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Abstract

The observation of individuals attaining remarkable ages, and their concentration into geographic
sub-regions or ‘blue zones’, has generated considerable scientific interest. Proposed drivers of
remarkable longevity include high vegetable intake, strong social connections, and genetic
markers. Here, we reveal new predictors of remarkable longevity and ‘supercentenarian’ status.
In the United States supercentenarian status is predicted by the absence of vital registration. In
the UK, Italy, Japan, and France remarkable longevity is instead predicted by regional poverty,
old-age poverty, material deprivation, low incomes, high crime rates, a remote region of birth,
worse health, and fewer 90+ year old people. In addition, supercentenarian birthdates are
concentrated on the first of the month and days divisible by five: patterns indicative of
widespread fraud and error. As such, relative poverty and missing vital documents constitute
unexpected predictors of centenarian and supercentenarian status, and support a primary role of

fraud and error in generating remarkable human age records.
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Introduction

The concentration of remarkable-aged individuals, within geographic regions or ‘blue zones’ [1]
or within databases of people exceeding extreme age thresholds [2,3], has stimulated diverse
efforts to understand factors driving survival patterns in these populations [4,5]. Populations
within remarkable-age databases and ‘blue zone’ regions have been subject to extensive analysis
of lifestyle patterns [5—8], social connections [4,9], biomarkers [10,11] and genomic variants
[12], under the assumption that these represent potential drivers behind the attainment of

remarkable age.

However, alternative explanations for the distribution of remarkable age records appear to have
been overlooked or downplayed. Previous work has noted the potential of bad data [13],
population illiteracy [14] or population heterogeneity [15] to explain remarkable age patterns.
More recent investigations revealed a potential role of errors [16—19], and potential operator
biases [20] in generating old-age survival patterns and data. In turn, these findings prompted a
response with potentially disruptive implications: that, under such models, the majority if not all

remarkable age records may be errors [21].

Here, we explore this possibility by linking civil registration rates and socioeconomic data to
per-capita rates of remarkable age attainment, using data from every known centenarian
(individuals aged 100 or over), semisupercentenarian (SSCs; aged 105 or over), and
supercentenarian (aged 110 or over) from the USA, France, Japan, the United Kingdom, and

Italy (Fig 1).
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These data reveal that remarkable age attainment is predicted by regional indicators of error and
fraud including greater poverty, higher illiteracy, higher crime rates, worse population health,
greater levels of material deprivation, shorter average lifespans, fewer old people, and the
absence of birth certificates. In addition, French and Italian historical data indicate that
supercentenarians are not likely to be born into longer-lived cohorts, but are born into
undifferentiated or shorter-lived populations relative to their contemporary national averages.
Supercentenarian birthdates also exhibit ‘age heaping’ distributional patterns that are strongly
indicative of manufactured birth data. Finally, fewer than 15% of exhaustively validated
supercentenarians are associated with either a birth certificate or a death certificate, even in

populations with over 95% death certificate coverage.

As such, these findings suggest that extreme age data are largely a result of vital statistics errors
and patterns of fraud, raising serious questions about the validity of an extensive body of

research based on the remarkable reported ages of populations and individuals.
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Figure 1. Regional distributions for the density of remarkable longevity. The large majority of SSCs
are concentrated in a few countries, each exhibiting large regional variation in density of remarkable
longevity records. Most supercentenarians are concentrated in the USA (a), with large numbers in France
and the UK (b), and Italy (c; life table estimated rates). Within these countries, there exists marked
variation in the density of remarkable age records: for example, variation in SSC density per capita across
the UK (d) includes a 19-fold difference in SSC abundance within London (e) between Tower Hamlets
(region 7; most) and Barnet (region 10; least), with similar variation in SSC density across the Italian

provinces (f).
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Results

After removing countries with incomplete data or inadequate spatial resolution, and omitting
individuals with unknown birth locations, this analysis included all known individuals over age
100 in Japan and Italy, all known SSCs and supercentenarians in the UK, the 99.4% of known
GRG supercentenarians in the USA with documented birth locations (IDL data have had such
data removed or omitted), and all 175 supercentenarians in France with documented birth
locations. In total, over 81% of the total global supercentenarian population were located to their

region of birth.

Between the 1880 and 1900 census, a period covering 79% of US supercentenarian births, the
US population increased by 150% and average life expectancy by twenty per cent [22,23]. The
introduction of complete-coverage vital registration in the USA coincided with this rapid
increase in lifespan and population size, and was expected to result in a large increase in the

number of supercentenarian records per capita.

Instead, the introduction of state-wide birth certification coincides with a sharp reduction in the
number of supercentenarians born in each state. In total, 82% of the GRG supercentenarian
records from the USA predate state-wide birth certification. Forty-two states achieved complete
birth certificate coverage during the survey period. When these states transition to state-wide
birth registration, the number of supercentenarians falls by 80% per year overall (Fig 2a) and
69% per capita (Fig 2b) when adjusted relative to ¢.1900 state population sizes. The observed

drop in supercentenarian number after birth registration remained after right-censoring the GRG
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data by as much as 10 years to allow for the delayed or incomplete reporting of recent deaths (S1

95  Code).
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Figure 2. Number and per capita rate of attaining supercentenarian status across US states, relative
to the introduction of complete-area birth registration. Despite the combined effects of rapid

100 population growth and increasing life expectancy during this period the total number of US
supercentenarians in the GRG database (a) falls dramatically after birth certificates achieve state-wide

coverage (vertical blue line). This trend remains after adjusting for total population size ¢.1900 (b) within

each state.

105

In countries with more complete birth documentation, high poverty rates were the best predictor

remarkable age records. This interaction was unexpectedly positive, with increased poverty
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predicting a higher density of centenarians per capita in Japan (Fig S1c), SSCs per capita in the
UK, and supercentenarians per capita in both France and the UK (Fig 3; S2 Code). Old-age
110  specific measures of poverty, available in France and the UK, increased the strength of this
relationship. Higher rates of old-age poverty are linked to higher densities of remarkably old
people: the amount of old-age poverty alone predicts up to seventy per cent of the variation in

extreme longevity (Fig 3; S2 Code).

115  When aggregated into the larger NUTS-3 regions containing at least one SSC, the level of
income deprivation in older people or IDOP, an indicator of the fraction of people aged 60+
suffering poverty and income stress, predicts around 40% of the variation in SSC abundance per
capita across regions in the UK (r =0.42; p = 0.0000009; 127 regions; Fig 3a). That is,
throughout the UK higher income deprivation rates in older people predict higher numbers of

120 people surviving past age 105. The accuracy of this basic poverty model improves markedly
when predicting the number of SSCs as a percentage of all 90+ year old residents, rather than the
number of SSCs per capita (r =0.70; p < 1x10°'%; Fig 3d). As such, the highest concentration of
remarkable lifespans in the UK arise in London’s east end boroughs near Stepney and the Isle of
Dogs, followed by urban Manchester, Tyneside, and Liverpool: the UK ‘blue zones’ (Fig 1;

125  Table S1).

As in the UK data, the density of French supercentenarians is also predicted by higher poverty
rates in the population age 75 and over (r = 0.42; p = 0.0003). However, this number was
markedly reduced by the three overseas departments (Guadeloupe, Martinique and La Réunion)

130  included in the regression which were marked outliers for both poverty and supercentenarian
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rates (S2 Code). If these three outliers were trimmed, correlations between over-75 poverty rates
and supercentenarian abundance increased (r = 0.58; p = 3e-07; Fig 3e; S2 Code). Again, like the
UK data, these estimates also improved for predictions of the percentage of 90+ year-olds who
also exceeded age 110. Across the 66 regions of France with sufficient data, the poverty rate over
age 75 predicted half of the variation in supercentenarian abundance per 90+ year old (r=0.51, p=

0.00001; Fig. 3e).
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Figure 3. Old-age poverty and the density of remarkable lifespans. A higher percentage of people are
centenarians, SSCs and supercentenarians in high-poverty and income-deprived regions of rich countries.
Metrics of poverty and old-age poverty are positively correlated with the density of SSCs per capita in the
United Kingdom (a; r = 0.42; p < 0.000001; 127 regions), supercentenarians in France (b; r =0.42; p =

0.0004; 66 departments; r = 0.58 in the 63 mainland departments), and centenarians in Japan (c; r = 0.36;
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p = 0.01; 47 prefectures). These relationships strengthen if density is instead measured by the fraction of
145 90+ year old people who exceed age 105 (d, UK; r=0.71, p <2e-16), age 110 (e, France; r=0.51;p =

0.00001), or age 100 (f, Japan; r = 0.62, p = 0.000004).

