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FOXO1A and FOXO3A, also known as FKHR and 
FKHRL1, are two members of FOXO (Forkhead box, 

class O) subfamily of forkhead transcription factors and 
evolutionarily conserved across the species in their protein 
sequences (1). Recent studies have found that FOXO3A is 
associated with human longevity in Japanese-Americans 
from Hawaii (2), Italians (3), Ashkenazi Jews (4), Califor-
nians (4), New Englanders (4), Germans (5), and Han Chi-
nese (6). The German study also showed that the FOXO3A 
variants were more frequent in centenarians than in 90-
year-olds, indicating that these variants may extend life 
span even at very advanced ages. The genetic study by Li �
and colleagues (6) on which our current biodemographic 
analysis is based tested the genetic contribution of FOXO1A 
and FOXO3A genes to the longevity phenotype in the Han 
Chinese population. Six tagging single-nucleotide polymor-
phisms (SNPs) from FOXO1A and FOXO3A were selected 
and genotyped. All three SNPs of FOXO3A were positively 
associated with longevity in both genders (odds ratio [OR] = 
1.61–1.73, p = .0002~–0.005; dominant model). Two SNPs 

of FOXO1A (rs2755209 and rs2755213) were found to be 
negatively associated with longevity in women (OR = 0.70 
and 0.71, p = .007 and .015; dominant model), whereas in 
the dominant model for men, FOXO1A-rs2755213 is mar-
ginally and negatively associated with longevity (OR = 
0.65, p = .025) and the association of FOXO1A- rs2755209 
is not significant (OR = 0.73, p = .093). One SNP 
(rs17630266) from FOXO1A was found not to be associated 
with longevity. The negative association of FOXO1A with 
female longevity was replicated in 350 centenarians and 350 
younger individuals who were sampled in a geographically 
distinct region. FOXO1A and FOXO3A gene variants have 
also been linked to longevity in the Framingham cohort in the 
United States (7) and in the Leiden 85-plus study (8).

In her most recent Nature review article, Kenyon stated 
that the reason why FOXO variants are so consistently asso-
ciated with longevity is perhaps because FOXO proteins act 
in many pathways to affect life span (9). In vivo, FOXO1A 
and FOXO3A regulate a group of gene’s expression, such as 
TRAIL, ApoC3, angiopoietin-2, ENOS, Agrp, pomc, FasL, 
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and Bim. On the other hand, FOXO1A and FOXO3A, once 
phosphorylated by AKT, can bind to 14-3-3, leading to their 
functional inactivation by transferring from cell nucleus to 
cytoplasm (10,11). AKT1-FOXO–mediated signaling path-
way is critical in regulation of cell cycle, apoptosis, stress 
resistance, and metabolism (12,13). Early studies have 
demonstrated that a genetic modification of DAF-16 or 
FOXO in Caenorhabditis elegans and Drosophila mela-
nogaster significantly affects their maximum life span 
(14–16), indicating that FOXOs are involved in the aging 
process.

Previous case–control population association studies on 
genetic contributions to longevity (including those reviewed 
previously) estimate ORs that measure the differences in 
the frequencies of genetic variants between long-lived indi-
viduals and younger adults, usually following the conven-
tional approach of logistic regression. If the ORs are 
significantly greater or less than 1, the conclusion can be 
drawn that the allele or genotype is positively or negatively 
associated with longevity. The ORs estimated in the con-
ventional approach do not indicate, however, how much the 
probability of survival from younger ages to older ages 
would be increased or reduced due to genetic influences. In 
other words, they do not specify the magnitude of the ge-
netic effects on the survival probability. Furthermore, previ-
ous studies (6,7) have shown that FOXO3A and FOXO1A 
influence longevity in opposite directions, but no investiga-
tion of their independent (ie, in the absence of the other), 
joint (presence of both), and interactive effects has been re-
ported. Moreover, previous studies (2–7) did not investigate 
the impacts of various genotypes of FOXO1A and FOXO3A, 
interactions between these genotypes (G × G) and interac-
tions between the genotypes and social-behavioral factors 
(G × E) on survival at advanced ages. Building upon previ-
ous relevant research (2–18), especially based on the geno-
typic data set produced in the study by Li and colleagues (6) 
on the association between FOXO genes and longevity in 
Han Chinese, we address the following previously unan-
swered questions, by a biodemographic analysis approach:

	1.	 What are the magnitudes of the general effects of the 
genotypes of FOXO1A and FOXO3A on the probability 
of survival from middle age to ages 100+?

	2.	 As compared with those who are neither a carrier of the 
genotype of FOXO1A nor a carrier of the genotype of 
FOXO3A, what are the differences in the probability of 
survival from middle age to age 100+ for those who are 
a carrier of a genotype of FOXO1A but not FOXO3A, a 
carrier of a genotype of FOXO3A but not FOXO1A, or a 
carrier of both? Are there any statistically significant ef-
fects of gene–gene interaction of FOXO1A and FOXO3A 
on survival from middle age to age 100+?

	3.	 Does the carrying or not-carrying the genotypes of 
FOXO1A and FOXO3A, the G × G interactions among 
them, and their G × E interactions with social and behav-

ioral factors significantly affect survival at very advanced 
ages? If yes, what are the direction and size of the effects?

Materials and Methods

Data Sources
Our analyses are mainly based on DNA samples from 

578 female centenarians and 182 male centenarians who 
survived to age 100+ when they participated in the inter-
views in baseline or the follow-up wave(s) of the Chinese 
Longitudinal Healthy Longevity Survey (CLHLS) study; all 
of them were at least 92 years old in 1998 baseline survey. 
The DNA samples of the middle-age controls (378 women 
and 682 men) were collected from the routine clinic health 
examinations involving ordinary people. These 760 cente-
narians and the 1060 middle-age controls were all from 
Southern China (China is traditionally and culturally con-
sidered to have Southern and Northern parts, although there 
is no legitimate or official administrative meaning to this divi-
sion. The South and North are divided by the geographical line 
of the Qin Ling mountain and Huai River. The line crosses 
through four provinces of Shaanxi, Henan, Anhui and Jiansu. 
Among the 22 provinces where CLHLS was conducted, 
Liaoning, Jilin, Heilongjiang, Hebei, Beijing, Tianjing, Shanxi, 
and Shangdong belong to Northern China; Shanghai, Zhejiang, 
Fujian, Jiangxi, Hubei, Hunan, Guangdong, Guangxi, Sichuan, 
Chongqing belong to Southern China; and the northern and 
southern sides of the Qin Ling mountain—Huai River line 
in Shaanxi, Jiangsu, Anhui, Henan belong to Northern and 
Southern China, respectively), and their genotypic data used in 
this study were produced by and described in the genetic anal-
ysis by Li and colleagues (6). More specifically, we use the 
same genotypic data for the SNPs rs2755209 and rs2755213 of 
FOXO1A gene and the three SNPs rs2253310, rs2802292, 
rs4946936 of FOXO3A gene as that used in Li and colleagues 
(6). The internationally standardized technical procedures for 
producing the genotypic data were presented in Li and 
coworkers (6). The rs17630266 SNP of FOXO1A was found 
not to be associated with longevity and thus will not be used in 
our present more in-depth biodemographic analysis. The 
minor allele frequency (MAF) distributions of the SNPs, the 
single SNP association analysis, genotype association analysis 
with recessive and additive models, and the linkage disequilib-
rium and haplotype association analysis were presented in 
Li and colleagues (6), and thus there is no need to be repeated 
here. To ease the presentation, we abbreviate in this article the 
two SNPs rs2755209 and rs2755213 of FOXO1A gene as 
1A-209 and 1A-213; we abbreviate the three SNPs rs2253310, 
rs2802292, rs4946936 of FOXO3A gene as 3A-310, 3A-292, 
and 3A-936, respectively.

To define the genotypes to be analyzed in this article, car-
rying or not-carrying the minor allele of one of the two 
SNPs of FOXO1A or of one of the three SNPs of FOXO3A 
is determined as “Yes (carrier)” or “No (noncarrier)” for 
each of the centenarians and controls, all based on the 
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dominant model. In the dominant model, individuals who 
carry one or two copies of the minor allele are coded as Yes 
(carrier), and the individuals who do not carry the minor 
allele are coded as No (noncarrier) (ie, mm, Mm = 1, MM = 
0; here, M: major allele, m: minor allele). Table 1 presents 
the frequency distribution of the genotypes defined by car-
rying the minor alleles of one of the two SNPs of FOXO1A 
or one of the three SNPS of FOXO3A based on the domi-
nant model, for the male and female centenarians and mid-
dle-age controls. Tables 2 and 3 present the frequency 
distributions of the genotypes defined by combinations of 
whether carrying the minor allele of one of the three SNPs 
of FOXO3A and whether carrying the minor allele of 1A-
209 (Table 2) or 1A-213 (Table 3), respectively, for the male 
and female centenarians and middle-age controls.

