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37 Abstract

38  Survival to extreme ages clusters within families. However, identifying genetic loci
39 conferring longevity and low morbidity in such longevous families is challenging. There is
40 debate concerning the survival percentile that best isolates the genetic component in
41  longevity. Here, we use three-generational mortality data from two large datasets, UPDB
42  (US) and LINKS (Netherlands). We studied 21,046 unselected families containing index
43  persons, their parents, siblings, spouses, and children, comprising 321,687 individuals. QOur
44 analyses provide strong evidence that longevity is transmitted as a quantitative genetic trait
45  among survivors up to the top 10% of their birth cohort. We subsequently showed a survival
46  advantage, mounting to 31%, for individuals with top 10% surviving first and second-degree
47  relatives in both databases and across generations, even in the presence of non-longevous
48 parents. To guide future genetic studies, we suggest to base case selection on top 10%
49  survivors of their birth cohort with equally long-lived family members.
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51 Main

52  Human lifespan has a low heritability (12-25%)", whereas survival into extreme ages

4-6,8-11
’

53  (longevity) clusters within families*®. Studies showed that parents, siblings and

54  children®** of longevous persons lived longer than first degree relatives of non-longevous
55  persons or population controls. In addition, members of these longevous families seem to

17-20

56  delay or even escape age-related diseases and in fact, healthy ageing in such families is

57  marked by well attuned immune systems and metabolic health®*

. Understanding the
58 genetic factors influencing longevity may provide novel insights into the mechanisms that
59  promote health and minimize disease risk™**. Identifying longevity loci, however, has been
60 challenging and only a handful of genetic variants have been shown to associate with

2431 The most consistent evidence has been

61 longevity across multiple independent studies
62  obtained for variants in APOE and FOXO3A genes*2%* in either genome-wide association
63  studies (GWAS) or candidate gene studies.

64

65 The lack of consistent findings in longevity studies hampers comparative research and may
66 be explained by genetic and environmental heterogeneity on one hand and uncertainty in
67 defining the longevity trait itself, as illustrated by the large variation of longevity definitions

1,3,6,9,12—16,18,19,24—31,33-37

68 on the other hand . Establishing a threshold that best isolates the
69 genetic component of longevity and including mortality information of family members is
70 important because the environmentally-related increase in lifespan over recent decennia
71 has caused an increase in longevity phenocopies. As a result, genetic longevity studies
72  generally focus on singletons (i.e. individuals without longevous family members), selected

26,27,30,31,38

73 based on one generation of mortality data . Here, we aim to establish the
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74  threshold for longevity in unselected (for survival) multigenerational families and determine
75 the importance of longevous family members for case selection so that those insights can be
76  used in genetic studies to identify novel longevity loci.

77

78  We used the data available in the Utah Population Database (UPDB,Utah) and the LINKing
79  System for historical family reconstruction (LINKS,Zeeland) based on US and Dutch citizens,
80 respectively. Zeeland was a region with difficult living conditions compared to Utah (see
81 methods section). In these datasets we identified 21,046 three-generational families (F1-F3)
82  containing index persons (IPs, F2), their parents {F1), siblings (F2), spouses (F2), and children
83  (F3) comprising 321,687 persons in total. First, we examined the association between the
84  number of parents (F1) and siblings (F2) belonging to the top 1-60% of their birth cohort, in
85 a cumulative way (comparing mutually inclusive percentile groups) with the survival of IPs
86 (F2). Second, we determined the survival percentile threshold that drove the cumulative
87 effects as a criterion for defining human longevity by investigating IPs (F2) who were divided
88 into mutually exclusive groups based on the longevity of their parents (F4) and siblings (F2).
89  Third, we focused on the top 10% parents and siblings to investigate whether longevous and
90 non-longevous parents, with increasing numbers of longevous siblings, transmit longevity to
91 the IPs. Fourth, we confirmed our findings in the next generation (F3) by examining the
92  association between the longevity of IPs (F2), their spouses {parents, F2) and siblings (aunts
93 and uncles, F2) with survival of IPs’" children (F3). Finally, we explored potential

94  environmental influences by studying spouses (F2) of longevous IPs (F2).


https://doi.org/10.1101/373274
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/373274; this version posted July 23, 2018. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

o5 Results

96 We identified three generations of families in the UPDB and LINKS covering 10,929 and
97 10,117 families, respectively, who were centered around a single index person (IPs,F2) per
98 family (Figure 1). We identified parents (F1, Nypps=21,858 & Ny nks=202,343), siblings (F2,
99  Nuyppe=57,207 & Nyns=53,999), spouses (F2, Nyppe=11,908 & Nyns=10,791), and children
100  (F3, Nuppe=62,145 & Nynks=62,499) for all IPs in both datasets (Table 1). IPs were born
101  between 1767 and 1929 in the UPDB, and between 1797 and 1908 in LINKS. In the UPDB,
102  52% of the IPs were female, compared to 53% in LINKS. The IPs mean age at death was
103  71.15 (SD=16.20) years in the UPDB and 63.85 (SD=17.99) years in LINKS. No IPs were
104  censored, as they were selected to have an available birth and death date. In the following
105 sections we explored associations between IP survival and the number of 1-60% surviving
106 parents and siblings in a cumulative analysis and subsequently identified in mutually
107  exclusive IP groups the survival percentile threshold that drives the cumulative effect and
108 demarcates longevity (see methods section).
109
110 The number of top 1-60% parents and siblings strongly associates with the survival of IPs
111  For a first examination of the association between the number of parents (1 or 2,F1) and
112  siblings (1 or 2+,F2) and IP (F2) survival and to explore if a larger level of family aggregation,
113  in terms of numbers of parents (F2) and siblings (F2), was more evident at extreme survival
114  percentiles, we fitted Cox regressions for each subsequent survival percentile (1% to 60"
115 percentile). Figure 2A and C show that IPs with 1 parent belonging to the top 1-60%, had a
116  survival advantage over IPs without a parent belonging to the top 1-60%. This was shown by

117  the lowest observed statistically significant hazard ratios (HR) of 0.80 (95% Clmax-top 1%=0.73-
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118 0.87) in the UPDB and 0.74 (95 Clmax-top 1%=0.64-0.86) in LINKS where ‘max’ refers to the age
119  with the largest effect. These HRs indicate a 20% and 26% lower hazard of dying respectively
120 and from here we will refer to this as a 20% and 26% survival advantage. Having 2 parents
121  belonging to the top 1-60% provided a stronger survival advantage to IPs (HRmax-top 2%-
122 yppe=0.62 (95%Cl=0.48-0.80) and HRmax-top 13%-Lnks=0.75 (95% Cl=0.61=0.93)), although Figure
123 2 shows that the power to detect survival effects of IPs with 2 longevous parents up to the
124 10" percentile was weak for LINKS due to low group sizes.