In Japan, poverty rates in the general population were also positively correlated with the density
of remarkable lifespans (r = 0.36; p = 0.01; Fig 3¢c). Again, this interaction strengthens when

150  poverty rates are used to predict the fraction of 90+ year old people living past age 100 (r = 0.62;
p = 4e-06; Fig 3f). While old-age specific estimates of poverty in Japan appear to be unavailable,
although language barriers made this uncertain, such estimates are forthcoming. It can be
predicted that these estimates of old-age poverty may provide an even better predictor of
centenarian abundance than overall poverty rates.

155
In addition to the unexpected relationship with poverty rates, the number of centenarians in
Japan is also negatively correlated with income per capita (r = -0.44, p=0.001), the minimum
wage (r =-0.64; p = 1e-09), and the Japanese financial strength index (r = -0.70; p = 3e-08)
across all 47 Japanese prefectures. Prefectures that spend more money on old-age welfare per

160  capita, a disincentive for welfare fraud, also produce fewer centenarians per capita (r = -0.49; p=
0.0004). These factors share latent drivers and are highly autocorrelated: prediction models for
centenarians per capita based solely on poverty (R> = 0.37; p= 0.0001; S2 Code) approach the
accuracy of linear mixed models containing all available socioeconomic variables (R? =0.43; p =
3e-06) yet have a lower Akaike’s information Criteria (S2 Code).

165
In the UK, which had the most abundant granular data available at the NUTS-3 regional level,

socioeconomic indicators collectively predicted half of the regional variation in SSC density

10
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when fitted as interactive effects in a linear mixed model (Fig 4; adjusted R? = 0.0.39; p = 6.09¢-
05; S2 Code). Under a one-way analysis of variance, the best predictors of SSC density per capita
170 were the Indices of Multiple Deprivation or IMD, a multidimensional indicator of area-level
hardship and poverty (Fig 4a; F value = 20.3; p = 2e-05), the IDOP indicator of old-age poverty
(Fig 5b; F value = 16.5; p = 9¢-05), and purchase-power standard adjusted gross domestic
product or PPS-adjusted GDP (F value = 10.3; p =0.002; S2 Code). When predicting the number
of SSCs per 90+ year old across the UK, this socioeconomic model captures 80% of the variance
175  in SSC abundance (adjusted R* = 0.80; p < 2.2e-16; S2 Code), again largely through the effect of
IMD (F value = 61.8; p = 6e-12), IDOP (F value = 326.4; p <2.2e-16), and the interaction
between IDOP and the UK crime index (F value =29.7; p = 4e-07), all of which predict higher

SSC density under worse conditions.
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Figure 4. Social hardship and the distribution of 105+ year old people in the United Kingdom.
Across 128 regions containing at least one semisupercentenarian, the number of SSCs per capita is

185  highest in regions where: (a) people are more deprived overall (r = 0.28; p =0.001), (b) people over age
60 are more income-deprived (r = 0.42; p <0.000001), (c) multidimensional health indices are worse (r =
0.23; p =0.01), and (d) crime rates are higher (r = 0.22; p= 0.01). In contrast, regions with a higher
fraction of people surviving past 90 years of age (e), have significantly fewer SSCs per capita (r = -0.18, p
=0.04). A simple linear mixed model (f) fit to these five variables, PPS-adjusted GDP, and employment

190  rates (S2 Code), accurately predicts the regional density of SSCs across the UK (r = 0.74; adjusted R* =

0.39; p = 1e-06).
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Fitted as interactive effects in a linear mixed model, general and old-age poverty rates predicted
46% of the variance in supercentenarian density across France (overseas territories included,

195  adjusted R? = 0.44; p = 1e-08; S2 Code). When PPS-adjusted GDP per capita, unemployment
and murder rates per capita were also included as fixed effects, these inputs collectively captured
46% of the variance in supercentenarian density across France, an increase caused by
interactions of PPS-adjusted GDP with both overall and old-age poverty rates (adjusted R? =
0.56; p = 1e-08; S2 Code).

200
Direct measurements of provincial poverty rate were not available for Italy at the NUTS-3
regional level. Instead, the attainment of remarkable age in Italy is predicted by worse early- and
mid-life health. While survival to age 55 is positively correlated with life expectancy at all ages
at all ages from 60 to 95, higher early- and mid-life survival are inversely correlated with

205  mortality rates after age 95 (Fig 5a). Cohort survival to age 55 is increasingly negatively
correlated with survival to ages 100 (Fig 5b), 105 (Fig 5¢) and 110 years (Fig 5d), and with life
expectancy at age 100 (r = -0.4; p=0.00001; S2 Code). That is, autocorrelation between age-
specific survival breaks down and inverts at advanced ages, such that better survival to mid-life
is linked to worse survival in advanced age. Contrary to expectations yet again, both a lower

210  probability of survival to age 55, and higher probability of death at age 55, are linked to a higher

density of remarkable age records (S2 Code).
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Figure 5. Relationship between mid-life and late-life survival across Italian provinces. Across Italian

215  provinces (points), probabilities of survival in mid-life are positively correlated with the probability of
survival at older ages until around age 95 (a; r = 0.15; p=0.1; N=116). However, this relationship inverts
at advances ages: better mid-life and early-life probabilities of survival, and higher average longevity, are
linked to significantly lower probabilities of survival at 100 years (b), 105 years (c), or 110 years (d) of
age. Sardinian provinces shown in blue.
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Population sizes, GDP per capita, PPS-adjusted GDP per capita and employment rates were
available at a sufficiently granular level across Italy for basic analysis. Individuals across Italy
were more likely to attain supercentenarian ages if their province has a worse economy (Fig S2a-
¢), higher unemployment rates (Fig S2d-f), and fewer people over the age of 90 (Fig S2g-I; S2
Code). However, a linear mixed model with cohort life expectancy to age 55 had a significantly
lower Akaike’s information criteria, compared to a linear mixed model containing these basic

economic indicators as interactive effects (S2 Code).

As in Italy, French historical data did not reveal the expected positive relationship between life
expectancy and supercentenarian status. There are 143 French supercentenarians whose region of
birth had a corresponding local and national estimate of life expectancy at birth. For these
individuals, cohort life expectancy for the region and year of birth was lower than, but not
significantly different from, the contemporary national average (p = 0.52; N = 143; Fig S3). That
is, supercentenarians were not, on average, born into regions with either significantly longer or
shorter than expected life expectancy across metropolitan France. It seems unusual that modern
economic conditions and poverty rates are predictive of reaching age 110, yet life expectancy at

birth is not (Fig S3).

While informative of general trends, these models mask large regional anomalies in the pattern
of remarkable age records. Several of these anomalies, particularly those regions with the very

highest number or density of extreme age records, require some comment.
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For example, Scotland and Northern Ireland have a combined modern population of seven

245  million people, yet produced only three known SSCs. In contrast, the 24-fold smaller population
of Tower Hamlets has produced fifteen SSCs: the most SSCs per capita in the UK (Table S1).
However, Tower Hamlets also has the highest poverty rate, highest child poverty rate, the
shortest disability-free life expectancy, the highest income inequality, [24], and the worst index
of multiple deprivation [25] of all 32 London boroughs. Of all 317 local authority districts in the

250 UK, Tower Hamlets has the single most income-deprived population of older people [25]. Of
these 317 local area districts, Tower Hamlets also has the smallest percentage of people aged 90

and over [25]. This is a notable discrepancy.

Adjacent to Tower Hamlets, the borough of Southwark & Lewisham ranks second for SSCs per

255  capita, and first for SSCs overall (N=31) across the 175 NUTS-3 regions of the UK (Table S1).
Southwark & Lewisham is also the eighth most income-deprived district for older people in the
UK, and has the fifth-fewest 90+ year old people per capita [25]. Outside of London, Tyneside
and Greater Manchester are strongly represented. For example, Manchester produced 18 SSCs
overall (equal sixth) and ranks 14™ for SSCs per capita (Table S1), yet is the third most income-

260  deprived district for older people in the UK, and has the highest crime index, third-worst
population health index, fourth-worst index of multiple deprivation, and sixth smallest
percentage of 90+ year old people of any region (Table S1). These rankings are not a recent shift:
Manchester is the second most-persistently deprived of the 317 local-authority districts in the
UK [25].