To conduct a novel biodemographic analysis, we also 
combine the genotypic data with the corresponding 10-year 
follow-up cohort phenotypic data from 760 individuals who 
were at least 92 years old in the CLHLS 1998 baseline sur-
vey, whereas 750 of them died after 1998 at ages 100+ and 
10 still survived in the 2008 wave. The cohort follow-up 
data on survival and death, socioeconomics, lifestyle, psycho-
logical characteristics, and heath status, etc. of the partici-
pants used in the multivariate statistical survival analysis in 
this article are from the CLHLS conducted in 1998, 2000, 
2002, 2005, and 2008 using questionnaires that followed 
the international standards adapted to the Chinese cultural 
context (19). The careful evaluations (such as reliability 
coefficients and factor analysis) have shown that the data 
quality of the CLHLS surveys was reasonably good (19). 
We use the centenarians’ age at death (or age in 2008 for the 
10 centenarians who survived in the 2008 follow-up survey) 
in our case-control analysis. The mean age of the male and 
female centenarians samples were 101.9 and 103.2, respec-
tively. The mean ages of the male and female controls were 
46.0 and 45.4, respectively. Similar to the previously pub-
lished studies on association between the FOXO genotypes 
and longevity (2–8), the centenarians and middle-age 
controls of this study are ethnically (all Han Chinese) and 
geographically (Southern China) compatible, and thus the 
population stratification problem is well under control.

The Extended Fixed Attribute Dynamics Method
The Fixed Attribute Dynamics (FAD) method belongs 

to the family of methods of case–control population as-
sociation analysis, and it is designed to investigate the 
association of fixed attributes (including genotypes) on 
longevity. The initial use of the FAD method (known as 
the Survival Attribute Assay then) by Vaupel (20) and 
Yashin and colleagues (21) required knowledge of 
cohort age-specific mortality rates. The FAD method 
extended by Zeng and Vaupel (22) does not require 
these rates, which are not available in many practical 
applications.

The OR of survival from age x to x + n (RS) for those 
with the fixed attribute (eg, a genotype) to those without the 
attribute can be estimated as:

(1 ( )) ( )
RS

p( )(1 ( ))

- p x p x+n
= ,

x - p x+ n
 (1)

where p (x) is the proportion of individuals who are x 
years old and have the fixed attribute. Zeng and Vaupel (22) 
derived Formula (1) and empirically justified it.

Note that Formula (1) provides estimates of the general 
impacts of one genetic variant on survival from age x to 
x + n, regardless of carrying or not-carrying another rele-
vant genetic variant. We extend the FAD method here to 
provide formulas to estimate the independent effect of a 
genetic variant in the absence of another relevant genetic 
variant, the joint effects when both are present and the ef-
fects of interactions between them.

Let i = 0, 1 represent not-carrying and carrying the 
genetic variant, abbreviated as “noncarrier” and “carrier” 
hereafter; and j = 0, 1 represent not having and having 
another fixed attribute (or genetic variant), abbreviated 
as “not-exposed” and “exposed” hereafter. Let p11(x) be 
the proportion of x-year-old individuals who are both 
carrier and exposed among all persons aged x. Similarly, 
define p10(x), p01(x), and p00(x) as the proportions who 
are a carrier and not-exposed, noncarrier and exposed, 
and neither carrier nor exposed. Note that the sum of �
p11(x), p10(x), p01(x) and p00(x) is equal to 1. The extended 
FAD method is expressed in the following formula; its 

Table 1.  Frequency Distribution of the Genotypes Defined by Carrying the Minor Alleles of One of the Two SNPs of FOXO1A or One of the 
Three SNPS of FOXO3A Based on the Dominant Model, and the Estimates of the Odds Ratio of Survival Probability (RS) from Middle Age to 

Age 100+ Measuring the General Effects of the Genotypes

Genotypes

Women Men

Cent. %car. Contr %car. RS (95% CI) p Cent. %car. Contr %car. RS (95% CI) p

Carrying minor allele of 1A-209 42.3 51.3 0.70 (0.53–0.91) 0.0073 41.8 49.5 0.73 (0.51–1.05) 0.093
Carrying minor allele of 1A-213 57.8 65.8 0.71 (0.54–0.91) 0.0152 58.8 68.6 0.65 (0.45–0.95) 0.025
Carrying minor allele of 3A-310 51.9 39.3 1.67 (1.27–2.18) 0.0002 55.5 43.0 1.65 (1.19–2.30) 0.003
Carrying minor allele of 3A-292 51.7 39.8 1.62 (1.24–2.12) 0.0004 56.3 42.7 1.73 (1.24–2.41) 0.001
Carrying minor allele of 3A-936 49.5 37.1 1.66 (1.26–2.18) 0.0003 51.9 40.2 1.61 (1.16–2.24) 0.005

Note: Sample size—centenarians: 578 women and 182 men; middle-age controls: 378 women and 682 men, all Han Chinese from Southern China. CI = 
confidence interval. Cent. %car. = Percentage of centenarians who carry the minor allele; Contr %car. = Percentage of middle-age controls who carry the minor allele; 
SNP = single-nucleotide polymorphisms.
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mathematical and demographic derivation is presented in 
the Appendix 1:

00
/ 00

00 00

( ) ( ) ( )

( ) ( ) ( )

+
= =

+
RS ij ij

ij
ij

s x p x p x n

s x p x p x n
. (2)

If the OR of survival RSij/00 is significantly greater (or 
smaller) than 1.0, the i–j combination of the gene-fixed ex-
posure is positively (or negatively) associated with longev-
ity, and the difference between the OR of survival and 1.0 
measures the magnitude of the genetic effects on longevity. 
Standard statistical significance tests including estimates of 

p values and 95% confidence intervals (CIs) (23) can be 
performed to assess whether the estimates of an OR of sur-
vival (RS in Formula (1) and RSij/00 in Formula (2)) is sig-
nificantly different from 1.0, using a simple procedure in 
standard statistical software (eg, STATA, SAS or SPSS). 
Note that RS10/00 and RS01/00 represent the independent 
impact of the genetic variant (or another fixed exposure) on 
survival from age x to x + n, in the absence of another fixed 
exposure (including genetic variant) and that RS11/00 repre-
sents the joint impact of the genetic variant and the fixed 
exposure on survival from age x to x + n when both of them 
present.

Table 2.  Frequency Distribution of the Genotypes Defined by Combinations of Whether Carrying the Minor Allele of One of the Three SNPs 
of FOXO3A and Whether Carrying the Minor Allele of 1A-209, and the Estimates of the Odds Ratios of Survival Probability (RSij/00) from 

Middle Age to Ages 100+ Measuring the “Independent and Joint Effects” of the Genotypes

Carrier or noncarrier of the 
minor allele of the SNPs of 
FOXO3A

Noncarrier of minor allele of 1A-209 (i = 0) Carrier of minor allele of 1A-209 (i = 1)

Cent. % genotype Contr % genotype RSij/00 (95% CI) p Cent. % genotype Contr % genotype RSij/00 (95% CI) p

Women
  3A-310, noncarrier (j = 0) 27.8 26.6 1.00 20.2 34.0 0.57 (0.39–0.83) 0.002
  3A-310, carrier (j = 1) 29.9 21.7 1.32 (0.89–1.94) 0.148 22.1 17.7 1.19 (0.79–1.81) 0.389
  3A-292, noncarrier (j = 0) 27.7 26.6 1.00 20.5 33.6 0.58 (0.40–0.85) 0.004
  3A-292, carrier (j = 1) 30.1 21.9 1.31 (0.89–1.93) 0.148 21.7 17.9 1.16 (0.76–1.76) 0.462
  3A-936, noncarrier (j = 0) 28.8 28.2 1.00 21.6 34.6 0.61 (0.42–0.88) 0.006
  3A-936, carrier (j = 1) 28.9 19.9 1.41 (0.95–2.10) 0.073 20.7 17.3 1.17 (0.77–1.78) 0.451
Men
  3A-310, noncarrier (j = 0) 23.3 29.3 1.00 20.6 27.8 0.93 (0.55–1.55) 0.755
  3A-310, carrier (j = 1) 35.0 22.3 1.96 (1.23–3.15) 0.003 21.1 20.6 1.28 (0.76–2.16) 0.322
  3A-292, noncarrier (j = 0) 23.8 29.6 1.00 19.9 27.8 0.89 (0.53–1.49) 0.636
  3A-292, carrier (j = 1) 34.8 22.0 1.96 (1.23–3.15) 0.003 21.5 20.6 1.30 (0.77–2.17) 0.292
  3A-936, noncarrier (j = 0) 26.6 31.6 1.00 21.5 28.3 0.91 (0.55–1.49) 0.686
  3A-936, carrier (j = 1) 32.0 19.9 1.92 (1.20–3.06) 0.004 19.9 20.2 1.17 (0.70–1.96) 0.522

Note: (1) The sample size is the same as that listed in Table 1. (2) The odds ratio 1.00 refers to the reference group with a genotype without carrying the minor 
allele of any of the two SNPs paired for the analysis; the values in italics in this table present the estimates of the “joint” effects of carrying the minor allele 
of SNP 1A-209 and carrying the minor allele of one of the three SNPs of FOXO3A; and the rest present the estimates of the “independent” effects of carrying the 
minor allele of one of the three SNPs of FOXO3A but not-carrying the minor allele of the SNP 1A-209, or carrying the minor allele of the SNP 1A-209 but not-
carrying the minor allele of one of the three SNPs of FOXO3A. CI = confidence interval; SNP = single-nucleotide polymorphisms.

