4 individu-
als. Of these nuclear families only 330 had at least one 
member with measured IgE. With the duplication of in-
dividuals, the total number of individuals with measured 
IgE was 742 (297 individuals were duplicated). We pres-
ent here in detail the segregation analysis results based on 
the reduced pedigree, and only in summary those based 
on the nuclear pedigrees for three reasons: (1) this reduced 
pedigree structure is free from the high duplication of 
phenotyped subjects that otherwise occurred in nuclear 
families; (2) the reduced pedigree structure retains maxi-
mal genealogical information permissible by current 
computer capacities, and (3) because the results based on 
the nuclear pedigrees were very similar. 

 Familial Correlations 
 Spousal correlation in log[tIgE] was very close to zero 

(r 2  = –0.017, n = 106). Parent-offspring correlation was 
considerably higher at 0.150 (p = 0.004, n = 377);  however, 
the correlation between mother and child was higher than 
that between father and child (0.183, p = 0.01, n = 239 
vs. 0.088, p = 0.31, n = 138). Correlation was similar to 
parent-offspring for half-sibs (0.143, p  1  0.5, n = 5). Male-
male and female-female sib pairs had correlations (0.160, 
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  Table 2A.  Segregation analysis of age- and gender-adjusted log[IgE] using reduced pedigree structure 

Model Parameter (SE)

qA �AA �AB �BB � h2 �AA �AB �BB # par –2ln(L) AIC �2 mixtures
p value1

range p value2

A. Sporadic [100%] (2.029
(0.029)

= �AA = �AA (0.609
(0.020)

[0] [1.0] [0.5] [0.0] 2 820.794 824.794 12.881
0.047

(0.025, 0.075)

B. Polygenic [100%] (2.024
(0.036)

= �AA = �AA (0.612
(0.022)

(0.261
(0.127)

[1.0] [0.5] [0.0] 3 815.071 821.071 7.158
0.258

(0.209, 0.306)

C. Mixed dominant (0.253
(0.068)

(2.418
(0.088)

= �AA (1.695
(0.084)

(0.494
(0.031)

(0.000* [1.0] [0.5] [0.0] 5 810.585 820.585 2.672
0.442

(0.263, 0.614)

D. Mixed
codominant

(0.769
(0.068)

(1.750
(0.084

(2.433
(0.141)

(2.466
(0.622)

(0.499
(0.033)

(0.000* [1.0] [0.5] [0.0] 6 810.562 822.562 2.649
0.271

(0.116, 0.481)

E. Dominant
fl oating �AB

(0.270
(0.081)

(2.431
(0.084)

= �AA (1.719 
(0.080)

(0.495
(0.031)

(0.000* [1.0] (0.428
(0.080)

[0.0] 6 809.892 821.892 1.979
0.370

(0.159, 0.577)

F. Three distribution,
non-genetic

(0.639
(0.437)

(2.097
(0.363)

(1.781
(0.306)

(2.654
(0.607)

(0.544
(0.082)

(0.345
(0.197)

qA qA qA 6 813.853 825.853 5.94
0.115
–

G. General (0.317 (2.165 (2.474 (1.684 (0.475 (0.000 0.289 (0.534 (0.008 9 807.913 825.913

# par = Number of estimated parameters; * parameter arbitrarily fi xed to allow standard error calculation.
1 p value calculated using mixtures of �2.
2 p values for smallest and largest degrees of freedom.