265
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As in the UK, French regions illustrate a concordance between regions with the highest poverty
and the regions with the most remarkable age records. The mainland region of Creuse has the
highest per capita rank of supercentenarians under the IDL rankings (Table S2), potentially due
to the combined effects of having a 60% reduction in population size since 1901, the fourth-
270  highest old-age poverty rate, the 16™ worst poverty rate overall, and the fourth-lowest GDP per

capita (Table S2).

Guadeloupe and Martinique rank equal second for total supercentenarians after Paris, and second
and third for supercentenarians per capita, with at least eight supercentenarians each (Table S2).
275  Martinique has the second-highest poverty rate, both overall (29%) and for people aged 75 and
over (31%), in all of the 101 NUTS-3 coded provinces. While not monitored by Eurostat, third-
ranked Guadeloupe has a 24% unemployment rate [26]. Of the Eurostat regions only Réunion
has higher poverty rates, with 39% of citizens falling below the poverty line. Again, these
rankings seem inconsistent with the general drivers of population health.
280
French supercentenarians are over-represented in the overseas departments, former colonial
holdings, and Corsica (which is included in metropolitan France; Table S2): regions that
historically constitute some of the most neglected, least well-documented, and shortest-lived
administrative regions of France. As a result, many of these regions are absent from the above

285  models due to absent or insufficient population data and reporting.

At the first reliable estimate of population size in 1950, overseas departments and colonial

holdings contained around 1.7% of French citizens. However, at least 11% (N=16) of the French
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supercentenarians in the GRG database originate there: a 6.5-fold over-representation. This
290  number increases when integrating deidentified IDL data, which only includes regions monitored
by Eurostat (Réunion, Guadeloupe, and Martinique), to establish a minimum numbers of
supercentenarians born in each region. Under these estimates, the overseas and former colonial
regions of France contain a minimum of twenty-four (15.5%) of the total 155 supercentenarians
with known birth locations. Guadeloupe and Martinique each contain eight supercentenarians,
295  and French Algeria contains four, Saint Barthélemy, Réunion, French Guiana, and New

Caledonia at least one each.

If this minimum count across the IDL and GRG databases is used, the overseas and colonial
holdings of France contain eight times as many supercentenarians per capita (1.5 per 100,000),
300  and more supercentenarians overall (N=24), than the region of {le-de-France (0.16 per 100,000;
N=19). This is despite ile-de-France earning more than double the income per capita, being the
longest-lived region in mainland France, and containing seven times as many citizens c.1900

when these supercentenarians were born.

305  Similar anomalies occurred in Japan and Italy. Of 114 total regions, the Italian province of
Olbia-Tempio ranked as the best province for survival to ages 100,105 and 110, yet somehow
was also the seventh-worst ranked province for survival to age 55, and according to Eurostat had
the eighth-fewest residents surviving over the age of 90 (Table S3). The first and second ranked
Japanese prefectures for centenarians per capita, Shimane and Kochi, had the worst and second-

310  worst regional economic rankings, while extensive anomalies in third-ranked ‘blue zone’

Okinawa are detailed below (Table S4).
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Overall patterns observed in the IDL and GRG database also provided indications of widespread
error. Contemporary US births have a near-uniform distribution of births with minimal deviation

315  from random sampling (Fig S4a), driven by the aseasonal and approximately equal distribution
of days of the month (e.g. the 1% or 2" of each month) throughout the year. Even after the
widespread uptake of induced births and surgical births, which avoid weekends and public
holidays, birthdays generally varying by less than two per cent across different days of the
month. In contrast with this uniform distribution, supercentenarians in the GRG database are

320  142% more likely to be born on the first day of the month and 1.2-fold as likely to be born on a
day that is divisible by five (Fig S4b). The number of supercentenarians born on the first day of
the month is 150% higher than on the preceding calendar day (S1 Code). Given the near-
complete absence of caesarean sections in these population, this age-heaping pattern can be
explained if a large percentage of people are non-randomly choosing their birthday.

325
The first day of the month was not over-represented amongst the IDL data, and the 5-day
enrichment was less pronounced (Fig S4c). This was initially difficult to reconcile, given these
databases overlap considerably and ideally contain the same set of individuals. However, this
differential appears to be a result of dates of birth being removed for 48% (N=797) of the IDL

330  supercentenarians.

These patterns can be explained because most of the signal for age heaping in the GRG data

arises in Japanese and US birthdates (S2 Code): Japanese supercentenarians were 2.77 times

more likely and US supercentenarians were 1.57 times more likely to be born on the first day of
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335  the month. The IDL does not document Japan and unusually, despite comprehensive US birth
dates being known and available, every US supercentenarian in the IDL database has had their
day and month of birth removed. No other country received a similar treatment. With these dates

excised from the database, evidence of heaping in the IDL data is reduced (Fig S4c; S1 Code).

340
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Discussion

Basic economic and social indicators in the modern economy, such as GDP per capita and
poverty rates, provide adequate predictors of the distribution of extreme age records. Despite
constraints on model construction and accuracy, such as unavoidable differences in per capita
adjustments, these basic models approached reasonable accuracy. However, the direction of

these interactions is the opposite of rational expectations.

Diverse social and economic indicators normally linked to worse health outcomes, such as
income deprivation, poverty, and high unemployment, are all positively associated with a higher
probability of reaching an extreme age. These factors are linked to a lower probability of survival

and worse health outcomes at every age below 90, for every population included in this study.

However, these factors exhibit a consistent positive association with extreme longevity. In the

UK, which contains the only national data with sufficiently granular regional health measures,

even poor health itself is positively associated with attaining a remarkable lifespan (Fig 4c).

Viewed in isolation such a question may, perhaps, be explained away by reference to unknown

lifestyle factors. However, these findings should be considered in the context of other diverse

and incongruous patterns observed in extreme old age studies.

Indicators of error and fraud in national data
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Data used in this study raise simple questions as to why basic socioeconomic indicators of poor
365  health, and positive correlates of crime and government neglect, are linked to higher per capita
numbers of remarkable longevity. For example, the UK has produced 1075 SSCs overall, and
Italy 3,638 SSCs overall, across an approximately equivalent timeframe [27]. However, Italy is a
historically smaller, poorer, less well-educated, and shorter-lived country. In 1900 the UK had
eight million more inhabitants than Italy, a 1.22-fold larger population [28]. Citizens of the UK
370  also enjoyed 2.5 times the GDP per capita, earned 3.5 times higher wages in real terms, had 1.25
times lower income inequality, received 2.2 times the average education (with just 5.3 years of
schooling), were four times less likely to be murdered, were 3.8cm taller, and lived 5.3 years
longer on average than people in Italy [28]. Given these indicators and the long history of birth
records in both countries, it is difficult to reconcile why the healthier, wealthier, better-educated,
375 taller, and longer-lived population of the UK produced roughly a quarter as many SSCs per
capita. One explanation is that remarkable age records result, not from better health or greater
longevity, but from the historical accumulation of illiteracy-driven errors and the modern

dynamics of poverty-driven fraud.

380  Relative to the global average, states containing remarkable age records generally constitute rich,
literate, long-lived and well-documented populations, usually with an extensive history of vital
statistics documentation. As a result, the existence of widespread errors and pension fraud is
often assumed to be unlikely or impossible in these countries. However, such national
advantages are no guarantee of data quality.

385
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High-quality universal registration systems often contain undetected high-frequency errors.
Contrary to previous assertions that “Japan has...among the highest quality data for the oldest-
old” [29], a 2010 investigation of Japanese records revealed that 238,000 centenarians were
actually missing or dead[30]. The Japanese Ministry of Health and Welfare [31,32] now estimate

390 there were 43,882 Japanese centenarians alive in 2010: an 82% reduction, and a notable contrast
to the idea that “Japanese demographic data have always been considered extremely reliable”

[33].

Similar instances have occurred elsewhere. In 1997 Italy discovered it was paying 30,000

395  pensions to dead people [30]. In the USA, a recent analysis cross-checking census and death
records found at least 17% of centenarians and 35% of 109+ year-olds were actually errors
[16,34]. In 2011, just one of several Greek social insurance institutes was caught paying the
pensions of 1,473 dead people who had ‘survived’ past the age of 90. A subsequent 2012
investigation by the Greek labor ministry was triggered by the “unusually high number of 9,000

400  Greek centenarians drawing old-age benefits” [35], a notable figure given the 2011 Greek
census found only 2,488 living centenarians [36]. Assuming the census contains no type I errors,
which is unlikely given the high rate of active pension fraud, at least 72% of Greek centenarians

had been collecting their pensions whilst dead.