Table 3.  Frequency Distribution of the Genotypes Defined by Combinations of Whether Carrying the Minor Allele of One of the Three SNPs 
of FOXO3A and Whether Carrying the Minor Allele of 1A-213, and the Estimates of the Odds Ratios  of Survival Probability (RSij/00) From 

Middle Age to Ages 100+ Measuring the “independent and joint effects” of the genotypes

Carrier or noncarrier of the 
minor allele of the SNPs of 
FOXO3A

Noncarrier of minor allele of 1A-213 (i = 0) Carrier of minor allele of 1A-213 (i = 1)

Cent. % genotype Contr % genotype RSij/00 (95% CI) p Cent. % genotype Contr % genotype RSij/00 (95% CI) p

Women
  3A-310, noncarrier (j = 0) 19.2 18.8 1.00 28.7 41.7 0.68 (0.45–1.00) 0.043
  3A-310, carrier (j = 1) 23.0 14.6 1.55 (0.97–2.48) 0.052 29.1 24.9 1.15 (0.76–1.75) 0.489
  3A-292, noncarrier (j = 0) 19.0 18.8 1.00 29.1 41.3 0.70 (0.47–1.03) 0.061
  3A-292, carrier (j = 1) 23.2 14.8 1.55 (0.97–2.47) 0.052 28.7 25.1 1.14 (0.74–1.73) 0.534
  3A-936, noncarrier (j = 0) 20.1 19 1.00 30.3 43.7 0.66 (0.45–0.97) 0.029
  3A-936, carrier (j = 1) 22.1 13.8 1.53 (0.95–2.47) 0.066 27.5 23.5 1.12 (0.73–1.71) 0.595
Men
  3A-310, noncarrier (j = 0) 13.9 17.5 1.00 30.0 39.5 0.96 (0.55–1.69) 0.867
  3A-310, carrier (j = 1) 27.2 14.7 2.34 (1.30–4.25) 0.002 28.9 28.3 1.29 (0.74–2.29) 0.352
  3A-292, noncarrier (j = 0) 14.3 17.7 1.00 29.3 39.7 0.91 (0.53–1.59) 0.712
  3A-292, carrier (j = 1) 27.1 14.5 2.29 (1.28–4.14) 0.003 29.3 28.1 1.28 (0.74–2.26) 0.357
  3A-936, noncarrier (j = 0) 17.2 19.3 1.00 30.9 40.6 0.86 (0.51–1.45) 0.538
  3A-936, carrier (j = 1) 24.3 12.8 2.14 (1.21–3.81) 0.005 27.6 27.3 1.14 (0.67–1.96) 0.617

Note: See footnotes to Table 1 and Table 2, except replacing 1A-209 by 1A-213. CI = confidence interval; SNP = single-nucleotide polymorphisms.
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In Formula (2), individuals are identified as “carriers” or 
“noncarriers,” and a carrier could have 1 or 2 copies of the 
minor allele of the SNPs in the application of our present 
study. Hence we are implicitly assuming that the minor allele 
is dominant rather than recessive or additive. A modified 
version of the FAD approach and application is required to 
analyze recessive or additive models.

Gene–environment interaction (G × E) is defined as “a 
different effect of an environmental exposure on disease 
and health risk in persons with different genotypes,” or, al-
ternatively, “a different effect of a genotype on disease and 
health risk in persons with different environmental expo-
sures” (24,25). Similarly, gene–gene interaction (G × G) is 
defined as “a different effect of a genotype on disease and 
health risk in persons with and without another genotype.” 
Applying the standard definition and method for estimating 
the G × E or G × G interactions (25), we present in Appen-
dix 2 the procedures for estimating the effects of gene-fixed 
exposure interactions on survival from age x to x + n, using 
the ORs of survival (RSij/00, i = 0, 1; j = 0, 1) derived by 
Formula (2).

The basic and extended FAD methods expressed in For-
mulas (1) and (2) can be used to analyze cross-sectional 
data from different cohorts of long-lived cases and younger 
controls or follow-up data from the same cohort. In the case 
of analyzing the cross-sectional data, we actually connect 
the younger cohort and the long-lived cohort into what the 
demographic text books call “a hypothetical cohort,” and 
estimate the OR of survival based on proportions of the ge-
netic variant and fixed exposure among the long-lived and 
younger cohorts (ie, at advanced and younger ages in the 
“hypothetical cohorts”).

It is important to note that, if one uses cross-sectional 
data, both the FAD method expressed in Formulas (1) and 
(2) and the conventional case–control statistical genetic 
approach assume that the initial distributions of the ge-
netic variant, the fixed exposure and their combinations, 
and their association with longevity do not differ substan-
tially between cohorts of long-lived individuals and 
younger controls, that is, there is no substantial problem 
of population stratification (see more detailed discussions 
in Appendix 1 on potential bias if this basic assumption is 
violated). If cohort follow-up data are used, one needs to 
assume that the loss to follow-up from age x to x + n is 
not correlated with respondents’ combination of the ge-
netic variant and the fixed exposure under study. Serious 
attention must be paid to this issue in applying either the 
conventional statistical genetic approach or the FAD 
method for identifying genetic contributions to longevity. 
To control for population stratification in the FAD analy-
sis in this article using the cross-sectional data of cente-
narians and middle-age controls, we have restricted our 
analysis to a single ethnic group (Han Chinese) residing 
in Southern China, and classified the samples by gender 
as well.

The basic and extended FAD methods are based on the 
fundamental demographic insight that the prevalence of a 
fixed attribute (eg, genetic variant, birth weight, child-
hood conditions, and serious disease(s) suffered earlier in 
life) and combinations of two fixed attributes in a popula-
tion can change with age even though no individual can 
change his or her variant. Therefore, much can be learned 
about the impact of the fixed attribute (including genetic 
variant) and the combinations of the fixed attributes on 
survival.

Note that it is mathematically and numerically verified 
that, using the same genotypic data sets of the long-lived 
cases and younger controls, the estimates of the ORs of 
survival and their associated p values and 95% CI by our 
FAD method expressed in Formulas (1) and (2) are exactly 
the same as the corresponding numerical results produced 
by the logistic regression not adjusted for covariates, 
which is a conventional approach in genetic analysis on 
the association of a genetic variant with longevity (The 
mathematical proof and the empirical evidence, which 
verify that our FAD method and the conventional logistic 
regression without controlling for covariates produce �
exactly the same numerical results of ORs, p, and 95% CI 
are not presented here due to space limitation, but avail-
able upon request.). This fact verifies the statistical prop-
erties of our FAD method. More importantly, the ORs of 
survival based on the FAD method quantify the magnitude 
of the genetic effects on survival probability, namely how 
much the probability of survival from age x to x + n would 
be increased or reduced by carrying the genotype. In other 
words, the FAD method provides clearer demographic 
interpretations and presents meaningful demographic 
syntheses of the case–control genetic analysis on longev-
ity. As the two approaches produce exactly the same nu-
merical results, one may adopt the FAD’s demographic 
interpretation of the OR, namely the effects on survival 
probability from the average age of the younger controls 
to the average age of the long-lived cases, even if one 
still uses the conventional approach of logistic regres-
sion. From this point of view, we may consider that the 
FAD method contributes an additional new insight of �
demographic interpretation on the magnitude of the �
genetic effects on survival probability to the conventional 
approach of logistic regression in case–control genetic 
analysis on longevity.

The standard method of survival analysis using cohort 
follow-up data is limited because it requires prospective 
tracking of the mortality of study participants, with a fol-
low-up period for estimating long-term survival probabil-
ities that may be prohibitively expensive and time consuming 
(26). The FAD method circumvents this major limitation of 
standard survival analysis because it does not require ex-
pensive follow-up mortality data of study participants and it 
can be applied to both cohort and cross-sectional data sets if 
the basic assumption of no serious problems of population 
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stratification is met. However, the FAD method has a major 
limitation: it permits an analysis to ascertain the “de facto” 
association of a fixed attribute (including genes) or the com-
bination of gene-fixed exposure on longevity while usually 
controlling for age and sex. In theory, we can further control 
for other covariates by extending the FAD method through 
cross-tabulations of the study participants by confounding 
factors that are also fixed attributes and meet the assump-
tion of no substantial problems of population stratification, 
but this may cause problems with small sample sizes of the 
subgroups. Thus, we applied both FAD methods and multi-
variate statistical modeling approaches whenever possible 
to complement each other and to maximize the utility of the 
available data sources.