  

  Table 2B.  Segregation analysis of age- and gender-adjusted log[IgE] using reduced pedigree structure for two-distribution models 

Model Parameter (SE)

qA �AA �AB �BB � h2 �AA �AB �BB # par –2ln(L) AIC �2 mixtures
p value1

range p value2

C. Mixed dominant (0.253
(0.068)

(2.418
(0.088)

= �AA (1.695
(0.084)

(0.494
(0.031)

(0.000* [1.0] [0.5] [0.0] 5 810.585 820.585 (1.717
(0.418
(0.190,0.633)

F2. Two-distribution,
non-genetic

(0.104
(0.168)

(2.545
(0.316)

= �AA (1.896
(0.178)

(0.557
(0.061)

(0.325
(0.171)

qA qA qA 5 813.897 823.897 (5.029
(0.170
(–

G2. Two-distribution, 
general

(0.306 (1.703 = �AA (2.445 (0.482 (0.000 0.313 0.628 0.070 8 808.868 824.868

# par = number of estimated parameters; * parameter arbitrarily fi xed to allow standard error calculation.
1 p value calculated using mixtures of �2.
2 p values for smallest and largest degrees of freedom.
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n = 47 and 0.120, n = 80, respectively) similar to the par-
ent-offspring correlation. Male-female sib pairs showed 
virtually no correlation (–0.03, n = 121), but this was 
largely due to fi ve highly discordant pairs. 

 Analysis Using The Reduced Pedigree 
 Tables 2 A and B summarize results of the segregation 

analysis of age and gender adjusted log[tIgE] using the 
reduced pedigrees. In models where the polygenic herita-
bility settled on the lower boundary (i.e. h ̂  2  

    = 0), the max-
imum likelihood was obtained allowing heritability to 
vary, but standard errors for other estimated parameters 
were obtained by fi xing residual heritability to a small 
value (0.001).

 Comparing models A through F to the general model 
G ( table 2 A) showed that only the sporadic model could 
be rejected. The substantial familial correlation in 
log[tIgE] is refl ected in a total additive polygenic herita-
bility of 26  8  13% (model B). The mixed dominant mod-
el C was not signifi cantly different from the general mod-
el (p = 0.442). A mixed recessive model fi t (data not 
shown) was the mirror image of the mixed dominant 
model. Major gene models absorbed most of the familial 
correlations, with residual additive heritability tending to 
zero. The extension to a mixed model (D) with three dis-
tributions showed no signifi cant improvement over two-
distribution models. The LRT comparing models C and 
D yielded a p-value of 0.879, and the estimated means 
for two genotypes AB and BB were almost identical in 
model D. While the three distribution major-environ-
mental factor with polygenic effects model F also gave a 
reasonable fi t to these data, the AIC favored the two-dis-
tribution mixed Mendelian model C as most parsimoni-
ous. Additionally, the putative environmental factor in 
model F could not explain the familial correlations seen 
in the data. Finally, a dominant model was fi t (model E) 
holding  �  AA  and  �  BB  to their Mendelian expectations of 
1.0 and 0.5, respectively, while allowing  �  AB  to vary. Here, 
 �  AB  was estimated to be very close to its Mendelian ex-
pectation at 0.428  8  0.080. 

 Two additional models were fi t corresponding to mod-
els F and G with only two distributions ( table 2 B). This 
was done to confi rm that a two-distribution major envi-
ronmental factor with polygenic effects model was not 
better than a two-distribution Mendelian model. Com-
parison of these models also favored the two-distribution 
Mendelian mixed model as the most parsimonious mod-
el for the distribution of tIgE in these 57 families. 

 Briefl y, analysis of the 922 nuclear families was similar 
to that of the 57 reduced pedigrees (data not shown). The 

observed familial correlations in adjusted log[tIgE] were 
refl ected in the polygenic models (29  8  10% in the nu-
clear families). The distinction between the single-distri-
bution polygenic, and two-distribution mixed model was 
somewhat clearer with the nuclear pedigrees (AICs were 
3 units apart). For both pedigree structures, the most par-
simonious model (as indicated by the AIC) was the mixed 
Mendelian model with two distributions, where the ma-
jor gene accounted for almost all the genetic variance (re-
sidual heritability tended to 0 for the nuclear families 
also). Here too, larger and non-Mendelian models also 
could not be rejected. 

 Reliability of the Model Predicted 
 The reduced pedigree structure indicated that the most 

parsimonious model for log[tIgE] in these data was a two-
distribution Mendelian model in which the major gene 
accounted for most of the genetic variance. Simulations 
under this two-distribution major-gene-only model were 
performed to evaluate the reliability of estimated param-
eters. 