405  Despite the Greek labor ministry paying a fraction of all Greek pensions, its investigation

revealed over 200,000 pensions were being paid to fraudulent claimants including ‘blind’ taxi

drivers and dead people [35]. An estimated two per cent of Greeks were engaged in benefits
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fraud at the time of the ‘blue zone’ surveys, and thousands of these dead pensions were still
being paid in 2013.

410
These examples refute claims that the suggested existence of widespread pension fraud or errors
in databases of SSCs and supercentenarians is “not credible” [21]. Unlike academics seeking to
generate old-age databases, governments have both a direct financial incentive to detect pension
fraud, and the considerable resources required to do so: and yet, developed-world governments

415  routinely fail to detect thousands of cases of document-based pension fraud.

Indicators of error and fraud in blue zones

Results presented in this study may reflect a general neglect of error processes as a potential
420  generative factor in remarkable age records, and the omission of evidence from national

statistical bodies. This potential for disregarding important context and national statistical data

may be most evident when considering the case of ‘blue zones’: proposed regions of remarkable

longevity [37].

425  The ‘blue zone’ of Okinawa has the highest number of centenarians per 90-99-year-old of any
Japanese prefecture and remains world-famous for remarkable longevity[37]. However,
according to the statistics bureau of Japan, Okinawa also has the fewest senior citizens per
capita, the highest murder rate per capita, the worst over-65 dependency ratio, the second-lowest
median income, and the highest unemployment rate of some 47 Japanese prefectures [32].

430  Despite prior claims of dietary benefits based on vegetable and sweet potato consumption [37],
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Okinawa has the single lowest per capita intake of sweet potato, at 64% of the Japanese average
intake. Okinawa also has the single lowest consumption per capita of fruit, vegetables, seafood,
taro, shellfish, root vegetables, pickled vegetables, and oily fish such as sardines and yellowtail
[32]. Okinawa has the second-highest per capita intake of beer, the fourth-highest alcohol

435  consumption, the most ‘flophouses’, the most ‘shotgun’ weddings, the highest per-capita intake
of Kentucky Fried Chicken [32], and according to USDA estimates Okinawans consume an
average 14 cans of spam per year each [38]. Okinawa has a 36% child poverty rate, 15% higher
any other prefecture [39]. Mortality rates in Okinawa ‘cross over’ after age 50, such that older
individuals and cohorts have age-specific mortality rates far below the national average [33]: a

440  pattern indicative of unreliable data and misreported ages [13]. Okinawa also has the second-
lowest minimum wage (by one yen), the lowest household savings, the highest percentage of
over-65s on income assistance, the highest poverty rate [39], and the worst average body mass
index of all 47 prefectures [32]. These rankings have not changed substantially since the blue
zone surveys and do not represent a recent sudden shift away from traditional lifestyles. Again, it

445  seems unusual that so few of these issues have been raised by an extensive body of
demographers, epidemiologists, and public health scientists familiar with the ‘blue zones’

concept.

There are other well-known drivers of error in the Japanese vital registration system. Birth and
450  marriage records in Japan are not generated by a central bureaucracy, but instead are hand-
recorded by family members as ‘Koseki’ documents, which are then filed in local town halls and

government offices. This combination of citizen self-reporting and government filing allows the
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propagation of errors without requiring fraud. In Okinawa, this broad potential for error
generation has also been compounded by a different class of error processes.
455
The large-scale US bombing and invasion of Okinawa involved the destruction of entire cities
and towns, obliterating around 90% of the Koseki birth and death records [33] with almost
universal losses outside of Miyako and the Yaeyama archipelago [40]. Post-war Okinawans
subsequently requested replacement documents, using dates recalled from memory in different
460  calendars [40], from a US-led military government that largely spoke no Japanese. The number
of these replacement Koseki documents issued, a proxy measure of American bombing and

shelling intensity, predicts 79% of the variation in centenarian status in Okinawa [33].

Like the ‘blue zone’ islands of Sardinia and Ikaria, Okinawa represents deprived regions of rich,
465  high-welfare states. These regions may have higher social connections, and arguably may have
had higher vegetable intakes in the past, but they also rank amongst the least educated, poorest,

highest-crime and least healthy regions of their respective countries.

These patterns were reflected in this study’s findings on the ‘blue zone’ provinces of Sardinia,
470  which during the ‘blue zone’ surveys had the highest murder rate in Italy [41]. The primary ‘blue

zone’ province of Ogliastra has the single lowest survival rate to age 55 and the highest

unemployment rate of 116 regions in Italy (Table S3), while potential issues in the Greek data

may be clear from the previous discussion.
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The two remaining blue zones, Loma Linda and the Nicoya Peninsula, are considered
exceptional due to their high average longevity rather than the presence of extreme outliers for
longevity. As such, these claims are not relevant to assessments of supercentenarian status, yet
their analysis also raises serious questions and broader issues in extreme longevity research. For
example, Loma Linda is a Californian suburb containing just 23,000 people, designated as a
‘blue zone’ because of an estimated average lifespan of 86 years for females and 83 years for
males. This average lifespan is matched or exceeded by the 125 million citizens of Japan, the
seven million citizens of Hong Kong, and the seven and a half million citizens of Singapore [42].
When assessed independently by the Centers for Disease Control (CDC) the five small-area
survey tracts covering Loma Linda instead have an average life expectancy of 76 to 81 years
[43]: the 27™ to 75" percentiles of US life expectancy (Fig S5). At best, the independent CDC
estimates rank Loma Linda as the 16,102"! most long-lived neighborhood in the USA (Fig S5;

S1 code).

Loma Linda is not a standard census tract but a custom-selected region within a larger
geographic area, the largest US county of San Bernadino, with an average lifespan of 78 years
[43,44]. The Nicoya peninsula in Costa Rica, where independent estimates are currently not
available, is also a non-standard region cut from several independent census units of moderate
life expectancy by proponents of the ‘blue zone’ concept. The first ‘blue zone’ was described by
drawing circles on a map with a blue pen [45] across two standard, independently surveyed
regions of Italy with the lowest and sixth-lowest probability of survival to age 55 [46]. As such,
it seems somewhat debatable that these regions should be regarded valid outliers for human

longevity.
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Indicators of error and fraud in health studies

500
Like anomalous population-scale patterns, indicators of poverty and fraud and contra-indications
of health are regularly ignored or downplayed in studies of extreme age. For example, smoking
rates of e.g. 17-50% and illiteracy rates of 50-80% are often observed in samples of the oldest-
old [7,8]. Surveying the ‘blue zone’ of Ikaria, Chrysohoou et al. observed that the oldest-old

505  have: a below-median wage in over 95-98% of cases, moderate to high alcohol consumption
(5.1-8.0 L/ year), a 10% illiteracy rate, an average 7.4 years of education, and a 99% rate of

smoking in men [4].

In the Tokyo study of exceptional longevity 15.4% of centenarians were current smokers [47].
510  However, according to the national statistics bureau of Japan, above the age of 80 only 3.9% of
Japanese women (78% of the Tokyo sample were women) and 19.3% of men are smokers [48].
Tokyo centenarians smoke at around twice the rate that could be expected in a younger 80+ year
old cohort with an identical sex ratio. Likewise, 80% of the ‘exceptional’ health-status
centenarians in Tokyo drank alcohol every day, followed by 49% of the ‘normal’ and less than
515  40% of the ‘frail or fragile’ centenarians, which resulted in “a [significant] positive relationship
between drinking habits and functional status” [47]. In contrast, in the general population only
2.8% of women and 23% of men aged 80+ drink every day [48]. In men aged 60-69, the
heaviest-drinking cohort in Japan, daily drinking rates peak at 36.7%: less than half the rate of
the exceptionally healthy centenarians [48]. Tokyo centenarians drink at higher rates than any

520  other age group, and smoke at rates equal to a population 45 years younger [48].
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In the USA only 8.4% of general population over the age of 65 smoke, and in Europe 4.1%
population over the age of 75 smoke: figures that continue to fall with age due to two-fold higher
mortality rates in smokers [49,50]. However, in the US and Europe individuals over the age of
525 100 smoke and drink at much higher rates [4]: in one US centenarian study [6] 60% of people
over age of 95 were former smokers, compared to just 25% of individuals over the age of 65 in

the broader USA.