125

126  The association of IP survival with longevous siblings was shown in Figure 2B and D. The
127  maximum statistically significant HRs for IPs with 1 longevous sibling were 0.75 (95% Clmax-top
128  14=0.62-0.75) and 0.80 (95% Clmax-top 1%=0.64-0.99) in the UPDB and LINKS respectively. For
129  IPs with 2 or more longevous siblings these HRs were 0.66 (95% Clmax-top 3%-upps=0.51-0.84)
130  and 0.74 (95 Clmax-top s%-unks=0.55-0.99). The slopes in Figure 2A-D show a slight increase of
131 IP survival advantage with the increase in percentile score. For example, IPs with parents
132  with the best survival (the left most end of the x-axis) have lower hazard rates than IPs with
133  the least survival (the right most end of the x-axis). We conclude that IP survival when
134  expressed in HRs, both in UPDB and LINKS, increased with the number of longevous parents,
135 with the number of longevous siblings and, though modestly, with the increase of parent
136 and sibling survival percentile scores in a linear fashion as observed in Figure 2.

137

138 Top 10-15% surviving family members demarcates the longevity effects of IPs

139 To determine the survival percentile threshold that drove the survival advantage of IPs (F2)
140  with the number of top 1-60% parents (F1), we constructed 6 mutually exclusive IP {F2)

141  groups (g) based on the survival of F1 parents (g1=[>0™ & <1™ percentile], g2=[>1" & <5™

7
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142  percentile], g3=[>5" & <10"™ percentile], g4=[>10" & <15™ percentile], g5=[>15" & <20™
143  percentile], g6:[220th & <100" percentile],see methods section) and compared groups 1-5
144  with group 6. Figure 3A and B show the HRs of IP groups for the UPDB and LINKS. IPs in
145 group 1, 2, 3, and 4 showed a significant survival advantage compared to group 6, with the
146  lowest HR for group 1 in both the UPDB and LINKS (HRmaxurpe=0.76 (95% CI=0.67-0.86) and
147  HRpaxunks=0.71 (95% Cl=0.59-0.86)). Group 5 did not statistically differ from group 6
148  (HRgroups-urpe=1 (95% CI=0.91-0.109) and HRgroups-Lnks=0.96 (95% CI=0.87-1.05)) and thus,
149  these effects indicate that the top 15% surviving parents drove the association with survival
150 advantage of IPs as shown in Figure 2.

151

152  In the same way we investigated the association of IPs (F2) survival with that of siblings (F2).
153  Figure 3C and D show a survival advantage of IPs in UPDB group 1-3 and LINKS group 2 and 3
154  as compared to group 6 with the lowest HR for group 1 (UPDB) and group 2 (LINKS) (HRgroup1-
155  yppe=0.70 (95% CI=0.58-0.83) and HRgoup2-1inks=0.77 (95% CI=0.64-0.92)), respectively. Group
156 4 and 5 did not significantly differ from group 6 (HRgroupa-urpe=0.97 (95% Cl=0.86-1.08) and
157  HRgroupa-unks=0.86 (95% Cl=0.73-1.02)) which indicated that both in the UPDB and LINKS the
158  top 10% surviving siblings drove the association with the survival advantage of IPs as shown
159  in Figure 2.

160

161  Based on the results presented in the cumulative and mutually exclusive group analyses we
162 focused on the top 10% surviving family members because the mutually exclusive group
163 analysis (analysis 2, Figure 3) indicated longevity effects up to the top 10% and 15% for
164  siblings and parents respectively. Using the top 10% is consistent between the two groups

165 and is a conservative choice. Furthermore, the cumulative analysis (analysis 1, Figure 2)

8
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166 indicated that the top 10% was a reasonable trade-off between effect size and group size
167 (power) within and between the UPDB and LINKS. Hence, we explored the familial clustering
168 of longevity and the influence of covariates for the top 10% surviving parents and siblings
169 and verified all results in the subsequent generation. Next to the top 10% we also conducted
170 our analyses on the top 5% which are illustrated in supplementary Figures 2-4 and
171  supplementary Tables 5-9.

172

173 The additive association between 10% surviving parents and siblings and the survival of
174 IPs

175  Figure 2E-H show the cumulative hazard {CH) curves for IPs (F2) with 0, 1 and 2 or more, or
176  exactly 2 parents/siblings (F1/F2) belonging to the top 10% of their birth cohorts and we
177  show Kaplan-Meier and Nelson-Aalen baseline measures in supplementary Figure 5. Both in
178 the UPDB and LINKS, the survival advantage associated with the number of top 10% siblings
179 appears to start during the beginning (45 years in LINKS) and end (60 years in the UPDB) of
180 the mid-life period. In both the UPDB and LINKS, the survival advantage of IPs with the
181 number of top 10% parents started at the age of 35 years. It should be noted that early life
182  effects could not be tested for because IPs were selected on having a child for the
183  construction of three generation families.

184

185 Table 2 accompanies Figure 2E-H by showing the HRs for the number of top 10% parents
186 (F1) and siblings (F2) and for the covariates we used to adjust the analyses. IPs with 1 top
187 10% parent had a maximum survival advantage of 13% and 17% compared to IPs without
188  such a parent (HR=0.87maxurpe (95%CI=0.83-0.91) and HR=0.83ax-Links (95%Cl=0.78-0.87)).