Multivariate Hazards Model for Survival Analysis
The effects of the genotypes of the FOXO1A and 

FOXO3A, their G × G and G × E interactions on survival 
likelihood at very advanced ages 92–110 are examined based 
on Cox proportional hazard models using the available 
genotypic and longitudinal data from 727 interviewees (553 
women and 174 men; the sample size used in our Cox pro-
portional hazards model analysis is slightly smaller than 
that used in the FAD analysis because a very small number 
of cases who were interviewed and contributed DNA in 
1998 were lost to follow-up and we had to drop them from 
the regression. Empirical testing has shown that dropping 
these few loss-to-follow-up cases does not affect the esti-
mates) who were aged 92+ and contributed DNA in the CL-
HLS 1998 baseline survey and survived to age 100+ either 
in the baseline or in one of the subsequent follow-up sur-
veys conducted in 2000, 2002, 2005, and 2008, but almost 
all of them died before 2008. The assumption of proportion-
ality of the hazards was assessed and met the requirement 
for all of the models analyzed. Survival time is entered as 
days between the last interview date and date of death for 
those who died (or date at 2008 interview for the 10 indi-
viduals who still survived in 2008 follow-up survey), while 
using the exact age at last interview as a covariate (survival 
analysis in population aging studies usually does not use 
age at death or censoring as survival time because it could 
not easily identify the age effect on the mortality risk if the 
age is used as the survival time). Demographic characteris-
tics (including exact age at 1998 baseline survey, gender 
and rural-urban residence, etc.), social connections, family 
support, health practices, the resilience score, and current 
health status (see Appendix 3) are included in the hazards 
models as covariates in a forward stepwise analysis. Results 
based on the sequential models are presented to show how 
the effects of genotypes on survival may be mediated by 
different confounders. We also tried to estimate the effects 
of all possible gene–environment interaction (G × E) and 
gene–gene interaction (G × G) terms in the Cox propor-
tional hazards models.

Note that the statistically significant estimates of the in-
teraction terms of G × E and G × G derived from the Cox 
proportional hazard models analysis represent the signifi-
cant G × E and G × G synergistic effects, which may or may 
not exactly reflect the interaction effects of G × E and G × 
G, as the estimates may or may not be confounded by the 
gene–environment correlations (rGE) and gene–gene corre-
lations (rGG). Thus, we need to do the following additional 
analysis to detect whether the rGE and rGG exist. For all 
significant gene–environment effects with a continuous en-
vironmental variable discovered in the Cox proportional 
hazards model analysis, we use the ANOVA model to test 
for differences in means of continuous environmental fac-
tors between the gene carriers and noncarriers. For all sig-
nificant gene–environment synergistic effects with a 
discrete environmental variable and for all significant gene
–gene synergistic effects discovered in the Cox proportional 
hazards models analysis, we use the chi-squared test to as-
sess the genotype frequency difference across the environ-
mental categories and across the genes. For all significant 
rGE and rGG detected by analysis of variance or chi-square 
test, we will need to conduct path analysis employing mul-
tivariate regression analysis or structural equation model-
ing, adjusted for various confounding factors, to further 
explore the interplay among genes, environment, and survival 
likelihood. Based on the path analysis, we may estimate the 
significant genotype effects that work through environmen-
tal exposure or another genotype, the direct genotype effect, 
and the significant gene–environment interaction or gene–
gene interaction effects on survival likelihood.

Results

General Effects of the Genotypes of FOXO1A and 
FOXO3A on Long-term Survival Probability From 
Middle Age to Age 100+

Table 1 presents estimates of the general effects of the 
genotypes of FOXO1A and FOXO3A on long-term survival 
probability from middle age to age 100+, regardless of car-
rying or not-carrying another relevant genotype, based on 
genotypic data from 760 centenarians and 1056 middle-age 
controls who reside in Southern China and the FAD method 
expressed in Formula (1) in The Extended Fixed Attribute 
Dynamics Method subsection. The genotypes presented in 
Table 1 are defined as carrying or not-carrying the minor 
allele of one of the two SNPs of FOXO1A or one of the 
three SNPs of FOXO3A regardless of whether carrying the 
minor allele of any other four SNPs of FOXO1A and 
FOXO3A. The results show that, as compared with noncar-
riers, the OR of survival from middle ages to age 100+ for 
women who are carriers of the minor alleles of 1A-209 and 
1A-213 are 0.70 (p = .0073) and 0.71 (p = .0152), respec-
tively; the corresponding OR estimates for men are 0.73 
(p = .093) and 0.65 (p = .025). These estimates imply that 
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the probability of survival from middle age to age 100+ for 
women who are a carrier of the minor alleles of the 1A-209 
and 1A-213 are 30% and 29% lower than those who are 
noncarriers, and the estimates are statistically significant; 
those men who carry the minor alleles of 1A-209 and 1A-
213 may have 27% and 35% lower probability of survival 
from middle age to age 100+, but the estimate for 1A-209 is 
not statistically significant and the estimate for 1A-213 is 
moderately significant (p = .025) (Table 1). As compared 
with noncarriers, the OR of survival for women and men 
who carry the minor alleles of 3A-310, 3A-292, and 3A-936 
are 1.62–1.67 (p = .0002~–.0004) and 1.61–1.73 (p = 
.001~–.005), respectively. These estimates of the general 
effects imply that, on average, middle-age women and men 
who carry the minor allele of any one of the three SNPs of 
FOXO3A may have 62%–67% and 61%–73% higher prob-
ability of survival from middle age to age 100+, and all of 
the estimates are highly statistically significant.

The Independent and Joint Effects of the Genotypes of 
FOXO1A and FOXO3A on Long-term Survival From 
Middle Age to Age 100+

The analyses concerning FOXO1A presented in Table 1 
of the present study employing Formula (1) of the FAD 
method and in previous relevant studies following the con-
ventional genetic and statistical approach (6) are based on 
comparing the frequencies of carrying the minor allele of 
the SNPs of FOXO1A (regardless of whether carrying the 
minor allele of the SNPs of FOXO3A) between centenari-
ans and younger controls. So are the analyses concerning 
FOXO3A presented in Table 1 and in the previous studies 
(2–7). Although they are useful in exploring the general im-
pacts of one genotype on longevity regardless of carrying or 
not-carrying the other relevant genotype, these analyses 
cannot reveal the independent, joint, and interactive effects 
of the genotypes of FOXO3A and FOXO1A, which influ-
ence survival in opposite directions.

Applying our extended FAD method expressed in For-
mula (2), Tables 2 and 3 present the estimates of ORs of 
survival (RSij/00) from middle age to age 100+ reflecting the 
independent and joint effects of the genotypes of FOXO3A 
and FOXO1A. The genotypes presented in Tables 2 and 3 
are defined by a combination of carrying or not-carrying 
minor alleles of one of the two SNPs of FOXO1A and minor 
alleles of one of the three SNPs of FOXO3A, with the refer-
ence group who carry neither the minor allele of the SNP 
of FOXO1A nor the minor allele of the SNP of FOXO3A. 
We choose these combinations because we aim to capture 
the independent effects (RS10/00 and RS01/00), joint effect 
(RS11/00) of the two genes of FOXO1A and FOXO3A that 
affect longevity in opposite directions, and the Gene × Gene 
interactions. We did not choose the combination of the pairs 
within the three SNPs of FOXO3A gene and the combina-
tions of the pairs within the two SNPs of the FOXO1A gene, 

mainly because such haplotype-based analysis was already 
done in the previous publication (6).

The results show that, as compared with those who are 
noncarriers of the minor allele of one of the three SNPs of 
FOXO3A and noncarriers of the minor allele of 1A-209, the 
negative and independent effects of carrying the minor al-
lele of 1A-209 on survival in women are all highly signifi-
cant (p = .002–0.006) (Table 2), which is consistent with 
the general effects (regardless of carrying or not-carrying 
the minor allele of FOXO3A) presented in first row of the 
panel for women in Table 1. The corresponding negative 
and independent effects of 1A-213 in women are moder-
ately (p = .029–.043) or marginally (p = .061) significant 
(Table 3), which are consistent in terms of impact direction 
and magnitude of the ORs but with lower level of signifi-
cance as compared with the general effects (see second row 
of the panel for women in Table 1). As compared with those 
women who are noncarriers of the minor allele of 1A-209 
and noncarriers of the minor allele of the corresponding 
SNP of FOXO3A, the independent effects of 3A-310 and 
3A-292 are not significant, and the independent effect of 
3A-936 is only marginally significant (p = .073) (Table 2). 
As compared with those women who are noncarriers of the 
minor allele of the 1A-213 and noncarriers of the minor al-
lele of the corresponding SNP of FOXO3A, the independent 
effects of the three SNPs of FOXO3A are only marginally 
significant (p = .052–.066). These estimates of the indepen-
dent effects of the three SNPs of FOXO3A in women are 
remarkably different from the general effects regardless of 
the carrying or not-carrying the minor allele of the two 
SNPs of FOXO1A estimated by the basic FAD analysis 
(Table 1) and the conventional genetic analysis (2–7).