Anomalies where harmful health behaviors become more prevalent with age is common in

530  centenarian studies. For example, comparisons of lifestyle factors in centenarians to earlier
surveys of the same cohort [6], revealed that centenarians have a similar or worse body mass
index, and worse rates of physical activity, smoking, and alcohol consumption, than younger
representatives of their birth cohort. Rajpathak et al. concluded that these similar or worse
lifestyle indicators meant centenarians were representative of the baseline population,

535  documented by the NHANES I survey, from which they were drawn [6]. However, this
comparison was made between a population who were on average 97.5 years old [6], and

individuals who were aged 35 years younger.

Longitudinal follow-up surveys of the NHANES I comparison cohort reveal a linear decrease in
540  the number of smokers and drinkers with age until age 85 that is typical of almost all

populations. This reduction is caused by increased all-cause mortality, at all ages below 95, in

individuals who smoke and drink [51,52]. After just 9.2 years, over 33% of people who were

current smokers in the NHANES I cohort had quit smoking, 8.9% remained current smokers, and
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13% were either current or former smokers: the rest were deceased. Therefore, the observation of
545  60% smoking rates in centenarians [6], who are older representatives of the same cohort,

presents some difficulty.

The increasing frequency of past harmful behavior with age also occurs in longitudinal studies of
the oldest-old, suggesting these patterns do not result from ascertainment biases or population
550  differences. For example, in the Leisure World Cohort Study of over 11,000 retirees 78% of men
and 72% of women in the initial 71-year-old population were moderate to heavy drinkers [53].
Individuals who drank daily throughout the 23-year follow-up period of this study had a
significantly lower mortality risk, even those drinking 2-4 times over the CDC clinical threshold
for ‘excessive’ drinking [54]. In contrast with normal clinical patterns, abstaining from alcohol
555  significantly increased mortality risk while drinking at the most dangerous levels, 28 or more
alcoholic beverages a week, was associated with an unexplained 9-16% reduction in the risk of

death [54].

It is unclear why clinically excessive drinkers or daily smokers should survive at equal or higher
560 rates, and increase in population frequency at extreme ages, unless these lifestyle factors are

positively correlated with committing fraud or having an incorrect age.

The frequency of birth and death certification, indicators that are linked to data quality but not
health outcomes, are suggestive of the latter. In the benchmark New England Centenarian Study,
565  only 30% of enrolled centenarians have an official birth document of any description [55]. This

rate of documentation is lower than the background population, with every state in New England
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achieving state-wide birth certificate coverage by 1897 [22]. For the remaining 70% of
centenarians without birth documents, age validation was carried out using US census data, as a
best-case scenario, or documents including “military certificates, an old passport, school report
570  card, family bible, and baptismal or other church certificate” [56]. Twenty-two years after the
New England study used US census data for validation and study enrolment, and after the
publication of extensive research findings, at least 17% of centenarians in the US census data

were discovered to be errors [16,34].

575  Birth certificates are also rare in databases of remarkable age records. Just 19% of all
supercentenarians and 20% of the ‘exhaustively’ validated supercentenarians are listed as having
either an original or copied birth certificate by the IDL [57]. Overall only 6.6% of
supercentenarians have an original birth certificate, and 74% of cases have no reported birth
documents of any kind: not even parish register data is recorded. None of the 797 SSCs from the

580  USA is listed as having a birth certificate, and 41% of these cases have the possibility of a birth

certificate explicitly ruled out [57].

These high rates of missing data may be due in part to low reporting or incomplete monitoring in
some countries: death and birth certificates may exist, but have not been entered into the

585  database. However, a low rate of reporting does not explain the absence of birth certificates in
countries with near-complete reporting of evidence. The 241 French supercentenarians in the
IDL all have the field code for birth documents completed, but not one supercentenarian has a
birth certificate (S1 Code). Likewise, the IDL explicitly lists the evidence available in support

98% of remarkable-age claimants in the UK (S1 Code). Of the 1116 oldest people in the UK, all
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590  but three were born after the introduction of compulsory, nation-wide birth certificates in 1864.
However, only eighteen (1.6%) have a birth certificate. Furthermore, these rates do not increase
markedly in the 1,587 ‘exhaustively’ validated UK, French and US-born SSCs: in total only 24
have a birth certificate listed in support of their case, and all of these documents are re-issued
copies.

595
While birth certificates were produced more than a century in the past, death certificates are
issued by modern bureaucracies: over 96% of listed SSCs died after the year 1990, during a
period of unprecedented death certificate coverage (S1 Code). However, like birth certificates,
death certificates are completely absent or severely under-represented relative to their respective

600  birth cohort amongst individuals in remarkable age databases. This inconsistency is difficult to

explain.

The first follow-up survey of the population-representative NHANES I cohort, representative of
the US population, found 3.8% of decedent men and 5.7% of decedent women did not have

605  death certificates and remained alive on paper while actually dead [51]. While around 95% of the
general US population are issued a death certificate, only seven of the 504 supercentenarians
dying in the USA is listed as having a death certificate by the IDL: an over 70-fold lower rate of
death certification. Despite a self-described exhaustive validation effort, just 1.4% of SSCs and
supercentenarians have a death certificate in the USA.

610
The USA is not an isolated case. Across the IDL database only 15% of supercentenarians and

8% of SSCs are listed as having death certificates (S1 Code). These rates are often lower in
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countries with more-complete and longer-term death certification histories [58]. For example, of
the 9386 SSCs dying in France, just one has a death certificate [57]. Only 89 of the 1184 SSCs

615  dying in the UK have an original or copied death certificate listed [57]. Both of these countries
and have maintained over 90% death registration rates for several decades, and are now
approaching 100% death certification rates [58]. It is therefore striking that, despite death
certificates being issued to well over 90% of individuals, a substantial majority of validated
remarkable-age individuals in these countries do not seem to have a death certificate.

620

Indicators of error and fraud in individuals

The absence of basic birth and death certification and the high prevalence of counter-indicators

of health and longevity stand in contrast to the large number of listed cases of extreme longevity.
625  In theory each such case is individually assessed and validated, based on the compilation of

documents and the judgement of demographers. Assessing the role of opinion during case

validation, and corresponding potential for bias, is therefore of marked importance.

Individual case studies often highlight the role of personal judgement, and the potential for both
630  conscious and unconscious bias, during age validation. For example, Jiroemon Kimura, the
world’s oldest man, is widely considered to be a valid supercentenarian case. However, Kimura
has at least three wedding dates to the same wife [59], has three dates of graduation from the
same school [59], was conscripted to the same military three times in four years [59] despite the
mandatory conscription period being three years long [60], and has at least two birthdays [59].

635
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For the first 20 years of his life all of Kimura’s birthdates and school records are actually
recorded for a different name, Kinjiro Miyake, whose connection to Kimura is attested to by a
hand-written note from a Korean mail and telephone company [59] rather than any official
document. The evidence for Kimura’s case validation was initially compiled and vetted by the
640  relatives who sought to promote his case [59]. Under interview, Kimura then explained one of
his extra birthdays in a way that was “not feasible” [59], and Gondo et al. concluded the birth
date had been deliberately forged [59]. However, Gondo ef al. resolved the case validation by
assuming any conflicting official records were mistakes and, from the diverse birth, wedding,
conscription, and graduation dates, selecting the dates they felt were accurate. Multiple names,
645  multiple weddings, and forged birthdates notwithstanding, the study concluded that “no critical

discordances were discovered” [59] and the case is considered valid [57,61].

The validity of the Kimura case has been accepted under the assumption that age discrepancies
can be discarded through the qualitative judgement of demographers. Reliance on such

650  qualitative judgements during case validation is considered acceptable conduct. In addition,
concerns surrounding the validity of ages are often met with the response that biographical
inconsistencies, detected during interview by a demographer, will result in cases being removed

from the record.

655  However, this sentiment can be difficult to reconcile with observed practice. Former smoker and
occasional drinker Adele Dunlap, who “ate anything she wanted” and “never went out jogging or
anything” [62] was validated by the GRG and IDL as the oldest woman in the USA, despite

Dunlap consistently maintaining under interview that she was a decade younger: if “asked how it
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felt to be 113, Dunlap... looked her questioner in the eye and answered: ‘I'm 104 [62]. Despite
660  consistently maintaining until her death that her age was incorrect, Dunlap remains validated as a
supercentenarian on the basis of documentary evidence. This documentary evidence has since

lowered her age by two years in just one [61] of the two [57] major supercentenarian databases.