189 The maximum statistically significant survival advantage for IPs with 2 top 10% parents was

9
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190 27% and 29% (HRmax-uppe=0.73 (95%CI=0.65-0.79) and HRmax-Links=0.71 95%Cl=0.61-0.82)).
191 The maximum statistically significant HR for having 1 top 10% sibling was 0.85 (95%
192  Clyppp=0.81-0.90) and 0.82 (95% Cl.nks=0.76-0.88). for 2+ top 10% siblings the HR was 0.75
193  (95% Clypps=0.67-0.83) and 0.81 (95% Clnks=0.65-1.02). The survival advantage of IPs with 1
194  and 2 or more, or exactly 2 top 10% siblings and parents respectively was independent of
195  covariates such as sibship size and religion (LDS church). Religious IPs from Utah had a lower
196 HR than non-religious persons (HRypps=0.72 (95% CI=0.65-0.79)) and in the UPDB we
197  observed that sibship size had a small influence on the survival of IPs (HRypps=1.01 (95%
198 Ci=1.00-1.02) whereas in LINKS sibship size had no significant effect HR nks=1.01 (95%
199 CI=1.00-1.01)). The survival of IPs increased with the increase of birth cohort (HRyppg and
200  nks=0.99 (95% CI=[>0.99<1.00])) and women had a better survival than men, in the UPDB
201  (HRyppe=0.68 (95% Ci=0.64-0.72)) but not in LINKS (HRunks=1.03 (95% Ci=0.98-1.07)).
202  Furthermore, In Utah, high socio-economic status IPs outlived low socio-economic status IPs
203  whereas this was not the case in LINKS. The association between the number of longevous
204  siblings/parents and the survival of IPs were independent of each other and no other
205  statistically significant effect was observed for having both longevous parents and siblings.
206  Moreover, the number of longevous siblings showed a strong association with the survival
207  of IPs when both parents were non-longevous. The HR for 1 longevous sibling was 0.85 (95%
208 Cl=0.79-0.91) and the HR for 2 or more longevous siblings was 0.75 (95% CI=0.65-0.87) in
209  the UPDB. The HR for 1 longevous sibling was 0.78 {95% CI=0.72-0.85) and the HR for 2 or
210  more longevous siblings was 0.72 (95% CI=0.53-0.99) in LINKS (supplementary Table 2).In a
211 final step, we observed no evidence that the association of IPs and parental survival
212  depended on maternal or paternal effects, for example through transmission preferentially

213  via the mother or father. (supplementary Table 3).

10
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214

215  Survival advantage for children with longevous parents and longevous aunts and uncles
216  We explored the robustness of our findings in F1 and F2 by examining the association
217  between the longevity of IPs (F2), their spouses (F2) and siblings (F2) and the survival of IPs’
218 children (F2). We investigated whether longevity was transmitted from IPs (F2) to their
219  children (F3) and if the children (F3) with longevous aunts and uncles (siblings of the IPs,F2)
220 had a survival advantage compared to children (F3) without longevous aunts and uncles
221  (F2). To test this, we fitted Cox regressions, with a random effect (frailty) to adjust for
222  within-family relations of the F3 children. Table 3 shows that children of a top 10% surviving
223 IP had a HR of 0.86 (95% Clypps=0.84-0.89) in the UPDB and 0.85 in LINKS (95% Clynks=0.82-
224 0.88) compared to children without a top 10% IP. Moreover, results indicated that children
225  with two top 10% parents (IPs and spouses) had a HR of 0.76 (95% Clypps=0.67-0.85) in the
226  UPDB and 0.77 (95% Clnks=0.71-0.84) in LINKS. Similar to the IPs, we observed that the
227  survival of children did not depend on maternal or paternal effects (supplementary Table 3).
228

229  Children with 1 or more top 10% aunts or uncles had a 4-19% survival advantage compared
230 to children without such aunts or uncles (HRmin-uppe=0.96 (95% CI=0.93-0.99) and HRpax
231 | nks=0.84 (95% Cl1=0.78-0.92)) and this effect was independent of having a top 10% parent
232  (either the IP or the IP’s spouse). A stratified analysis showed that the survival benefit for
233  children with the number of top 10% aunts and uncles was still strongly present when the IP
234  and the IP’s spouse were non-longevous (HRmin-upps - 1 aunt/uncle=0.96 (95% CI1=0.93-0.99) and
235  HRmaxiinks - 2+ aunts/uncles=0.81 (95% CI=0.73-0.90)) (supplementary Table 4). Lastly,

236  supplementary Figure 6 shows that the survival benefit for children of a longevous IP and a

11
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237 longevous IP with a longevous spouse (i.e. 1 or 2 longevous parents) started from birth
238  (LINKS) and very early in life {(UPDB).

239

240  Spouses live longer in Zeeland but not in Utah

241  Familial clustering of longevity may depend on (later life) shared environmental effects
242  which could also provide survival benefits to the spouses (F2) of longevous IPs (F1). Hence,
243  we divided the spouses (F2) into mutually exclusive groups according to the survival of the
244 |Ps (see methods). Figure 4A and 4C show that none of the spouse groups in the UPDB
245  differed from reference group 6 or from any of the other groups, indicating no survival
246  benefit for spouses. In LINKS (Figure 4B and 4D), spouses of IPs with the highest survival
247  percentile (group 2) had a 15% (HRgroup2-nks=0.85 (95% Cl=0.78-0.93)) survival advantage
248  compared to group 6 spouses. This survival advantage was similar for spouses of IPs in
249  group 3,4, and 5 (HRgroups-unks=0.86 (95% Cl1=0.79-0.93) ; HRgroupa-Links=0.92 (95% Cl=0.85-
250  0.99) ; HRgroups-unks=0.86 (95%CI=0.79-0.93)). For Group 1 the effect was comparable but not
251  significant (HRgroup1-unks=0.85 (95% Cl=0.70-1.04)), the test in group 4 did not meet

252  Bonferroni correction for multiple testing.

12
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253 Discussion

254  Human longevity clusters within specific families. Insight into this clustering is important,
255  especially to improve our understanding of genetic and environmental factors driving
256 healthy aging and longevity. The analyses of the UPDB and LINKS datasets provide strong
257  evidence that for longevous (up to the top 10%) survivors and their families, longevity is
258 transmitted as a quantitative genetic trait. The main observations supporting this notion are
259 (1) in both datasets the survival of F2 IPs (and their F3 children) increased with each
260 additional longevous parent (F1 and F2) and sibling (2), (2) in both datasets the survival of
261  IPs (F2) increased with the number of longevous siblings (F2) in the absence of longevous
262  parents {F1) and likewise the survival of IPs’ children (F3) increased with the number of
263 longevous aunts and uncles in the absence of longevous parents.

264

265  Longevity was transmitted even if parents themselves did not become longevous, which
266  supports the notion that a beneficial genetic component was transmitted. In addition,
267  children of non-longevous parents. Further evidence for the transmission of a genetic
268 component was shown by the fact that none of the tested environmental confounders
269 affected the associations between parental/sibling longevity and IP/children survival. In
270 addition, the fact that we observed very similar results between the two databases, which
271  cover populations with inherently different environmentally related mortality regimes,
272  significantly adds to the robustness of our observations regarding the associations between
273  parental/sibling longevity and IP (F2) and children (F3) survival.