In men, the patterns of the independent effects of 
FOXO1A and FOXO3A are substantially different from 
those of women. As compared with men who are noncarri-
ers of the minor allele of one of the three SNPs of FOXO3A 
and oncarriers of the minor allele of the corresponding SNP 
of FOXO1A, the independent effects of the two SNPs of 
FOXO1A in men are all nonsignificant (see the panels for 
men in Tables 2 and 3). However, it is interesting to note 
that in men, as compared with those who are noncarriers of 
the minor allele of one of the two SNPs of FOXO1A and 
noncarriers of the minor allele of the corresponding SNP 
of FOXO3A, the independent effects of the three SNPs of 
FOXO3A are all highly significant (p = .002–.005; see 
panels for men in Tables 2 and 3), which are consistent with 
the general effects.

Dual presence of the minor allele of one of the three 
SNPs of FOXO3A and the minor allele of one of the two 
SNPs of FOXO1A may increase the chance of survival from 
middle age to age 100+ by 12%–19% in women and by 
14%–30% in men, as compared with those who neither 
carry the minor allele of the corresponding SNP of FOXO3A 
nor carry the minor allele of the corresponding SNP of 
FOXO1A, but all of the estimates associated with the dual 
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presence (ie, joint effects) of FOXO3A and FOXO1A are not 
statistically significant (see the italic and bold values in Ta-
bles 2 and 3). These results indicate that the positive effects 
of FOXO3A and the negative effects of FOXO1A substan-
tially compensate each other, whereas the impacts of 
FOXO3A are somewhat stronger.

The Effects of Interaction Between FOXO1A and FOXO3A 
on Survival From Middle Age to Age 100+

The absolute values of the correlation coefficients be-
tween each of the two SNPs of the FOXO1A and each of 
the three SNPs of the FOXO3A are very small (about half 
<.01 and another half .01–.05). Moreover, FOXO1A and 
FOXO3A are located on different chromosomes (FOXO1A 
on chromosome 13, FOXO3A on chromosome 6), and 
they are physically independent in terms of linkage dis-
equilibrium. Consequently, the assumption of indepen-
dence between FOXO1A and FOXO3A is clearly met. We 
employed Formula (A6) of the FAD approach described 
in the Appendix 2, which is based on the multiplicative 
assumption to estimate the index of interactions between 
FOXO1A and FOXO3A on long-term survival; p and 95% 
CI are estimated by the bootstrap simulation method. 
The results show that all interactions between each of the 
two SNPs of the FOXO1A and each of the three SNPs of 
the FOXO3A are not statistically significant (data not 
shown).

The Effects of SNPs of FOXO1A and FOXO3A and Their 
G × G and G × E Interactions on Survival at Very 
Advanced Ages, Based on Longitudinal Cohort Data From 
the Long-Lived Cases

Note that the results presented in Tables 1, 2, and 3 and 
discussed in previous subsections are all based on cross-
sectional data from long-lived cases and middle-aged con-
trols and the FAD approach. In this subsection, we will 
present the multivariate survival analysis based on longitu-
dinal cohort data from the long-lived cases only, given the 
fact that the follow-up data from the middle-age controls 
are not available. Tables 4 and 5 presents the estimates of 
the relative hazards for the genotypes, G × G (gene–gene) 
interactions, and the significant G × E (gene–environment) 
interactions on survival likelihood at very advanced ages 
92–110, adjusted for 15 potentially confounding factors 
step by step, based on the cohort follow-up data from the 
Southern China Han samples. We present the definitions 
and how we estimated these 15 potentially confounding fac-
tors in Appendix 3. As discussed earlier, the FOXO1A and 
FOXO3A genes are not correlated with each other. How-
ever, among the Chinese male and female centenarians, the 
three SNPs within the FOXO3A are highly correlated with 
each other (with correlation coefficients ranging from 
0.894 to 0.976), and the two SNPs within the FOXO1A are 
also highly correlated (with correlation coefficients ranging 

from .618 to .643). To avoid the problems of multicollinearity, 
we should not include more than one SNP of FOXO1A and 
more than one SNP of FOXO3A in each regression model. 
Instead, in Models I, II, III, and IV, which do not include 
any G × G and G × E interactions, we include one of the two 
SNPs of FOXO1A or one of the three SNPs of FOXO3A one 
by one. In other words, each of these four models has five 
submodels and each submodel includes one SNP only. 
Models I, II, III, and IV also sequentially introduce the po-
tentially confounding variables step by step. Model I in-
cludes demographic and basic socioeconomic status: 
gender, single year of age, residence (urban vs rural), edu-
cational attainment and economic independence. Model II 
further includes family and social support variables (such as 
marital status, living arrangement, proximity to children, 
whether had family members as caregiver, and leisure ac-
tivities score) and the resilience score. Model III adds health 
practice including regular exercise, smoking in recent 5 
years, and heavy alcohol use. Model IV further includes the 
deficits index (DI), a summary indicator of cumulative defi-
cits of different health dimensions of daily activities, physi-
cal performance, cognitive function, depressive symptoms, 
self-rated health, chronic disease, etc., at old ages (see Ap-
pendix 3). Models V, VI, and VII include the G × G interac-
tions between 1A-209 and one of the three SNPs of 
FOXO3A, and Models VIII, IX, and X include the G × G 
interactions between 1A-213 and one of the three SNPs of 
FOXO3A. Models V, VI, VII, VIII, IX, and X also include 
all possible G × E interactions terms among the SNPs and 
the social and behavior confounders in the Cox hazards 
models; we only present the significant G × E estimates in 
Table 4.

Four interesting findings appeared from the estimates 
based on the follow-up cohort survival analysis presented in 
Tables 4 and 5. First, the positive effects of carrying the 
minor alleles of the three SNPs of FOXO3A on long-term 
survival from middle age to age 100+ discovered in our case
–control analysis using the FAD method (Table 1) and in 
previous studies (2–7) remain statistically significant at 
very advanced ages 92–110. As shown by the estimates of 
Models I, II, and III, adding variables concerning family 
and social support and health practice into Models II and III 
only very slightly changed the estimates of previously in-
cluded variables including five SNPs of the FOXO genes 
and the confounders. After the DI is added to Model IV, 
previously significant estimates of the leisure activities 
score, the resilience score, and regular exercise, which 
showed significantly positive impacts on increasing survival 
likelihood at very advanced ages, were no longer signifi-
cant, indicating that their effects may be largely enforced 
through affecting health status. However, the positive ef-
fects of carrying the minor alleles of any one of the three 
SNPs of FOXO3A on enhancing survival slightly decreased 
from 15%–20% in Model III to 14%–18% but still remained 
significant after the DI is added in Model IV. After the G × G 



 BIODEMOGRAPHIC ANALYSIS ON FOXO AND LONGEVITY 1293

interaction terms between 1A-209 and the three SNPs of 
FOX3A are added into the model (Models V, VI, and VII), 
the positive effects of the three SNPs of FOXO3A even be-
came stronger—increasing survival likelihood by 23%–
24% (p < .01). These estimates confirm that FOXO3A has 
its own significant and positive impacts on survival at ad-
vanced ages independent of the effects of other potential 
social and behavioral mediators or confounders. This find-
ing is in general consistent with the result of the German 
study (5) showing that the FOXO3A variants were more 
frequent in centenarians than in 90-year-olds based on 

cross-sectional comparison, but our result is derived from 
cohort follow-up data and adjusted for various confounders. 
Note that the main effects of the three SNPs of FOXO3A are 
no longer statistically significant in Models VIII, IX, and X 
when the interaction terms between 1A-213 and one of the 
three SNPs of FOXO3A are included.