 Parameter estimates from the segregation analysis 
on the real data were used in these simulations; specifi cal-
      ly – allele frequency of A was set at 0.253, mean for gen-
otypes AA and AB were set at 2.418, mean for genotype 
BB at 1.695, common standard deviation of 0.494 and 
there was no residual heritability. Two hundred replicates 
were generated, and for each replicate, four models were 
evaluated: (1) the polygenic model B; (2) the two-distribu-
tion mixed model C; (3) the general model G, and (4) a 
general model with  �  AA  and  �  BB  fi xed at 1 and 0, respec-
tively. Comparing this second general model (with two 
fi xed transmission probabilities) is fairly routine practice, 
because the general model tends to maximize with trans-
mission probabilities similar to Mendelian expectations 
(i.e.  �  AA  = 1 and  �  BB  = 0). 

 Model comparison was performed only on those rep-
licates that were free from major maximization issues (i.e. 
likelihood of largest model G  1  likelihood of model C  1  
likelihood of smallest model B). Following standard pro-
tocol, a two-step procedure was used to compare models: 
(1) models B and C were compared to model G using the 
LRT, and (2) in those replicates where both models B and 
C were not rejected, the AIC was used to determine par-
simony. This testing sequence is illustrated in  fi gure 1 . 

 After excluding replicates with maximization prob-
lems, there were 170 successful replicates ( table 3 ). Using 
the LRT statistic alone, the absolute ability to detect a 
dominant major gene model (i.e. to fi nd it was not differ-
ent from the general model) was high (89%). However, in 
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the majority of replicates it was not possible to reject the 
simpler polygenic model based on the LRT statistic alone. 
The two competing models were further compared using 
AICs to determine parsimony for these replicates, Of the 
114 replicates in which both the two-distribution and sin-
gle distribution models gave a good fi t to the data, 55 
replicates had lower AICs for the two-distribution model 
in the reduced pedigrees, resulting in an overall power of 
54% (i.e. 92 out of 170 replicates successfully identifi ed 
the major gene). 

 Parameter estimates appeared signifi cantly different 
from the generating values as indicated by the t-tests 
(p  !  0.001) comparing the average MLE to the generating 
value ( table 3 ). Allele frequency appeared to be overesti-
mated, the ‘dominant’ mean underestimated, and the 
mean of the recessive homozygote overestimated. This, 
however, is due to the estimated mean of heterozygotes 
(i.e., dominant vs. recessive for ‘high’ trait values). These 
data were simulated under a model where heterozygotes 
had the higher mean (i.e. a dominant model), however in 
46 of the 151 replicates where the two-distribution mod-
el was found to have good fi t, heterozygotes were esti-

mated to have the lower mean (i.e. the complementary 
recessive model was selected). Predicted proportions of 
individuals in the higher and lower distributions re-
mained constant, since the estimated allele frequency 
changed accordingly. This is consistent with the direction 
of bias in the average MLEs described above. In fact, re-
stricting this evaluation to the 105 replicates in which the 
heterozygote had the higher mean, the MLEs were found 
to be not different from their generating values. We 
should highlight also that this reversal of the heterozygote 
mean in the simulations, may be a result of the limited 
number of starting points used here. While 3–5 sets of 
initial estimates are generally inadequate to search a like-
lihood surface, for the simulations attempted here only 
this limited number was feasible. Finally, the estimated 
total additive heritability in the polygenic models was 
0.29 ( 8 0.10). 