274

13
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275 We showed that spouses (F2) who married longevous IPs (F2) did not live significantly longer
276  than spouses (F2) who married a non-longevous IP (F2) in the UPDB while they did in LINKS.
277  Literature is inconclusive about the potential survival advantage of spouses of long-lived

5,6,8,39,40

278  persons . Pedersen et al. (2017) observed a survival advantage in the Long Life Family
279  Study for spouses of long-lived siblings when comparing them to a birth cohort and sex
280 matched control group. The authors point to assortative mating as a factor explaining the
281  survival advantage for these spouses’. A Quebec study, focused on the spouses of 806
282  centenarians, also reported a survival advantage® and a study of Southern Italy
283 demonstrated that male nonagenarians outlived their spouses, whereas this was not the
284 case for female nonagenarians®. A recent study showed that the spouses of 944
285 nonagenarians had no survival advantage but a life-long sustained survival pattern similar to
286  the general population®. An explanation for the difference between the UPDB and LINKS
287  datasets may possibly be that Zeeland had a higher level of relatedness than in Utah.
288  Zeeland had poor living conditions** and was characterized by out migration to other
289  provinces or abroad, but limited mobility within the province to other places®. Utah at that
290 time had better living conditions™ with continuous streams of freshly incoming migrants,
291  ensuring a steady influx of new genes*, creating high genetic diversity. Hence, it could be
292 that in Zeeland, spouses and IPs were often related to each other and thus shared some of
293 the genetic component contributing to longevity.

294

295 In all our analyses, except for the spouse analysis, we adjusted for religion (UPDB only),
296 sibship size, birth cohort, sex, socio-economic status, mother’s age at birth, birth order,
297  birth intervals, and twin birth. Some of these biological, social, and demographic factors

298  associated with the mortality of IPs (F2) and their children (F3). Nevertheless, these
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299  covariates neither confounded the association between parental (F1) and sibling (F2)
300 longevity and IP (F2) survival, nor that between IP (F2) and spouse (F2) longevity and their
301 children’s (F3) survival or between longevity of aunts and uncles (F2) and the survival of IPs’
302 children (F3). We, however, cannot rule out that other, unobserved non-genetic familial
303 effects affect our results. Furthermore, using either Swedish or Dutch lifetables to
304  determine survival percentiles was quite strict for Zeeland because of the hazardous
305 environment™. As a result, the number of longevous persons was quite low in LINKS relative
306 to the UPDB. Although the IPs were randomly selected, we could not completely rule out
307 selection effects, for example related to early life mortality. However, confirmation of the
308  F1-F2 results in the next generation F2/F3 significantly strengthens the results and allowed
309 us to cope with the potential selection effects for IPs. Unlike observations we previously
310 made in the Leiden Longevity Study® concerning maternal effects on longevity in the
311 generation of the nonagenarians and their parents, we did not observe evidence for a
312  stronger transmission from either parent to the IPs (F1 to F2), or from IPs to their children
313 (F2to F3)in our current study. We cannot draw final conclusions on this aspect because for
314  the F1-2 transmission we may have missed parental influences on early life mortality since
315 IPs were selected for having survived to an age at which they had one child. However, we
316  did capture early life mortality for F2-F3 but in those generations the selection pressure on
317  child mortality was already slightly decreasing™.

318

319  Although lifespan is not very heritable in the population at large® recent studies have been
320 able to identify®***! and replicate®® some lifespan associated alleles that lower the risk of age
321 related diseases. Our results imply that to find loci that promote survival to the highest ages

322 in the population, genetic studies should be based on long lived cases including at least
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323  parental mortality information but preferably also mortality information of siblings and
324  other first and second degree family members. The longevity threshold should include cases
325  belonging up to the top 10% survivors, with parents belonging up to the top 15% survivors
326  of their birth cohort and siblings belonging up to the top 10% survivors of their birth cohort.
327 To increase the longevity effect, the percentile threshold applied may even be more
328  extreme but would likely lead unnecessarily to an underpowered design. If we consistently
329  apply our suggested longevity definition across studies we may improve the comparative
330 nature of longevity studies and create a new impulse to detect novel genetic variants.

331
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332 Methods

333

334  Population datasets

335  Utah Population Database

336 The Utah Population Database (UPDB) contains demographic and genealogical information
337  which is linked to medical records. The data construction began in the mid-1970s with
338 genealogy records from the archives at the Utah Family History Library and was initially
339 based on the founding members of the Utah population, their descendants, and then
340  subsequently all individuals living in Utah. These records contain demographic and mortality
341 information on the pioneers of Utah (United States), their parents and children, and have
342  been linked into multigenerational pedigrees. The founding families were selected for the
343 UPDB when at least one member had a vital event (birth, marriage, or death) on the
344  Mormon pioneer trail or in Utah. The UPDB has been expanded to incorporate other high-
345  quality, state-wide data sources, such as birth and death certificates, cancer records, driver
346  license records, and census records. Currently the UPDB contains information on more than
347 11 million individuals and covers a maximum of 17 generations*’*%.

348

349  LINKing System for historical family reconstruction

350 The LINKing System for historical family reconstruction (LINKS) data contains demographic
351 and genealogical information which was derived from linked vital event registers (birth,
352 marriage, and death certificates). The data indexing began in 1995 by the “Zeeuws” archive
353 and the results were published by way of “WieWasWie”. The data currently covers over 25

49,50

354  million Dutch vital event records ™. Data construction has been completed for the
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355  province of Zeeland and is still ongoing for the other provinces in the Netherlands. Currently
356  LINKS Zeeland (henceforth referred to as LINKS) contains 739,453 birth, 387102 marriage,
357 and 641,216 death certificates which were linked together to reconstruct intergenerational
358  pedigrees and individual life courses®. In total the Zeeland data contains 1,930,157 persons
359  covering a maximum of 7 generations™.