Second, the negative effects of carrying the minor al-
leles of the SNPs 1A-209 and 1A-213 on long-term sur-
vival from middle age to age 100+ discovered by us 
employing the FAD approach in this article and by Li and 
colleagues (6) following the conventional genetic analysis 

Table 4.  Relative hazards of the genotypes, the G × G (gene–gene), and the significant G × E (gene–environment) interactions on survival 
likelihood at very advanced ages

Excluding G × G and G × E

Including G × G of 1A-209 and �
one of three SNPs of FOXO3A, 

and sign. G × E

Including G × G of 1A-213 and �
one of three SNPs of FOXO3A, 

and sign. G × E

Models I II III IV V VI VII VIII IX X

Demographic and basic SES
  Male (female) 1.15 1.21* 1.21 1.34** 1.33** 1.33** 1.33** 1.34** 1.34** 1.33**
  Age 1.07*** 1.06*** 1.06*** 1.06*** 1.06*** 1.06*** 1.06*** 1.06*** 1.06*** 1.06***
  Urban (rural) 1.05 1.08 1.09 1.02 1.02 1.03 1.02 1.02 1.02 1.02
  1+ year of schooling (0) 0.97 1.05 1.05 1.05 1.06 1.06 1.07 1.05 1.05 1.06
  Economic independence (no) 0.71 0.77 0.81 0.74 0.73 0.73 0.71 0.72 0.73 0.71
Family and social support
  Currently married (no) 0.87 0.88 0.89 0.92 0.92 0.94 0.93 0.92 0.94
  Living alone (no) 0.99 1.02 1.01 1.03 1.03 1.03 1.03 1.02 1.02
  Close proximity to child (no) 0.95 0.94 0.97 0.97 0.97 0.97 0.97 0.97 0.97
  Family member as caregiver (no) 0.97 0.96 1.04 1.00 1.01 0.99 1.02 1.02 1.00
  Leisure activities score 0.91** 0.92** 0.99 0.99 0.99 0.99 0.99 0.99 0.98
  The resilience score 0.93*** 0.94*** 0.99 1.00 1.00 1.00 0.99 0.99 0.99
Health practice
  Regular exercise (no) 0.82* 0.92 1.11 1.11 1.10 0.93 0.93 0.93
  Smoking in recent 5 years (no) 1.06 1.06 1.07 1.07 1.07 1.06 1.06 1.07
  Current heavy alcohol drinker (no) 1.08 1.12 1.14 1.14 1.14 1.12 1.11 1.11
  DI 19.47*** 20.56*** 20.71*** 20.08*** 18.75*** 18.43*** 18.26***
Main effects of the SNPs
  3A-310 (noncarrier of the minor allele) 0.84** 0.84** 0.85** 0.86** 0.76*** 0.83
  3A-292 (noncarrier of the minor allele) 0.76*** 0.84
  3A-936 (noncarrier of the minor allele) 0.77*** 0.83
  1A-209 (noncarrier of the minor allele) 0.86 0.85 0.91
  1A-213 (noncarrier of the minor allele) 0.95 0.94 0.99
G × G interactions
  (1A-209) × (3A-310) 1.33*
  (1A-209) × (3A-292) 1.36*
  (1A-209) × (3A-936) 1.21
  (1A-213) × (3A-310) 1.05
  (1A-213) × (3A-292) 1.06
  (1A-213) × (3A-936) 0.98
Significant G×E interactions
  (1A-209) × (regular exercise) 0.68* 0.68* 0.69*
  −2 Log likelihood 7866 7838 7833 7762 7752 7752 7751 7759 7759 7756
  Number of observations 727 727 727 727 727 727 727 727 727 727

Notes: Sample size: 553 women and 174 men, all were aged 92+ in 1998 CLHLS baseline survey and survived to age 100+ in 1998 or a follow-up wave of the 
CLHLS survey, all of them were Han Chinese from Southern China; the relative hazards (RH) = exp(B), where B is the coefficient of the categorical variable estimated 
in the Cox proportional hazard models. RH is the ratio of the hazard of death when the variable = 1 as compared to the reference group indicated in the parentheses. 
Each of the Models I, II, III, and IV has five submodels, and each submodel includes one of the five SNPs (ie, two SNPs of FOXO1A and three SNPs of FOXO3A). 
The estimates of the relative hazards of the potential confounders among the five submodels within each of the Models I, II, III, and IV are almost identical, with few 
minor differences up to the second decimal point. In other words, the estimates of the coefficients of the potential confounders in Models I, II, III, and IV were not 
affected by which SNP was included into the model. Thus, we present only one set of the estimates of the potential confounders in the Models I, II, III, and IV con-
cerning the SNP 3A-310 in Table 4, and the estimates of the relative hazards of the main effects of the other four SNPs (1A-209, 1A-213, 3A-292, and 3A-936) are 
listed in Table 5. CLHLS = Chinese Longitudinal Healthy Longevity Survey; DI, deficits index; SES, socioeconomic status; SNP = single-nucleotide polymorphism.

*p < .10; **p < .05; ***p < .01.
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Table 5.  Relative Hazards of the Main Effects of the SNPs 1A-209, 
1A-213, 3A-292, and 3A-936 in the Models I, II, III, and IV 

excluding G × G and G × E Interactions

Model I II III IV

Main effect of 1A-209 (noncarrier of �
  the minor allele)

1.00 1.01 1.02 0.94

Main effect of 1A-213 (noncarrier of �
  the minor allele)

1.04 1.05 1.05 0.98

Main effect of 3A-292 (noncarrier of �
  the minor allele)

0.83** 0.83** 0.84** 0.86*

Main effect of 3A-936 (noncarrier of �
  the minor allele)

0.80*** 0.80*** 0.80*** 0.82**

SNP = single-nucleotide polymorphisms. *p < .10; **p < .05; ***p < .01.

Table 6.  Chi-square tests to assess rGE and rGG for the significant G × E and G × G synergistic effects discovered by the Cox proportional 
hazards model analysis

Significant Synergistic Effects (1A-209) × (r.exercise) (1A-209) × (3A-310) (1A-209) × (3A-292) (1A-209) × (3A-936)

Regular exercise 3A-310 3A-292 3A-936
Yes No Carrier Noncarrier Carrier Noncarrier Carrier Noncarrier

% carrying 1A-209 40.87 39.83 39.59 40.54 39.44 40.71 40.73 39.35
P of chi-square test of rGE or rGG .917 .937 .917 .913
Conclusion rGE does not exist rGG does not exist rGG does not exist rGG does not exist

Note: rGE = gene–environment correlations; rGG = gene–gene correlations.

are no longer statistically significant at very advanced 
ages, adjusted for the potentially confounding factors (see 
the estimates of 1A-209 and 1A-213 in Models I to X in 
Tables 4 and 5).

Third, the G × G interactions between 1A-209 and 
3A-310 and between 1A-209 and 3A-292 significantly 
decrease the survival likelihood by 33%–36% (p < .05) 
at very advanced ages (see Models V and VI in Table 4), 
whereas we ruled out the possibility of their significant 
gene–gene correlation by the chi-square test (Table 6). 
The estimates of the relative hazards of the other G × G 
interaction terms between the SNPs of FOXO1A and the 
SNPs of FOXO3A on survival likelihood at very advanced 
ages are not statistically significant. Note that although the 
sample size of centenarians and younger controls in this 
study is larger than almost all previously published studies 
in the field, it may still not be large enough, especially for 
the estimates of the alleles with low frequency. Thus, in 
the case of chi-square tests presented in Table 6, the data 
do not support a correlation of rGG and rGE, but it does 
not prove there is no any correlation. It is possible that 
some of the nonsignificant p value in Table 6 and other 
tables may be because of the small sample size and low 
MAF. We need to keep this in mind and conduct the fur-
ther investigations when the new data with larger sample 
size become available.

Fourth, after ruling out the possibility of the confounding 
effects of the rGE correlation of 1A-209 with regular exer-
cise through the chi-square tests (Table 6), we conclude that 
the G × E interaction between 1A-209 and regular exercise 
significantly increase survival likelihood at very advanced 

ages by 31%–32% (p < .05) in the full Models V, VI, and 
VII that included all potentially confounding factors 
considered and the G × G interactions between 1A-209 and 
any of the three SNPs of FOXO3A.

Discussion
As compared with previous genetic case–control studies 

on the effects of FOXO genes on longevity, the present 
study has made a few unique contributions. First, the ex-
tended FAD method derived and empirically applied in this 
article provides biodemographic syntheses and meaningful 
demographic interpretation to the conventional case–
control ORs of genetic analysis on longevity. As discussed 
in The Extended Fixed Attribute Dynamics Method section, 
using the same data set, the FAD method produces exactly 
the same estimates of the ORs of survival and their associ-
ated p values and 95% CI as the corresponding estimates 
by the conventional case–control population association 
analysis on longevity using the logistic regression control-
ling for the same covariates as the FAD does. This fact ver-
ifies the statistical properties of our FAD method. More 
importantly, the results of the ORs of survival based on the 
FAD method quantify the magnitude of the genetic impacts 
on survival probability, namely, how much the probability 
of survival from age x to x + n would be increased or re-
duced by carrying the genetic variant. This is a significant 
addition to the conventional statistical genetic approach that 
presents ORs expressing the difference of frequencies 
of the genetic variant between long-lived individuals and 
younger controls without concrete demographic meaning 
about the magnitude of the genetic impacts on the probability 
of survival.