A reliance on this type of opinion, where qualitative judgements are employed to shape public
665  perceptions of authenticity, seems to be widely considered satisfactory. This seems particularly
the case when explaining the otherwise anomalous health habits of supercentenarians. For
example, Maier ef al. issued a contradictory statement that Jeanne Calment smoked both one and
two cigarettes a day for an entire century, followed by the justification that this counter-
indication of health could be explained because she “possibly did not inhale at all” [63]. It was
670  likewise observed that, from age 20 to age 117, the then-oldest man in the world Christian
Mortensen smoked “mainly a pipe and later on cigars, but almost never cigarettes... he had also
chewed tobacco...but never inhaled” [63]. Why two people would voluntarily choose to smoke

for an accumulated 190 years, yet never inhale, was never explained.

675  Such behavior is not atypical. At least three of the ten oldest women drank every day, two
smoked every day, and four are of unknown smoking status, while Jeanne Calment smoked
daily, drank daily, and ate around a kilogram of chocolate a week. Of the five oldest men ever
recorded, Kimura and Mortensen are detailed above, Emiliano Del Toro (3'%) smoked for 76
years, Mathew Beard (4") was busted for drink-driving at age 90, and Walter Breuning (5)

680  smoked cigars until he was 108. The oldest man in the UK stated his secret to health as

“cigarettes, whiskey and wild, wild women” [64], while the former oldest man in the USA started
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every day with coffee and whiskey, drank during the day, ate ice-cream every night, and smoked
from age 18 until his death. Like Calment and Mortensen, he also didn’t inhale some 12 to 18
cigars a day [65].

685
These instances of poor lifestyle choices constitute a substantial fraction of all supercentenarian
cases. As summarized by Coles, the typical supercentenarian lifestyle is characterized by “heavy
smoking, heavy drinking, or both, failure to exercise on a regular basis, and no conscious effort
to eat nutritiously” [66]. Instead of prompting skepticism, under the relatively safe assumption

690 that smoking, drinking, poverty, lack of exercise, poor nutrition, and illiteracy should not enrich
for remarkable longevity records, these anomalous contra-indications of survival are routinely
ignored or downplayed. For example, the study by Chrysohoou et al. concluded that “physical
activity, dietary habits, smoking cessation, and midday naps” predict extreme longevity in the
Ikaria ‘blue zone’ [4]: a conclusion that questionably re-shapes past smoking status as a positive

695 indicator of survival. Genetic factors that convey a collective immunity to cancer and the diverse
sequelae of smoking, drinking, and not exercising are also frequently raised as an explanation for

the lifestyles of the extremely old [6,12,67].

In contrast, it could be suggested that the abundance of poor lifestyle choices in the extreme old
700  reflect high rates of undetected error. If this were the case, a large body of previous research

linking higher old-age survival to, for example, higher drinking [47,54] and obesity rates [68,69]

could be re-interpreted as the result of a positive correlation between poor lifestyle factors and

‘junk’ vital statistics data.
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705

Type I error detection in extreme age databases

It seems incongruous that the discovery of thousands or hundreds of thousands of fake
centenarians by the respective Japanese, Greek and Italian governments and US researchers, has
710  not resulted in any corresponding reduction in the size of supercentenarian databases. Instead,
the number of validated supercentenarians increased smoothly across these fraud-discovery
events. Perhaps the more limited resources of individuals compiling old-age records, using
identical documents and similar techniques to government demographers, far exceeds the
capacity of developed-world governments to detect identity fraud. Alternatively, perhaps,

715  supercentenarian databases remain riddled with error.

Data cleaning and error correction using documentary validation, as described in the Kimura
case above, remains the main approach to combat age errors in remarkable longevity databases.
However, data cleaning often produces the mistaken impression that the resulting ‘validated’

720  data are largely free from error. Data in this study exhibit patterns consistent with a high
frequency of type I errors: diverse positive correlates of crime, anomalous poor health indicators,
age heaping, and over 20-fold higher rates of missing documentation than the general population.
However, these populations were already subjected to extensive analysis and validation [27] and
are widely considered high-quality ‘clean’ data [21].

725
The logic supporting these assumptions of data-cleanliness is informative. For example, post-

validation errors in the Italian data were previously assumed to be minimal, on the basis of a
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belief that the data were clean [27]. Subsequently, it was acknowledged that an unknown number
of errors in these data could not be detected using documentary evidence, as “Occasionally...a
mistake will escape even a rigorous validation procedure” [21]. Finally, it was proposed that the
occurrence of such errors, which cannot be detected using documents, must be rare or
“essentially impossible”, because of the high quality of documents used to compile such data
[21]. That is, type I errors are assumed to occur at low frequency on the basis of documentary

evidence: documentary evidence that cannot detect the frequency of type I errors.

The opinion that such errors are rare might have been countered by another opinion: that a
handwritten century-old database containing millions of entries, no independent biological
validation, and an unknown type I error rate, might easily generate the few hundred annual errors
required for a supercentenarian database [66]. Prior observations that the Italian state paid
pensions to 30,000 deceased people [30], or that 82% of Japanese and 72% of Greek
centenarians were illusory or dead [35,70], or suggest the viability of this explanation. However,

such criticism would ignore a more fundamental problem.

Physical possession of valid documents is not an age guarantee. Consider a room containing 100
real Italian supercentenarians, each holding complete and validated documents of their age. One
random supercentenarian is then exchanged for a younger sibling, who is handed their real and
validated birth documents. How could an independent observer discriminate this type I

substitution from the 99 other real cases, using only documents as evidence?
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750  Such hypothetical errors cannot be excluded on the basis of document consistency: every
document in the room is both real and validated. In addition, a real younger sibling is also likely
to have sufficient biographic knowledge to pass an interview: this has occurred in several
(subsequently discovered) cases including, for several years, the world’s former oldest man. As

such, any similar substitution error has the potential to indefinitely escape detection.

755
This ‘Italian sibling’ thought experiment illustrates why type I age-coding errors cannot be ruled
out, or even necessarily measured, on the basis of documentary evidence. It also reveals how
debates on the frequency of these errors are not driven by direct empirical measurements, but by
inference and opinion.

760

This issue presents a substantial problem for remarkable-age databases, embodied in a

deliberately provocative, if seemingly absurd, hypothesis:

Every ‘supercentenarian’ is an accidental or intentional identity thief, who owns real and

765  validated 110+ year-old documents, and is passably good at deception.

This hypothesis cannot be invalidated by the further scrutiny of documents, or by models
calibrated using document-informed ages [71,72]. Rather, invalidating this hypothesis requires a
fundamental shift: it requires the measurement of biological ages from fundamental physical

770  properties, such as amino acid chirality [73] or isotopic decay [74].
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Until such document-independent validation of remarkable ages occurs, the type I error rate of
remarkable human age samples will remain unknown, and the validity of ‘supercentenarian’ data
in question.

775
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Methods

The number and birthplace of all validated supercentenarians (individuals attaining 110 years of
age) and semisupercentenarians (SSCs; individuals attaining 105 years of age) were downloaded

780  from the Gerontology Research Group or GRG supercentenarian table [61], updated 2017, and
the International Database on Longevity or IDL [57]. These data were aggregated by subnational
units for birth locations, which were provided for the IDL data, and obtained through
biographical research for the GRG data. Populations were excluded due to incomplete
subnational birthplace records (<25% complete) or countries with an insufficient number of

785  provinces to fit spatial regressions (<15 total provinces), leaving population data on SSCs and

supercentenarians in the USA, France, and the United Kingdom (Fig 1).

To quantify the distribution of remarkable-aged individuals in Italy, province-specific
quinquennial life tables were downloaded from the Italian Istituto Nazionale di Statistica

790  Elders.Stat database [46] to obtain age-specific survivorship data (Fig 1c,f; S1 Code). Using
cross-sectional data across Italian provinces, probabilities of survival (Ix) to ages 90-115, and life
expectancy at age 100 were fit as dependent variables, and survival rates at age 55 and life

expectancy at age 55 as independent variables, using simple linear regression (S1 Code).