360

361  Historical context in of Utah and Zeeland

414352 \with a mean number of

362 Both Utah and Zeeland were high fertility populations
363 children of around 7 during the period of this study (1740-1954). In general, Utah was
364  marked by healthy living conditions and Zeeland by contrast, was a much unhealthier place
365 to live. One of the main reasons for the unhealthy living conditions in Zeeland was the lack

41,53,54
.In

366  of clean drinking water, the high prevalence of waterborne diseases and of malaria
367  Utah the quality of the drinking water was good, since water from melting snow, that was
368 filtered running of the mountains, was used to drink®>. The differences in living conditions
369 between Utah and Zeeland were reflected by a relatively low infant and childhood mortality
370 in Utah® and high mortality rates for infants and children in Zeeland™*, especially before
371  1900. Moreover, Utah was known to be a high in-migration population** whereas there
372  were indications that Zeeland had a low influx and outflux of migrants*’.

373

374  Study selection

375  For the current study we used 3 Filial (F) generations (F1-3) from the UPDB and LINKS
376  (Nupps+unks=321,687). We reconstructed families in both datasets and denote generation 1

377 as the starting point of the pedigrees in the data. The starting point for this study was

378  generation 3 because starting here minimized missing family links and birth or death dates
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379  due to the nature of the source material underlying the data. We denote generation 3 as
380 filial generation 1 (F1). Subsequently, the children (Nyppg+unks=132,247) of the F1 parents
381 were identified (F2) so that unique families were represented by 2 parents (F1) and their
382  offspring (F2). Next an index person (IP,F2) was randomly selected per F2 sibship (N=21,046)
383 meeting the following criteria: (1) The date of birth and death had to be available, (2) At
384 least one child, sibling, and spouse had to be available, (3) sex had to be available, (4) for the
385 UPDB data only, the IP should preferably be identifiable on a genealogy record
386 (supplementary Table 1). From there we identified the siblings (F2, Nupps+Lnks=88,399),
387  spouses (F2, Nypps+unks=22,699), and the children (F3,Nyppe+unks=124,644) of the IPs (Table 1
388 and Figure 1). To summarize, both in the UPDB and LINKS we identified IPs (F2), their
389  parents (F1), siblings (F2), spouses (F2), and children (F3).

390

391 Lifetables

392 We used cohort lifetables to calculate birth cohort and sex specific survival percentiles for
393  each individual in the UPDB and LINKS. This approach prevents against the effects of secular
394  mortality trends over the last centuries and enables comparisons across study
395 populations™*. We could not use United States (US) lifetables because cohort lifetables
396 were not available at all and period lifetables were only available from 1933 onward.
397 However, for Sweden and the Netherlands, population based cohort lifetables were
398 available from 1751 and 1850 until 2018 respectively®*°. These lifetables contained, for
399 each birth year and sex, an estimate of the hazard of dying between ages x and x + n (hy)
400 based on yearly intervals (n=1) up to 99 years of age. Conditional cumulative hazards (H,)
401 and survival probabilities (Sx) were derived using these hazards. In turn, we could determine

402 the sex and birth year specific survival percentile for each person in our study. Swedish
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403 cohort lifetables date back furthest of all available lifetables and were shown to be
404  consistent with the lifetables of multiple industrialized societies®. In addition, we ensured
405  that the survival percentiles were calculated in the same way for the UPDB and LINKS to
406 make a fair comparison between the survival percentiles. Hence, the Swedish cohort
407 lifetables were used for both datasets and for the LINKS data the Dutch lifetables were used
408 as a sensitivity analysis. Supplementary Figure 1 shows the ages at death corresponding to
409 the top 10, 5, and 1 percent survivors for the UPDB and LINKS and can be used to map the
410 percentiles to absolute ages.

411

412  Statistical analyses

413  Statistical analyses were conducted using R version 3.3.0°'. We reported 95% confidence
414  intervals (Cls) and considered p-values statistically significant at the 5% level (a = 0.05).

415

416  Exploring the association between the number of parents and siblings with IP survival at

417  increasingly extreme survival percentiles (analysis 1)

418 To determine if (1) the association between the survival of IPs and the survival of their
419 parents and siblings increased with increasing survival percentiles, and (2) a larger level of
420 family aggregation, in terms of numbers of parents and siblings, was more evident at
421  extreme survival percentiles, we investigated the association between the IP survival and
422  the number of parents and siblings reaching increasingly more extreme survival percentiles.
423  We sequentially identified the number of parents and siblings belonging to the top x (x =
424  1,2,3, ..., 60) percentiles of their birth cohorts (from here: percentiles) and we analyzed their
425  association with the survival of the IPs for each subsequent percentile using a Cox

426  proportional hazard model:
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427

428 A(ti) = Ao(tij)exp (BZ; + vXi)) (1)

429

430  where t;; is the age at death or the age at last follow-up for IP j in family /. Ao(ti]-) refers to
431 the baseline hazard, which is left unspecified in a Cox-type model. B is the vector of
432  regression coefficients for the main effects of interest (Z) which correspond to: (1) the
433 number of parents belonging to the top x percentile, {2) and the number of siblings
434  belonging to the top x percentile. y is a vector of regression coefficients for the effects of
435 covariates and possible confounders (X) which are: IPs” religion (UPDB only), sibship size,
436  birth cohort, sex, socio-economic status, mother’s age at birth, birth order, birth intervals,
437  and twin birth.

438

439  Identifying a survival percentile threshold that demarcates longevity (analysis 2)

440 The previous analysis, bases on the cumulative effects, does not allow us to identify a
441  specific threshold to define longevity, since the top x percentiles were not mutually
442  exclusive, i.e., if a person belonged to the top 1% survivors, this person also belonged to the
443  groups of top 5% and top 10% survivors. To determine the survival percentile threshold that
444  drove the cumulative top x percentile effects described in the previous section, we grouped
445  IPs according to the survival of their parents and siblings for two separate analysis. More
446  specifically, we constructed mutually exclusive groups of IPs based on having at least one
447  parent or sibling belonging to group g (g = 1,2,3, ..., 6): group 1 = [20™ & <1™ percentile],
448  group 2 = [>1™ & <5™ percentile], group 3 = [25™ & <10™ percentile], group 4 = [>10" &
449  <15™ percentile], group 5 =[215" & <20™ percentile], group 6 = [>20™ & <100™ percentile].

450  Group membership was defined by the most long-lived parent or sibling of the IP. Using Cox
21
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451  proportional hazards models (see expression (1)), we compared the effects of all groups to
452  reference group 6, corresponding to IPs with all parents or siblings belonging to the 20" or
453  less extreme survival percentile and multiple combinations of defining group 6 were tested.
454  Here, the B is the vector of regression coefficients for the main effects of interest (Z) which
455  correspond to: (1) the IPs who were divided into mutually exclusive groups by their parental
456  mortality and (2) the IPs who were independently grouped by their sibling mortality. Other
457  parts of the expression are the same as noted in expression 1.