Second, we provided unique estimates of the indepen-
dent, joint, and interactive effects of the genotypes of 
FOXO1A and FOXO3A on probabilities of survival from 
middle age to age 100+. In addition to the interesting find-
ings of the independent effects of FOXO1A and FOXO3A, 
we discovered that the positive effects of FOXO3A and neg-
ative effects of FOXO1A substantially compensate each 
other if one carries both, although FOXO3A has a stronger 
impact. This is a significant step forward as compared with 
the conventional genetic analysis reported in previous pub-
lications on the association of FOXO3A or FOXO1A genes 
with longevity (2–7) that did not take into account the 
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effects of whether carrying the minor allele of the SNP of 
another relevant gene (FOXO1A or FOXO3A) that affects 
longevity in opposite directions.

Third, we presented unique estimates of the genetic influ-
ence of FOXO1A and FOXO3A and their G × G interactions 
on survival at very advanced ages, adjusted for various �
potentially confounding factors, using prospective co-
hort data. We found that the positive effects of FOXO3A 
on survival from middle age to ages 100+ remain statisti-
cally significant at very advanced ages, but the corre-
sponding negative effects of FOXO1A disappear. We also 
discovered that the interactions between 1A-209 and 
3A-310 and between 1A-209 and 3A-292 significantly de-
crease the survival likelihood at very advanced ages by 
33%–36%.

Fourth, this is the first study that investigates the impacts 
of G × E interactions between the FOXO genes and social-
behavioral factors on survival at very advanced ages. Our 
new finding that G × E interaction between the SNP 1A-209 
and regular exercise significantly increase the survival by 
31%–32% (p < .05) at very advanced ages may have impor-
tant policy and practical relevance.

We realize that there are several limitations in our present 
study and unanswered questions that need to be explored 
further. One limitation is that, as we stated in The Extended 
Fixed Attribute Dynamics Method section and expressed 
mathematically in Formulas A4 and A5 in the Appendix 1, 
both the FAD method employed in this article to produce 
the estimates of Tables 1–3 and the conventional case–control 
statistical genetic approach assume that (a) the initial distri-
butions of the genetic variant and (b) their association with 
longevity do not differ substantially between cohorts of 
long-lived individuals and younger controls. However, al-
though restricting our analysis to a single ethnic group (Han 
Chinese) residing in Southern China and classifying the 
samples by gender as well may reduce and hopefully mini-
mize the bias, we are aware of that there may still be bias 
because of potential violation of the assumptions (a) and 
(b); and we do not know to what degree these assumptions 
may be violated in the real world. This implies that the re-
sults of the OR of survival probability from middle age to 
age 100+ measuring the general, independent, and joint ef-
fects of the FOXO genotypes based on data from the cases 
(centenarians) and controls (middle-age group), presented 
in Tables 1–3, may be subject to a bias of unknown magni-
tude because of confounding with birth cohorts of centenar-
ians and middle-age individuals. Similar cautions were also 
raised in previous studies following the case–control ap-
proach (2–6), and the potential bias needs to be evaluated in 
the future when more sophisticated cohort follow-up data 
sources become available. Although Li and colleagues (6) 
have done the replication analysis on the general effects of 
FOXO1A on longevity using female samples from Southern 
and Northern China, we are not able to perform the replica-
tion for the independent, joint, and G × G interaction effects 

between FOXO1A and FOXO3A that are the themes of this 
study because the FOXO3A genotypic data from the North-
ern China samples are not available. We are so far not able 
to investigate the impacts of the G × G interactions between 
FOXO1A and FOXO3A as well as the G × E interaction on 
survival at ages younger than 92 years as the needed geno-
typic data matched with the follow-up survival-death �
observations for participants younger than age 92 are not 
available. We are also not able to interpret why the negative 
effects of FOXO1A on long-term survival from middle-age 
to age 100+ found in the cross-sectional case–control anal-
ysis diminished at very advanced ages 92–110 in the cohort 
survival analysis; it is not clear why there are substantial 
gender differences in the independent effects of the geno-
types of FOXO1A and FOXO3A on probabilities of survival 
from middle age to ages 100+ discovered by us. The bio-
logical, epigenetic, and environmental mechanisms by 
which FOXO genes’ G × G combinations and interactions 
and G × E interactions may affect the human longevity at 
old ages are not investigated in our present biodemographic 
analysis but are warranted in the future interdisciplinary 
research (27–30). For example, a further study needs to 
investigate how G × E interaction between 1A-209 and 
regular exercise is translated into physiological effects 
on cellular responses that may significantly increase 
survival likelihood at advanced ages. More replication 
analyses and further biological functional study plus 
demographic–social research using genotypic and longi-
tudinal phenotypic data may provide stronger scientific 
evidence and explanations for the findings presented in 
this article.

Finally, it is worth noting that, although the genetic ef-
fects of FOXO genes on longevity estimated in this article 
and the other studies (2–8) are fascinating, we are not able 
to estimate the proportion of variance in individuals’ proba-
bilities of survival from middle age to age 100 explained by 
the FOXO genes. This is because the cohort data on out-
come of that who (among the members of the middle-age 
control group) will survive to age 100 required for such var-
iance analysis are not available. However, previous studies 
on elderly twins have shown that only one fourth of the 
differences in individual life span are determined by ge-
netic inherence that involves multiple genes and the other 
three fourths are determined by social, behavioral, and 
environmental factors (31). Clearly, knowing which gen-
otypes a person carries does not tell whether he or she 
may survive to age 100. The most important issue is to 
promote better social and environmental conditions and 
healthy behaviors that will affect health and longevity 
directly and indirectly through interactions with genet-
ics. Our new finding that G × E interaction between the 
SNP 1A-209 and regular exercise significantly increase 
survival by 31%–32% at very advanced ages has pro-
vided a piece of strong empirical evidence to support this 
understanding.
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Appendix 1. Derivation of the Extended FAD Method for 
Estimating the Independent and Joint Effects of Genetic 
Variant and Fixed Exposure

The definition of pij(x) is given in the text of The 
Extended Fixed Attribute Dynamics Method section. Let 
s11(x), s10(x), s01(x), and s00(x) denote the conditional 
survival probability from age x to x + n for those who are 
both carrier and exposed, carrier and not-exposed, non-
carrier and exposed, and neither carrier nor exposed, re-
spectively (the terms “carrier, noncarrier, exposed and 
not-exposed” are defined in The Extended Fixed Attribute 
Dynamics Method section in the text); N(x), the total 
number of persons aged x; S(x), the overall average con-
ditional survival probability from age x to x + n for all 
persons aged x.

Because N(x) pij(x) sij(x) = N(x) S(x) pij(x + n), it follows 
that

( )
( ) ( )

( )

⎛ ⎞+
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ij
ij

ij

p x n
s x S x

p x
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We choose the group of individuals who are neither a car-
rier nor exposed as a reference group, and it similarly fol-
lows that
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Dividing Formula (A1) by Formula (A2) gives the OR of 
survival from age x to age x + n of those with the i–j combi-
nation of the gene-fixed exposure to those who are neither a 
carrier nor exposed:
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/ 00

00 00

( ) ( ) ( )

( ) ( ) ( )
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= =
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s x p x p x n
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Note that the above mathematical and demographic deri-
vation is based on the framework of cohort survivorship. If 
the Formula (A3) is applied to follow-up data from the same 
cohort counted at different time points (ie, at ages x and 
x + n), one needs to assume that the loss-to-follow-up from 
age x to x + n is not correlated with respondents’ combination 
of the genetic variant and the fixed exposure under study. 
However, the cohort long-term follow-up data, such as the 
pij(x) at middle age and age 100+ from the same cohort, are 
usually not available. Consequently, one may use cross-�

sectional data from different cohorts of long-lived cases (e.g., 
centenarians) and younger controls (eg, middle-age group). 
In this case, we connect the younger cohort and the long-
lived cohort into “a hypothetical cohort,” and we assume 
that the initial distributions of the combinations of the ge-
netic variant and the fixed exposure at age x of the cohorts 
of long-lived individuals (denoted as 1 ( )ijp x ) and younger 
controls (denoted as 2 ( )ijp x ) do not differ substantially. We 
then compare the observed 2 ( )+ijp x n  of the long-lived indi-
viduals (cases) and the observed 2 ( )ijp x  of the middle-age 
controls, considering the cases and controls as members of 
a hypothetical cohort and derive the estimate of RSij/00. 
This basic assumption inherent in the FAD method is the 
same as the one adopted in the conventional case–control 
statistical genetic approach using cross-sectional data from 
long-lived individuals (as cases) and younger controls, 
namely assuming that there is no substantial problem of 
population stratification. We further explore in the follow-
ing discussion the implications of this basic assumption 
adopted in both FAD and the conventional case–control sta-
tistical genetic approaches and its potential bias if the basic 
assumption is violated.