 Discussion 

 Both asthma and tIgE levels are complex multifacto-
rial phenotypes. It is the general consensus that neither 
trait is controlled by a simple genetic mechanism, but 
rather a complex interplay of multiple genes, exposure to 
environmental components (most relevant being aller-
gens), the interactions between these two, along with the 
time of exposure leading fi rst to sensitization in early life 
and later acting as triggers. One advantage of studying a 

  Table 3.  Summary from 200 replicates for a dominant two-distri-
bution Mendelian model with no residual heritability 

Summary statistic Reduced
pedigree

Number replicates in fi nal stage 170
Detecting two-distribution model 151
LRT fails to reject polygenic model 114
AIC favors two-distribution Mendelian model 55
Selecting true generating model 92

Average parameter estimates (8SD)
qA 0.31 (80.16)
�AA, �AB 2.19 (80.33)
�AA 1.93 (80.48)
h2 0.05 (80.10)

Heritability from polygenic model (8SD) 0.29 (80.10)
Models identifi ed as recessive 30.46%

  
  

  Fig. 1.  Testing sequence to evaluate reliability and power of the 
two-distribution Mendelian model. Model G = General uncon-
strained model; C = generating two-distribution Mendelian model; 
B = polygenic model. 
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population that is geographically isolated and restricted 
to a small area, such as Tangier Island, is that the ‘macro’ 
environment may be relatively uniform for allergen ex-
posure, lifestyle and diet. Furthermore, this population is 
suffi ciently inbred to suggest that the gene pool of the cur-
rent residents is somewhat more homogeneous. Finally, 
perhaps the strongest advantage with regard to these data 
is the population-based recruitment scheme, where all 
residents were invited to participate in the study without 
regard to disease status. Of the 664 Tangier Island resi-
dents between the years 1995 and 2002, only 27 could not 
be contacted. Total serum IgE was measured on a total of 
453 individuals (68.2% of the total population). This as-
certainment scheme removes the biases that arise due to 
selection of families enriched for the trait or a highly cor-
related trait (asthma or allergic rhinitic in the case of IgE), 
a particular problem for segregation analysis. We specu-
late that the aforementioned strengths would result in 
greater homogeneity, and hence, an ample dataset (445 
phenotyped individuals in 57 apparently independent 
pedigrees) for our segregation analysis. 

 Evidence to support genetic control of total serum IgE 
in this Tangier Island population is compelling based 
both on the observed familial correlations and estimated 
heritability in these analyses. In these data the correlation 
between mother-offspring pairs was higher than father-
offspring suggesting a parent-of-origin effect. There is a 
limited amount of literature supporting a maternal pat-
tern of inheritance for atopy and high IgE levels  [30, 31] . 
However, the greater environmental similarity between 
mother-child compared to father-child should not be ig-
nored, as this could also lead to higher correlations for 
mother-offspring pairs. This is certainly plausible in the 
situation of Tangier Island where ethnographic observa-
tions indicate a relatively more sedentary lifestyle ob-
served for women, young adults and children in contrast 
to the more active lifestyle of the watermen. 

 Given the quantity of genealogical information avail-
able on the Tangier Island population, it would have been 
optimal to perform a conventional segregation analysis 
using the full 13-generational pedigree. The limiting step 
for segregation analysis is not in the availability of algo-
rithms to handle pedigrees of large sizes. Pedigree Analy-
sis Package (PAP)  [25]  which approximates the likeli-
hoods for segregation analysis and Monte Carlo Markov 
chain (MCMC) methods implemented in MORGAN 
 [32]  or LOKI  [33]  can handle pedigree of large sizes. Our 
feasibility study demonstrates that running analyses on 
the full pedigree structure in PAP is clearly not practical 
given its complexity, and MCMC methods while requir-

ing fewer sets of initials are not expected to be feasible on 
pedigrees with much more than 10 loops (personal com-
munication, Dr. Ellen J. Wijsman). Thus, the limiting step 
for this large pedigree is its complexity, resulting in a run 
time for a single set of initial estimates which would be 
in excess of six months for the simple polygenic model. 
Since multiple sets of initials are then required for many 
models in a segregation analysis, analysis of the full ped-
igree was not feasible. 