458

459  Exploring the top 10% parents, siblings, and covariates in an integrated design (analysis 3)
460 Based on the analyses expressed in the previous section we chose the top 10% survivors for
461  specific follow-up analyses. Based on the results presented in the cumulative and mutually
462  exclusive group analyses we focused on the top 10 surviving family members because the
463  mutually exclusive group analysis (analysis 2) indicated longevity effects for siblings beyond
464  the top 10% and 15% for siblings and parents respectively. Using the top 10% is consistent
465 between the two groups and is a conservative choice. Furthermore, the cumulative analysis
466  (analysis 1) indicated that the top 10% was a good trade-off between effect size and group
467  size (power) within and between the UPDB and LINKS. Hence, we focused on top 10%
468 parents and siblings in an integrated design to investigate the association between IP
469  survival and the number of parents and siblings belonging to the top 10%. We subsequently
470 investigated the association between the number of top 10% siblings and IP survival for IPs
471  without top 10% parents, using Cox regression (see expression (1)). Here the f is the vector
472  of regression coefficients for the main effects of interest (Z) which correspond to: (1) the

473  number of parents and siblings belonging to the top 10% and (2) the number of siblings
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474  belonging to the top 10% for IPs without top 10% parents. Other parts of the expression are
475 the same as noted in expression 1.

476

477 In all Cox regression analyses, based on expression 1, we accounted for the fact that IPs
478  were selected to have a spouse and at least one child (left truncation) and that individuals
479  could be right censored. We furthermore adjusted for religion (UPDB only), sibship size,
480  birth cohort, sex, socio-economic status, mother’s age at birth, birth order, birth intervals,
481  and twin birth since these are known to influence human survival'. socio-economic status
482 was constructed according to the Integrated Public Use Microdata Series (IPUMS)
483  occupational coding scheme of 1950 (OCC1950)%. Importantly, for the sibling contribution
484  to the cumulative percentile analysis (analysis 1), the sibling contribution to the top 10%
485 analyses (analysis 3), and in all mutually exclusive group analyses (analysis 3), we used
486  analytical weights when fitting the Cox models to avoid family size confounding. Adjustment
487  was not necessary for the number of parents because this number is two by definition.
488 However, sibship sizes vary. For example, a hypothetical IP with 4 siblings belonging to
489  percentiles 1, 6, 8 and 30 will contribute with a weight w=3/4 in the first analysis, based on
490 the cumulative percentiles, when considering the top 10 percent. This same IP, when
491 considering the top 5 percent will contribute with less weight, namely w=1/4. In this way,
492  each person contributed the same to the overall analysis across all percentiles. In the
493  second analysis based on mutually exclusive groups, this same hypothetical IP would be
494  assigned to g1, and will contribute to the analysis with a weight w=1/4. In analysis 3, based
495  on the top 10%, the IP will contribute with a weight of w3/4 In this way we avoid a potential
496  advantage to larger families to be represented in more extreme groups.

497
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498  Verification of the results in a subsequent generation (analysis 4)

499  To verify our results regarding the top 10% parents and siblings (analysis 3) in a subsequent
500 generation (children, F3), we investigated whether children of top 10% IPs had a survival
501 advantage compared to children of non-longevous IPs and whether this effect is stronger if
502 the spouse of the IP also belonged to the top 10%. We further investigated familial
503 clustering of longevity by studying the number of top 10% aunts and uncles of the children
504  of IPs. A Cox-type random effect model was used:

505

506 /l(tl-j) = uiAO(tij)exp (BZ;; + vX;j) (2)

507

508  where t;; is the age at death or the age at last follow-up for child j in family i, 1o(t;;) refers
509 to the baseline hazard, which is left unspecified, B8 is a vector of regression coefficients for
510 the main effects of interest (Z) which correspond to: (1) having a parent top 10% survivor in
511  a first analysis and (2) the effect of the number of uncles/aunts (F2) top 10% in a second
512  analysis. u > 0 refers to an unobserved random effect (frailty) shared by F3 children of a
513 given IP. This unobserved heterogeneity shared within sibships was assumed to follow a log-
514  normal distribution. y contains the effect of person-specific covariates X, similar to those
515 included in the previous analyses.

516

517  Survival of the spouses by the longevity of the index persons (analysis 5)

518 To investigate the survival of spouses, we applied a group approach, similar to that used
519 above, and analyzed the groups with Cox regression. We grouped the spouses by the
520  survival of the IPs creating 6 different groups g (g = 1,2,3, ..., 6): group 1 = [20™ & <1™

521  percentile], group 2 = [21" & <5™ percentile], group 3 = [25™ & <10" percentile], group 4 =
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522  [>10™ & <15™ percentile], group 5 =[>15" & <20™ percentile], group 6 = [220™ & <100™
523  percentile]. We compared the groups in two steps: (1) group 6 was the reference category
524  and (2) comparing all groups with each other (post-hoc), applying a Bonferroni correction
525  for multiple testing.

526

527 Atij) = Ao(ti;)exp (BZ;)) (3)

528

529  where t;; is the age at death or the age at last follow-up for spouse j in family /. Ao(tij)
530 refers to the baseline hazard, which is left unspecified in a Cox-type model. B is the

531 regression coefficient referring to the main effects of interest (Z), which are the spouses

532  who were divided into mutually exclusive groups by their parental mortality.

533
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716 Figure Legends

717

718  Figure 1: Conceptual pedigree of the 3 filial (F) generation families in the current study
719  design

720 -This figure represents a hypothetical family from the UPDB or LINKS covering 3 filial (F)
721  generations

722  -Circles represent women, Squares represent men

723  -DARK BLUE: Index persons ( F2), RED: Parents ( F1), LIGHT BLUE: Siblings of IP ( F2), GREEN:
724  Spouses of IP (F2), YELLOW: Children of IP (F3).

725  -IP: Index Person, Sib: Sibling, F: Filial.