Let 1 (0)ijp  and 2 (0)ijp  denote the initial distribution of the 
combination of the genetic variant and the fixed exposure at 
birth among the individuals born x + n years ago and x years 
ago, respectively; 1 (0)ijN  and 2 (0)ijN , the initial size (num-
ber of births) of the cohorts of the individuals born x + n 
years ago and x years ago, respectively; S1 (0→x) and S2

(0→x), the overall average probability of survival from age 
0 to age x among all of the individuals born x + n years ago 
and x years ago, respectively; 1

ijC  and 2
ijC , the ratio of the 

probability of survival from age 0 to x among persons with 
the i – j combination of the genetic variant and the fixed 
exposure to the overall average probability of survival from 
age 0 to x for all of the cohort members born x + n years 
ago and x years ago, respectively; 1 ( )ijp x  and 2 (0)ijp , the 
proportions of persons aged x with the combination of the 
genetic variant and the fixed exposure among all individu-
als aged x in the cohorts born x + n years ago and x years 
ago, respectively.
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1 1 1

1 1
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Similarly,
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As discussed earlier, when the extended FAD method is 
applied to the cross-sectional data from the long-lived indi-
viduals aged x + n and the younger controls aged x, one in 
fact assumes that: 1 2( ) ( )=ij ijp x p x  or 1 1 2 2(0) (0)=ij ij ij ijp C p C , 
namely assuming (a) the initial distributions of the combi-
nations of the genetic variant and the fixed exposure of the 
two cohorts born x + n years ago and x years ago are the 
same, that is, 1 2(0) (0)=ij ijp p ; (2) the associations between 
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the genetic variant and longevity in the two cohorts are the 
same, 1 2=ij ijC C . If these assumptions are met, the OR of 
survival RSij/00 produced by the Formula (A3) based on the 
cross-sectional data adequately provides the estimate of �
the effects of the i–j combination of the genetic variant and the 
fixed exposure on longevity. Based on equations (A-4) and 
(A-5), we observe that, theoretically speaking, the estimates 
of the OR of survival are not directly affected by the differ-
ences in the initial sizes (numbers of births) of the cohorts 
(ie, N1(0) and N2(0)) and the overall average probabilities of 
survival from birth to age x among all of the individuals 
born x + n years ago and x years ago (S1(0→x) and S2(0→x)), 
as they are canceled out during the process of derivation. 
However, there would be bias in the estimates of the OR if 
the basic assumptions (a) and (b) described previously are 
violated because of population stratification and/or the un-
known interactions among the genetic variant, fixed expo-
sure, the different socioeconomic environmental conditions, 
and mortality levels from birth to the middle age (ie, age x) 
(to our knowledge based on a careful literature search, there 
have been no previously published studies about the influ-
ences of FOXO genes on mortality from birth to middle 
age) in the different cohorts born x + n and x years ago. In 
this study, we control for population stratification in the 
FAD analysis using the cross-sectional data of centenarians 
and middle-age controls by restricting our analysis to a sin-
gle ethnic group (Han Chinese) residing in Southern China 
and classifying the samples by gender as well. We believe 
that this may reduce and hopefully minimize the bias, but 
we are aware of that there may still be potential bias, which 
needs to be evaluated in the future when more sophisticated 
cohort data sources become available.

Appendix 2. Estimating the Effects of Interactions Between 
the Genetic Variant and the Fixed Exposure on Longevity 
Following the FAD Approach

We present the procedures for estimating the effects of 
gene-fixed exposure interactions on survival from age x to x 
+ n, using the ORs of survival (RSij/00, i = 0,1; j = 0,1) de-
rived by Formula (2).

On a multiplicative scale, the Interaction Index of Sur-
vival (ISm) is estimated as:

11/ 00 10 / 00 01/ 00/( )= ×mIS RS RS RS . (A6)

On an additive scale, the Interaction Index of Survival 
(ISa) is estimated as:

11/ 00 10 / 00 01/ 00/( 1)= + −aIS RS RS RS , (A7)

If ISm or ISa is significantly greater or less than 1, the 
interaction between the genetic variant and the fixed expo-
sure positively or negatively affects survival from age x to 
x + n.

Note that assuming additive versus multiplicative inter-
actions is not purely a statistical question but rather a one 
based on what we know about the social environment, be-
havior, and biology (25). In other words, it is content based, 
and we should determine whether we adopt an additive or 
multiplicative assumption case by case based on empirical 
data or through learning from literature.

Unlike the Formulas (1) and (2), we cannot simply use the 
standard statistical significance tests (23) to assess whether the 
interaction effects estimated by Formulas (A6) and (A7) are 
statistically significant because the functional distributions of 
Formulas (A6) and (A7) are unknown, at least to our knowl-
edge. In theory, we may use multivariate Delta method to do 
the statistical significance tests. However, in this case the Delta 
method is not feasible because we have eight variables (ie, 
Pij(x) and Pij(x + n)); the sample size may usually not be large 
enough to estimate the 72 parameters (8 variances plus 64 (= 8 
× 8) covariants) in most applications including ours. Based on 
a careful literature search, we believe that a bootstrap simula-
tion approach is most appropriate for estimating the confidence 
intervals and P values of ISm and ISa (32,33).

Appendix 3. Potentially Confounding Factors Included in 
the Cox Hazards Regression Models

We choose the following variables as relevant covariates 
based on reviews of previous studies in this field and our 
understanding of the Chinese social context.

Demographic and socioeconomic variables.—Demographic 
and socioeconomic variables include age, gender, residence 
(rural vs urban), education (no schooling vs ≥1 year of 
schooling; note that two thirds of the Chinese oldest old 
aged 80+ reported “no schooling”) and economic indepen-
dence (having his or her own retirement wage and/or earnings 
vs no income).

Social and family support and connections.—Marital status 
refers to currently married vs unmarried. Proximity to children 
was measured dichotomously (participants who lived with 
their children or had at least one child nearby, ie, in the same 
village or on the same street, vs those who had neither co-
resident children nor children living nearby). We also exam-
ined whether the study participant lived alone. Instrumental 
social support was measured by a question that asked partici-
pants whether their spouse or other family members took care 
of them when they were sick. The Leisure Activities score is 
based on frequency of participation in seven activities: per-
sonal outdoor activities, gardening, raising domestic poultry 
and/or pets, playing cards or mah-jong, participating in orga-
nized social activities other than religion, reading newspapers 
and books, and watching TV and listening to the radio. Re-
spondents who reported engaging in the activity once or more 
per week were coded 1, otherwise, 0. We then summed the 
seven scores; the resulting scale has a range from 0 to 7.
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The resilience score.—The resilience score was con-
structed based on the more straightforward and simplified 
definition of resilience specified in Lamond and colleagues 
(34), namely, resilience connotes the ability to adapt posi-
tively to adversity (i.e. ability of coping and adjustment). 
We selected seven available and relevant items in the demo-
graphic study CLHLS to construct the resilience score, 
which is actually a simplified version (focusing on coping 
and adjustment) of the resilience index used in the in-depth 
psychological study (35).

Health practices.—Cigarette smoking was assessed by 
the following question: “Do you smoke regularly at the pres-
ent time?” Response options were “no” (coded 0) and “yes” 
(coded 1). Based on relatively detailed information concern-
ing the frequency, quantities and types of alcohol consumed, 
we coded participants as “heavy alcohol drinker” (defined 
as having at least 200 g of liquor or 400 g of beer per day) 
(code = 1) versus “not heavy alcohol drinker” (code = 0). 
Exercise was assessed by the following question: “Do you 
exercise regularly at the present time?” Response options 
were “yes” and “no,” coded 1 and 0, respectively.

Deficits index.—We constructed an index of overall 
health status, known as the deficits index (DI) (also called 
frailty index), which has been validated and widely applied 

as a proxy for biological age; as a predictor of death, 
health change, and utilization of health services and has im-
plications for public health monitoring and intervention (36). 
DI is defined as the proportion of observed deficits divided 
by the total number of possible deficits for a given individual 
and is posited to capture the cumulative deficits of the sam-
pled persons. Following the general practice in constructing 
the DI, we estimated the DI for each oldest old interviewee 
based on 39 variables that include cognitive function, instru-
mental activities of daily living, activities of daily living, 
physical performance functional limitations, self-reported 
health, self-reported changes in health during the past year, 
interviewer-reported health, hearing loss and vision loss, 
heart rhythm, psychological distress, any serious illness in 
the past 2 years, and reports of specific chronic diseases. 
With an exception for the number of times of hospitalization 
in the past year for which a score of 2 was given if the num-
ber of times was greater than 2, each variable is coded 1 
when the deficit is present, and 0 otherwise. We then summed 
up these 39 variables and divided by 40 to obtain the DI. The 
possible range of the DI is 0 to 1. A detailed list of variables 
used to construct the DI is available elsewhere (37).

The frequency distributions of the 15 covariates included 
in our Cox proportional hazards regression models are not 
presented in this article due to space limitation, and are 
available upon request.