 In the context of linkage analysis, ignoring inbreeding 
typically has some consequences, the direction of which 
is determined by the particular analytical approach being 
implemented  [34–38] . Furthermore, it has been shown 
that the choice of pedigree trimming also has an effect on 
linkage analysis  [37, 39, 40] . Various ways to split large 
pedigrees into smaller analyzable sub-pedigrees have 
been attempted, encompassing systematic rules based 
solely on pedigree structure  [37, 40] , ad hoc rules to enrich 
for selected phenotypes  [39] , and methods that maximize 
information for linkage  [41] . In the absence of any algo-
rithm to split this pedigree to maximize information for 
segregation analysis, we implemented systematic rules 
based on pedigree structure: removing upper layers of the 
pedigree starting with the earliest generation, or adding 
layers to the pedigree starting with the phenotyped indi-
viduals. In removing the top fi ve generations of the pedi-
gree, 1,655 individuals of whom only 17 were phenotyped 
were removed. Removal of the sixth generation, while 
removing an additional 890 individuals, would have also 
lost 153 phenotyped subjects, and hence we removed only 
the upper fi ve generations. In adding generations from 
the bottom, since the phenotyped individuals belonged 
to multiple generations in the original pedigree, adding 
one and two generations above these phenotyped sub-
jects, resulted in 57 and 19  apparently  independent ped-
igrees, respectively. Analysis was then performed using 
maximal genealogical information permissible under cur-
rent computer limitations. 

 As in the case of linkage analysis where ignoring in-
breeding generally has some impact, the selection of mod-
els in segregation analyses may be affected to an unknown 
extent by ignoring deeper levels of genealogical complex-
ity. Two parameters in a segregation analysis likely to be 
most biased when inbreeding is ignored are allele fre-
quencies and heritability estimates since these are highly 
dependent on pedigree structure. In an inbred popula-
tion, ignoring inbreeding could lead to an overestimation 
of heritability, and an overestimation of the heterozygote 
frequency  [42] , but given the low levels of inbreeding in 
this population, the level of bias is arguably minimal. 
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Based on the polygenic models from the segregation anal-
ysis, the narrow sense heritability for total serum IgE in 
this population was 26–29%. To evaluate potential bias, 
simulations for a single distribution polygenic model 
were carried out for the Tangier Island pedigree structure 
(data not shown) similar to the methods described above 
for the major gene model. Briefl y, utilizing the complete 
genealogy, 200 replicates of a quantitative trait under two 
different polygenic models (heritability = 26 and 40%) 
were simulated. Heritability was then computed retain-
ing information for only the original phenotyped subjects 
and using only the 57 reduced pedigrees. Ignoring in-
breeding had little to no impact on estimates for herita-
bility for the two models (0.249  b  0.086 and 0.389  b 
 0.103, respectively), and these parameter estimates ap-
peared to be unbiased (p value comparing MLE to the 
generating value = 0.082 and 0.172, respectively). With 
respect to allele frequencies, Hardy-Weinberg equilibri-
um was always assumed in the analyses presented here, 
which calls for the allele frequencies to stay constant 
across generations. However, where inbreeding is pres-
ent, there is a correlation among uniting gametes that 
refl ects average levels of inbreeding which does not change 
the allele frequency itself across generations, but reduces 
the expected number of heterozygotes  [43] . When F is 
low, this fractional decrease would be minimal and should 
have little impact on the segregation analysis performed 
here, as seen in the simulations under the major gene two-
distribution model. 

 In the segregation analyses performed here, the hy-
potheses tested consisted of a single general model in 
which all parameters were estimated, and various restrict-
ed models including mixed Mendelian models with two- 
and three-distributions. While none of the genetic and 
non-genetic models could be defi nitely rejected, a two-
distribution model was found most parsimonious. The 
addition of a third genotypic mean in the three-distribu-
tion model showed no improvement in fi t. Moreover, 
AIC favored the two-distribution Mendelian model as 
most parsimonious. This model was also favored over the 
two-distribution equal-transmission model, indicating 
that the transmission of the phenotype from parent to 
offspring was under genetic control and not purely envi-
ronmental, even though the environmental model could 
not be rejected. The major gene implicated here absorbed 
all the familial aggregation in log[tIgE], and major-gene 
only models also supported these results (data not 
shown). 