726

727  Figure 2: Survival of IPs with parents and siblings belonging to the 1% until 60" percentile
728  survivors of their birth cohort

729  -This figure depicts the Hazard Ratio (HR) for IPs (left column) with 1 and 2 parents or 1 and
730 2+ siblings belonging to the top x percentile (x = 1,2,3, ..., 60) of survivors of their birth
731  cohort. The percentile groups (x-axis) are mutually inclusive, meaning that a first

732  -degree family member who belonged to the top 1% also belonged to the top 5% etc. The
733  figure also depicts the Cumulative Hazard (CH) for IPs (right column) with 1 and 2 parents or
734 1 and 2+ siblings who belong to the top 10%.

735 -Green (dotted) lines present the reference group of O top x percentile parents or siblings,
736  vyellow lines represent 1 top x percentile parents or siblings, blue lines represent 2 or 2+ top

737  x percentile siblings.
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738  -left column: x-axes represent the top x birth cohort based survival percentile, the y-axes
739 represent the hazard ratio (HR) of dying for IPs having 1 and 2 or 2+ top x percentile parents
740  orsiblings compared to having O top x percentile parents or siblings.

741  -right column: x-axes represent IP years of survival, y-axes represent the IPs’ cumulative
742  hazard of dying while having 1 and 2 or 2+ top 10th percentile parents or siblings compared
743  to having O top 10th percentile parents or siblings.

744 -All estimates are adjusted for religion (UPDB only), sibship size, birth cohort, sex, socio-
745  economic status, mother’s age at birth, birth order, birth intervals, twin birth, and number
746  of top 10% parents or number of top 10% siblings for the sibling and parent analyses
747  respectively.

748

749  Figure 3: Hazard ratio for IPs grouped by their parental and sibling survival in mutual
750  exclusive groups

751  -Parent and Sibling Groups: group 1 = IPs of whom the longest lived parent/sibling belonged
752  to the [20th & <1th percentile] of their birth cohort, group 2 = IPs of whom the longest lived
753  parent/sibling belonged to the [>1th & <5th percentile], group 3 = IPs of whom the longest
754  lived parent/sibling belonged to the [>5th & <10th percentile], group 4 = IPs of whom the
755  longest lived parent/sibling belonged to the [>10th & <15th percentile], group 5 = IPs of
756  whom the longest lived parent/sibling belonged to the [>15th & <20th percentile], group 6 =
757  IPs of whom the longest lived parent/sibling belonged to the [>20th & <100th percentile].
758  -Groups were colored by the extremity of the HR. The darker the blue the stronger the
759  survival benefit, the darker the red, the weaker the survival benefit and the effect was not
760  significant in with the red colors.

761  -The green lines represent the reference category, which is group 6.
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762 -Ngreen line at the top-right = 5144, Ngreen iine at the top-left = 4581, Ngreen iine at the bottom-
763  right = 7481, Ngreeniine at the bottom-left = 5911.

764  -All estimates are adjusted for religion (UPDB only), sibship size, birth cohort, sex, socio-
765  economic status, mother’s age at birth, birth order, birth intervals, twin birth, and number
766  of top 10% parents or number of top 10% siblings for the sibling and parent analyses
767  respectively.

768

769  Figure 4: Hazard ratio for spouses grouped by the survival of their IP in mutual exclusive
770  groups

771  -Spouse Groups: group 1 = Spouses of whom the IP belonged to the [>0th & <1th percentile]
772  of their birth cohort, group 2 = Spouses of whom the IP belonged to the [>1th & <5th
773  percentile] of their birth cohort, group 3 = Spouses of whom the IP belonged to the [>5th &
774  <10th percentile] of their birth cohort, group 4 = Spouses of whom the IP belonged to the
775 [210th & <15th percentile] of their birth cohort, group 5 = Spouses of whom the IP belonged
776  to the [215th & <20th percentile] of their birth cohort, group 6 = Spouses of whom the IP
777  belonged to the [220th & <100th percentile] of their birth cohort.

778  -Groups were colored by the extremity of the HR. The darker the blue the stronger the
779  survival benefit, the darker the red, the weaker the survival benefit and the effect was not
780  significant in with the red colors.

781  -The green lines represent the reference category, which is group 6.

782 -Ngreenline at the top-left = 8065, Ngreen iine at the bottom-left = 7887,

783  -The right column represents a post-hoc test of all groups and illustrates the p-values for the

784  differences in HR between the spouse groups. Blue color indicates a statistically significant
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785  effect after bonferroni correction, red color indicates a non-statistically significant effect
786  after bonferroni correction.

787  -All estimates are adjusted for religion (UPDB only), sibship size, birth cohort, sex, socio-
788  economic status, mother’s age at birth, birth order, birth intervals, twin birth, and number
789  of top 10% parents or number of top 10% siblings for the sibling and parent analyses

790 respectively.
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791  Tables

792

793  Table 1: Overview of UPDB and LINKS Index Persons and their first degree relatives + spouses

UPDB
Parents FO  Index Siblings F1 Spouses F1  Children F1
persons F1
Number, N 21858 10929 57207 11908 62145
Deceased, N (%) 20453 (94) 10929 (100) 48300 (84) 10863 (91) 54797 (88)
Female, N (%) 10929 (50) 5641 (52) 27627 (48) 5978 (50) 30151 (49)
Range birth cohorts 1753 - 1906 1767 - 1929 1756 - 1932 1768 - 1929 1792 - 1954
Mean ad or al, years (SD) 68.80(15.50)  71.15(16.20) 44.85 (33.64) 69.24 (17.63)  54.95 (32.07)
Mean ad, years (SD) 70.12 (15.20)  71.15 (16.20) 50.43 (32.50) 70.92(16.43)  58.00 (31.27)
Missing age, N (%) 437 (2) 0 (0) 835 (1) 378(3) 365 (1)
Censored , N (%) 968 (4) 0 (0) 8072 (14) 667 (6) 6983 (11)
LINKS
Parents FO  Index Siblings F1 Spouses F1  Children F1
persons F1
Number, N 20234 10117 53999 10791 62499
Deceased, N (%) 15540 (77) 10117 (100) 40099 (74) 8821 (81) 43900 (70)
Female, N (%) 10117 (50) 5340 (53) 25925 (48) 5194 (48) 30281 (49)
Range birth cohorts 1740 - 1877 1797 - 1908 1796 - 1916 1775 - 1909 1818 —1952
Mean ad or al, years (SD) 54.70(20.00)  63.85 (17.99) 20.84 (27.98) 59.03(21.23)  24.86 (30.86)
Mean ad, years (SD) 62.65(16.00)  63.85 (17.99) 23.94 (30.76) 65.69 (17.21)  29.59 (33.63)
Missing age, N (%) 49 (<1) 0 (0) 14 (<1) 27 (<1) 21 (<1)
Censored , N (%) 4645 (23) 0 (0) 13886 (26) 1943 (18) 18578 (30)

794  -ad = age at death, al = age at last observation
795  -Missing age means that we have no observation at all.
796  -Number death refers to the number of deceased individuals .