795  While older ages were not available, extensive Japanese centenarian data were downloaded from
the Japanese Ministry of Health, Labour, and Welfare [32] through the Statistics Japan portal
[31] for all 47 prefectures (Fig S1), alongside data on prefectural income per capita (in 2011

yen), employment rates, age structure, survivorship, and a financial strength index, for 2010: the
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most complete recent year available for these data (S1 Code; Fig S1). These data were also

800 linked to the most recent available prefecture-specific poverty rates [39].

Supercentenarians recorded in the GRG database and born in the USA were matched to the 1900
census counts for state and territory populations [22], and linked to the National Center for
Health Statistics estimates for the timing of complete birth and death certificate coverage in each
805  US state and territory [75]. Both the number of supercentenarian births overall, and estimates of
supercentenarians per capita, approximated by dividing supercentenarian number by state
population size in the 1900 US census [22], were averaged across the USA and represented as

discontinuity time series relative to the onset of complete-area birth registration (S1 Code).

810  To capture the geographic distribution of French supercentenarians, all 175 supercentenarians in
the GRG database who were either born or deceased in France were linked to the smallest
discoverable region of birth using biographical searches [61]. In addition, de-identified records in
the IDL were already linked to birth locations encoded by the Nomenclature for Territorial Units
level 3 codes (NUTS-3), which divide France into 101 regions [57]. These modern regions were

815  linked manually to their corresponding Savoyard-era department to obtain historic region-
specific estimates of life expectancy at birth [76] for the birth year and location of all
supercentenarians in metropolitan France. For each supercentenarian, life expectancy at birth
was then measured relative to the contemporary average life expectancy of metropolitan France
(S1 Code).

820
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The number of total supercentenarians and SSCs born into Eurostat NUTS-3 coded regions,
either documented for French and UK regions in the IDL or estimated for Italian regional cohorts
by ISTAT, were linked to modern socioeconomic indicators available at this administrative
level: total regional gross domestic product (GDP), GDP per capita, GDP per capita adjusted for
825  purchase power scores (PPS), murder and employment rates per capita, and the number of 90+

year-olds, using the Eurostat regional database (S1 Code).

In the UK, additional data were obtained for the Index of Multiple Deprivation or IMD: a
national metric used to indicate relative levels of deprivation, including income deprivation in
830  people aged 60+, by the UK Office of National Statistics [25]. The IMD data are measured in
317 local authority districts, each of which is a subset of a single Eurostat NUTS-3 encoded
region. To capture the relative degree of deprivation within the UK, the IMD and its component

scores were averaged within each of the 175 NUTS-3 regions (S1 Code).

835  Similar estimates of deprivation were obtained for French NUTS-3 regions, by downloading the
regional poverty rates [77] and poverty rates in the oldest available age group, ages 75 and over

from the French National Institute of Statistics and Economic Studies INSEE [77].

To overcome the three orders of magnitude differences in population size across subnational

840  geographic units, the number of centenarians, SSCs and supercentenarians were adjusted to per
capita rates. However, the ‘correct’ adjustment for per capita rates of remarkable longevity is
dependent on the a priori assumptions of their cause. For example, if the null hypothesis was that

all supercentenarians are ‘real’, adjustment for birth cohort size 110+ years previously would be
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a more correct method for best predicting the population density of supercentenarians. However,
845  if the null hypothesis is that supercentenarians are more frequently modern-era pension frauds or

clerical mistakes, per capita correction for a birth cohort 110 years in the past is of uncertain

value for predicting modern events. In this latter case, the occurrence of supercentenarians would

be better and more accurately predicted by correcting for modern population sizes.

850  The former ‘historical per capita’ adjustment was used whenever possible. Per capita rates of
remarkable age attainment, calculated relative to the size of historical birth cohorts, were
downloaded from the respective government statistical bureaus of Japan and Italy [32,46]. Due
to the absence of birth certificates, USA supercentenarian data from the GRG [61] were
corrected to per capita rates based on population data in the 1900 US census [22]. However,

855  France and the UK were located into geographic units that have only existed since 2003. As a
result, there were no data on historical population sizes available for these geographic units. It
was therefore necessary to estimate per capita rates using modern population sizes surveyed at

the NUTS-3 geographic level within France and the UK.

860  To address this unavoidable difference in per capita rate calculations the number of the
centenarians, SSCs and supercentenarians were also corrected relative to the number of old-age
residents in each modern geographic unit of Japan, the UK, and France (Fig 3d-f; S1 Code). This
adjustment was less susceptible to large longitudinal shifts in population size, and better reflected
the density of older people in modern geographic units after survival and migration processes.

865  However, the insufficient granularity of birth cohorts within the UK, and the considerable
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rearrangement of geographic units within France, remains an important constraint on the upper

accuracy of these models.

Collective socioeconomic indicators obtained for each country were used to develop linear

870  mixed models across all regions with a non-zero number cases, of centenarians in Japan, SSCs in
Italy and the UK, and supercentenarians in the UK and France (S1 Code), to predict the regional
per capita and per 90+ year old density of the oldest available populations in each country.
Linear mixed models were fit using either the population poverty rate (UK, France, and Japan) or
estimates of old-age poverty rates (percent in poverty over 75 in France, the IDOP index in the

875 UK as the single predictor variable, and the number of centenarians, SSCs and
supercentenarians both per capita and per 90+ year old. These models were then extended by
fitting, as interactive effects, basic socioeconomic indicators used as global indicators of health
and deprivation available at a sufficient geographic level (S2 Code). Such models focused on
capturing basic indicators, representing crime rates, health, and income, available at the NUTS-3

880  regional level in the EU and the prefectural level in Japan.

Where available, French supercentenarians were linked to regional estimates of life expectancy
at birth, calculated quinquennially for each of the Savoyard-era departments of France into which
they were born [76]. These local rates were then corrected relative to the contemporary French
885  national average life expectancy at birth to yield the relative life expectancy at birth, in years
[76]. For example, Jeanne Calment was born in the Alpes-Maritime department in 1875, when
average life expectancy at birth was just 33.4 years and the contemporary national French

average life expectancy was 37.8 years: a relative life expectancy of -4.4 years. These rates were
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then used to estimate whether regional life expectancy at birth of French cohorts containing
890  supercentenarians was significantly higher or lower than the French national average using a one

sample t-test.

To explore the potential for age manufacture amongst remarkable age records, birthdate data
were aggregated within the GRG and IDL databases. Enrichment for specific birth days is

895  usually indicative of nonrandom age selection due to fraud, error, and clerical uncertainty. This
check, however, is limited in that it cannot detect diverse sources of error, such as identity fraud

or failed death registrations, which retain a representative distribution of birth days.

As population representative birthdates were unavailable within the target populations, the

900  distribution of births was tabulated by days of the month to remove the often poorly-categorized
or undocumented effects of birth seasonality. This distribution was compared to both modern
birthdate distributions from seventy million births in the US, which suffer from increased
distortion due to elective induced births and caesarean sections on certain dates, and to the
distribution of birthdays under a uniform distribution of births.

905
To facilitate reproduction of these findings, all shareable data and code are available in a single

structured file, with instructions and links for the non-shareable data, in S1 Data.
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1125  Figure S1. Poverty and the distribution of Japanese Centenarians. The 47 prefectures of Japan
putatively contain over 48,000 centenarians, with generally higher concentration of centenarians per
capita (a) and per 90-99 year-old person (b) in prefectures with high poverty rates (c) and lower-ranked

prefectural incomes (d).