 Results of simulations where the quantitative trait was 
simulated using full genealogy with subsequent analysis 

restricted to subsets used in the real data, were very sim-
ilar to those obtained with the real data. This reveals a 
minimal impact of underestimating inbreeding. For the 
simulated two-distribution model, using only the LRT 
statistic, a polygenic model was found to be no different 
from the general model for the majority of replicates, as 
we observed with the real data. Estimates of polygenic 
heritability averaged 29%, similar to estimated polygenic 
heritability in the real data and appeared to be unbiased. 
For a majority of these replicates, both polygenic and two-
distribution models could not be rejected using the LRT 
and incorporating the AICs into the testing strategy to 
identify the best fi tting and most parsimonious model in 
these replicates, clearly favored the generating two-distri-
bution major-gene-only model, and in general residual 
heritability tended to zero. These observations are con-
sistent with the expectation of a minimal impact of un-
derestimating inbreeding on the estimates of heritability 
and allele frequencies in the segregation analyses as dis-
cussed above. 

 Thus the most parsimonious model from the segrega-
tion analysis suggests total serum IgE in the Tangier Is-
land population appears to have essentially two underly-
ing genotypic distributions, with a slight majority of 
founders in the ‘lower’ distribution. The mean of the high-
er distribution was 2.42 log(ng/ml) or 261.82 ng/ml for 
age- and gender-adjusted IgE, and roughly 44% of found-
ers were predicted to fall in this distribution. The esti-
mated mean of the lower distribution was 1.70 log(ng/ml) 
or 49.55 ng/ml for age- and gender-adjusted IgE, and a 
predicted 56% of the founders fall in this distribution. 

 Results of the segregation analysis of tIgE in this Tang-
ier Island population are similar to published studies. Ten 
of the past twelve studies on inheritance of total serum 
IgE favored some major gene model. Of these, six found 
that a two-distribution model was best  [10–13, 20, 21] , 
two found the best fi tting model was a three-distribution 
model  [15, 17] , and two determined a mixed model  [18, 
19]  (both with two distributions from the major gene 
component) to be best. While the two-distribution models 
are most consistently supported, their predicted distribu-
tions varied considerably. In many of the studies, the vast 
majority of individuals fall into one distribution  [12, 13, 
18, 19] . In contrast, results from the Tangier Island pop-
ulation predict that individuals are almost equally divid-
ed between the two distributions. The French study  [21]  
showed similar, almost equal division, between the high 
and low predicted distributions. What is unique about the 
most parsimonious model from the Tangier Island data 
is that it implicates only a major gene effect. In fi tting 
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mixed models, the putative major gene accounted for vir-
tually all the genetic variation. This is different from past 
studies where residual familial correlations were clearly 
present. For those studies that relied on the regressive 
classes of models, statistically signifi cant residual correla-
tions between relative pairs were observed  [12, 13, 17, 
21] , and those that relied on mixed models found resid-
ual polygenic heritability to be present  [18, 19] . It should 
be noted that while the two-distribution Mendelian mod-
el was most parsimonious, non-genetic two distribution 
models could not be rejected. Hence, while our data do 
not conclusively establish that a major gene alone is re-
sponsible for tIgE control in the Tangier Island popula-
tion, it suggests that tIgE is under some genetic control 
perhaps as part of a complex physiologic network of in-
teracting causal agents. 

 In conclusion, it appears that in Tangier Island, a two-
distribution major gene model is the most parsimonious 

explanation for the distribution of total serum IgE, and a 
major gene may account for most of the genetic variation 
in this quantitative trait. The complexity of the pedigree 
made it unfeasible to analyze the complete genealogy, but 
use of restricted sub-pedigrees in a segregation analysis 
appeared to have little impact on the best fi tting model. 
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