797
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Table 2: Survival analysis for IPs by top 10% siblings and top 10% parents

UPDB LINKS
N (mean) HR (95% Cl}) p-value N (mean) HR (95% ClI) p-value

Top 10% parents (F1)

0 (ref) 7129 (0.66) 7864 (0.78)

1 3345 (0.30) 0.87 (0.83-0.91) 3.79%10° 2096 (0.20) 0.83(0.78-0.87)  2.40*10™

2 455 (0.4) 0.73 (0.65-0.79) 1.55*10° 184 (0.2) 0.71(0.61-0.84)  3.42*10°
Top 10% sibs (F2)

0 (ref) 7203 (0.66) 8647 (0.85)

1 2644 (0.24) 0.85 (0.81-0.90) 434*10° 1256 (0.13) 0.82(0.76-0.88)  1.47*10~

2+ 1082 (0.10) 0.75 (0.67-0.83) 1.77*10° 214 (0.2) 0.81(0.65-1.02)  7.30*107
LDS (F2)

0 - non-religious(ref) 3101 (0.27)

1 - baptized 590 (0.06) 0.72 (0.65-0.79) 2.86%10™ NA NA NA

2 - baptized +
endowment 6990 (0.65) 0.84 (0.80-0.88) 3.97*10™" NA NA NA

3 - missing 248 (0.02) 0.90 (0.78-1.04) 1.43*10™ NA NA NA
Sibship size (F2) 10929 (6.22) 1.01 (1.00-1.02) 6.00%107 10117 (6.35) 1.01 (1.00-1.01) 2.05%10"
Birth cohort, years (F2) 10929 (1870)  0.99 (>0.99<1.00)  <1.00*10"® 10117 (1835)  0.99 (>0.99<1.00) <1.00*10™
Sex (F2)

Man (ref) 5288 (0.46) 4777 (0.48)

Women 5641 (0.53) 0.68 (0.64-0.72) <1.00%10% 5340 (0.52) 1.03(0.98-1.07)  2.60*10™
SES — OCC_1950 (F2)

0 - High (ref) 345 (0.03) 67 (0.01)

1 1493 (0.14) 1.11 (0.98-1.27) 1.09*10™ 645 (0.06) 0.88(0.68-1.14)  3.30*10"

2 447 (0.04) 1.16 (1.00-1.35) 5.65*107 536 (0.05) 0.96 (0.74-1.24)  7.63*10"

3 403 (0.04) 1.29 (1.10-1.50) 1.54*10° 62 (0.01) 0.78(0.55-1.11)  1.74*10"

4 200 (0.02) 1.15 (0.96-1.38) 1.52*10™ 71(0.01) 0.96 (0.68-1.36)  8.18*10"

5 953 (0.09) 1.28 (1.11-1.46) 4.15*10™" 733 (0.07) 0.79(0.61-1.02)  7.14*107

6 727 (0.07) 1.34 (1.17-1.54) 2.91%10° 311 (0.03) 0.85(0.65-1.11)  2.42*10"

7 564 (0.06) 1.30 (1.12-1.51) 3.37*10™ 759 (0.08) 0.81(0.62-1.04)  1.03*10"

8 170 (0.01) 1.24 (1.01-1.52) 3.61*10™ 575 (0.06) 0.84 (0.65-1.08)  1.78*10"

9-Low 588 (0.05) 1.39(1.21-1.61) 7.38*10° 3656 (0.36) 0.82(0.64-1.05)  1.10*10"

999 - missing 5039 (0.45) 1.58 (1.40-1.79) 1.88*10™ 2702 (0.26) 0.91(0.71-1.17)  4.51*10"
Log likelihood -74984 77371

-Table corresponds to the CH curves in the top and bottom right panel of figure 2

-Means represent a mean for a continuous variable and a proportion for a categorical variable
-Additional covariates are: age mom at birth, birth order, birth intervals (in years), twin birth

-When the p-value was lower than 1.00e-15 we indicated the P-value as <1.00*%10™

-LDS: the church of Jesus Christ of latter-day saints (Mormon church), SES: socio-economic status, OCC: occupational coding scheme of

1950
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Table 3: Frailty survival analysis for Children of IPs by top 10% IP’s and aunt and uncles of children

UPDB LINKS
N (mean) HR (95% Cl) p-value N (mean) HR (95% Cl) p-value

Top 10% IP (F2)

0 non LL (ref.) 49460 (0.80) 53382 (0.85)

1LL 12320 (0.20) 0.86 (0.84-0.89) <1.00%10™ 9096 (0.15) 0.85 (0.82-0.88) <1.00%10"
Top 10% aunts
and uncles (F2)

0 (ref.) 40156 (0.65) 53232 (0.85)

1 15361 (0.25) 0.96 (0.93-0.99) 2.28*10° 7817 (0.12) 0.96 (0.92-0.99) 1.97*107

2+ 6263 (0.10) 0.92 (0.88-0.96) 2.45%10° 1429 (0.3) 0.84 (0.78-0.92) 5.56%10°
Sibshipsize (F3) 61780 (8.05) 1.02 (1.01-1.02) 877*10"°  62478(0.8.04)  0.99 (0.99-1.00) 8.50%10"
Birth year (F3) 61780 (1893) 0.99 (0.99<1.00)  <1.00*10™° 62478 (0.1865)  0.99 (>0.99<1.00)  5.19*10™
Sex (F3)

Man (ref.) 31794 (51) 32137 (0.52)

Women 29976 (49) 0.62 (0.61-0.63) <1.00%10% 30272 (0.48) 0.64 (0.63-0.66) <1.00*10"
Famid i

a _d intercept 5, (0.12) 0.34 (0.11)
(variance)
BIC -24407 .48 -21514.91

-Additional covariates are: birth order, birth intervals (years), age mom at birth
-Religion, Socio-economic status, twin birth have been stratified

-When the p-value was lower than 1.00e-15 we indicated the P-value as <1.00e-15
-BIC: Bayesian Information Criterion

-Famid: family identifier
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