57


https://doi.org/10.1101/704080
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/704080; this version posted May 3, 2020. 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.

b
« g - g 8
S 8 i T
— o X [}
o ] o o Q o
g 2 87 g «
0 = o
5 8 & 7 5
§ 8 384 g o
o 1) I c -
2 %) [9}
S — S
O 38 g
2 e L B o e @ ° e L
35 40 45 50 35 40 45 50 35 40 45 50
log10 Regional GDP log10 Regional GDP log10 Regional GDP
USD, 2015 PPP. USD, 2015 PPP. USD, 2015 PPP.
e
x § 7] _é =
S 8 i T
— o X [}
o ] o o Q o
g 2 87 g «
0 = o
& 8 & 7 5
§ 8 384 g o
o 1) I c -
2 %) [9}
S — e
o 38 o ‘Jg’_ o
S T T T 1 I T T T 1 €N T T T 1
4 5 6 7 3 4 5 6 7 4 5 6 7
log employment rates log employment rates log employment rates
h
x § 7] _é =
S 8 i T
— o X [}
o ] o o Q o
g 2 87 g «
2] 5 —
5 8 & 7 5
§ 8 384 g o
5 o |« s -
= @ — e
3 g o | o
S T T 1 T T T 1 ”n T T 1
8 9 10 7 8 9 10 8 9 10
log number 90+ log number 90+ log number 90+
year olds year olds year olds
1130  Figure S2. Italian provinces by GDP per capita and rates of extreme longevity. According to figures
from the Italian national statistics office and regional GDP data from the OECD, purchase-power parity
adjusted GDP is negatively correlated with the frequency of (a) centenarians, (b) SSCs and (c)
supercentenarians per capita across Italy: a pattern repeated in employment rates (d-f). Furthermore, the
total number of 90+ year old people, shown here in log scale, is also negatively associated with the per
1135  capita number of centenarians (g), SSCs (h) and supercentenarians (i) across Italy. Linear mixed model

regressions shown in green, Sardinian provinces shown in blue.
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Figure S3. Historical life expectancy in the home region of birth for French
supercentenarians. Supercentenarians are born in regions with an 84-day shorter life

1140  expectancy at birth, a non-significant reduction relative to the national average (one sample t-test
NS; p = 0.52; N=143). Comparisons for supercentenarians born in overseas provinces and

imperial holdings are unavailable, data show metropolitan France only.
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Figure S4. Age heaping of supercentenarian births. The distribution of modern birthdates (a), shown
here by 70 million US birthdates observed from 1969-1988, display limited variation across days of the
month. However, supercentenarian birth dates in the GRG (N = 1739) are 142% more likely to be born on
the first day of the month and 118% more likely to be born on days that are multiples of five (orange

1150  points) compared with randomly distributed births (b). Age heaping on the first day of the month or in
multiples of five is not as clear in the IDL data (c), possibly as a result of the removal of US birth days
and months, or differences in cultural patterns (the 25" is heavily under-represented) and data quality.

Points are labeled by the percentage of births over- or under-represented, relative to random sampling.
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Figure SS. Distribution of life expectancy estimates in US small-area census tracts,
including the Loma Linda ‘blue zone’. When calculated independently by the Centers for
Disease Control, the suburbs of Loma Linda range from the 27" to 75" percentiles of life

1160  expectancy at birth in the USA (green lines), relative to all other census tracts (orange). The
absolute upper estimate, the female-only life expectancy calculated by ‘blue zone’ proponents
(blue line), falls in the 98™ percentile of life expectancy: high, but still behind 1401 longer-lived

US census tracts and the nations of Japan, Singapore, Monaco, Spain, and South Korea.
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Table S1. Top 20 UK regions for the density of 105+ year old people, or SSCs, per capita.

National Ranking, 1 = Worst, 131 = Best

SSCs Incprn@ 90+ year- Index of .
Region Total per Deprlva.‘uon olds per Multiple Crime Health
SSCs  capita Affecting i:aplta Deprivation rate index
(rank)  Older People (1=fewest)
Tower Hamlets 15 1 1 1 26 23 52
Fewisham & 3 2 g 5 41 26 59
Darlington 5 3 62 85 46 14 32
Lambeth 15 4 5 3 49 18 56
Cam‘}fgni‘oiity of 5 55 18 90 119 110
Kensington &
Hﬁgg&ﬁ?ﬁ & 13 6 16 10 67 37 112
Fulham
Isle of Wight 6 7 72 128 58 92 61
East Cumbria 11 8 120 121 94 130 82
Southampton 10 9 42 42 34 3 30
Portsmouth 8 10 44 65 33 10 48
Derby 9 11 48 64 40 75 33
Norpand West g 12 90 126 64 129 sl
Teliord and 6 13 49 21 51 53 38
Manchester 18 14 3 6 4 1 3
Hf“srlii‘;ggizn& 16 15 4 4 28 8 65
Leicester 11 16 7 17 17 25 27
Tyneside 27 17 29 62 25 39 16
Liverpool 15 18 6 16 2 12 2
Suffolk 23 19 101 120 86 91 97
East Kent 16 20 69 123 57 49 64
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Table S2. Top 20 French regions for supercentenarians per capita (metropolitan and ranked
overseas territories only).

National Ranking, 1 = Worst, 101 = Best

Super-
Region ceni(:lrll):;-ans cent. per rlz)l(t)z ?th$ Poverty rate Poverty rate i]z;tg,er
(IDL) (clfg’l:fg 75+ (%)~ 28S T PPS adjusted

Creuse 3 1 17.0 4 16 4
Martinique 8 2 31.1 2 2 46
Guadeloupe 8 3 - - - 19
Cantal 2 4 13.9 10 60 21
Haute-Loire 3 5 11.1 26 77 10
Lozere 1 6 14.5 7 52 27
Lot 2 7 12.2 17 46 36
Indre 2 8 10.5 32 43 22
Yonne 3 9 7.0 75 44 39
Aude 3 10 14.4 8 5 11
Tarn 3 11 11.1 25 33 13
Paris 17 12 9.6 39 27 100
Jura 2 13 8.5 56 84 34
Maine-et-Loire 6 14 6.8 83 85 59
Aveyron 2 15 12.6 16 57 42
Hautes-Alpes 1 16 9.9 38 53 48
Orne 2 17 8.3 61 26 25

Ariége 1 18 12.8 15 14 6
Corse-du-Sud 1 19 15.9 5 19 75
Alpes-de-Haute- 16 20 10.8 69 123 40

Provence

1170
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Table S3. Top 20 Italian provinces and regions for supercentenarians per capita.

National Ranking, 1 = Worst 116 = Best
GDP per 90+ year-

Super-

Province Region centenarians Rl?:k tiu;;ievg ; Unemployment C%Ii)i;a’ Oigls) iI:jr
per 100k (l110) adjusted (1=fewest)
Olbia-Tempio  Sardinia 27 1 7 14 41 8
Caﬁ;ﬂzﬂo Sardinia* 23 2 2 2 1 33
Clagrlt;‘s’i;: Sardinia 15 3 3 4 13 43
Isernia Molise 13 4 4 3 34 102
Matera Basilicata 6 5 61 15 17 23
Prato Tuscany 6 6 114 40 80 59
L'Aquila Abruzzo 5 7 65 39 49 82
Rieti Lazio 5 8 8 7 31 80
Belluno Veneto 4 9 45 29 96 91
Campobasso ~ Molise 4 10 38 22 35 76
Catanzaro Calabria 4 11 59 52 26 31
Friuli-
Gorizia Venezia 4 12 34 10 64 107
Giulia
Ogliastra Sardinia* 4 13 1 1 23 66
Pistoia Tuscany 4 14 87 37 59 84
gteytrg?gg;‘; Lazio 4 15 81 111 104 24
Vibo Valentia Calabria 4 16 12 6 4 38
Brescia Lombardy 3 17 90 106 94 25
Chieti Abruzzo 3 18 64 64 53 71
Cremona  Lombardy 3 19 67 56 75 60
Fermo Marche 3 20 35 - - -

1175  * 'Blue zone’ region
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Table S4. Top 20 Japanese prefectures for centenarians per capita in 2015.

National Ranking, 1 = Worst, 47 = Best

Centenarians Rank. Poverty rate Financial = Income per
Prefecture (total) Centenar.lans (%) Poverty rate strength capita 2011
per capita
Shimane 515 1 16.7 30 1 13
Kochi 486 2 23.7 4 2 6
Okinawa* 872 3 34.8 1 5 1
Kagoshima 985 4 24.3 2 6 5
Tottori 334 5 18.9 21 3 2
Yamaguchi 806 6 16.9 27 23 36
Kumamoto 972 7 21.5 10 16 11
Saga 441 8 15.6 35 13 10
Toyama 554 9 11.2 47 25 44
Okayama 980 10 20.6 15 29 17
Ehime 720 11 20.2 17 20 12
Miyazaki 566 12 23.0 6 9 3
Nagasaki 700 13 22.2 8 7 7
Hiroshima 1395 14 16.9 26 35 35
Kagawa 482 15 17.2 24 27 28
Tokushima 377 16 21.8 9 8 33
Niigata 1105 17 16.0 33 19 21
Nagano 1000 18 15.5 36 26 25
Yamanashi 392 19 19.1 20 18 34
Oita 536 20 21.3 13 15 19

* 'Blue zone’ region
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