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Abstract
Better functioning nervous system stimulates other organs, promoting longevity. As a trade-off, this stimulation may result in enhanced
oncogenesis.

This hypothesis was tested by analyzing factors re�ecting cognitive score and academic performance, Educational performance emerged as
a universal independent negative correlate for most of comorbidities, except cancer, that forms a positive correlate. More educated
individuals demonstrate more aggressive neoplasia and cancer patients demonstrate lesser mental and physical decline as compared with
controls. Cognitive stability and high cognitive score were the statistically strongest anti-correlates of all-cause mortality, pointing to
neurological health as the principal mediator of survival.

The patients remaining clinically normal despite decreased cognitive scores demonstrated anomalously low mortality (~2.5% annual in the
90 years old). Such “dementia resister” phenotype was more prevalent in the higher education cohorts, which also demonstrated a delayed
aging rate. Remaining life expectancy was linearly proportional to the baseline cognitive score.

We proposed that systemic non-trauma mobilization of stem-cell activity by CNS acts as a permanent regenerative endogenous factor with
the trade-off of increased cancer risk due to similar interactions with cancer stem cells. Novel markers of mortality risk can follow as
practical applications.  

Introduction
A fascinating link of brain and longevity is known since the 19-th century [Beard et al.]. At least in mammals and birds, maximal total and
reproductive lifespan correlates with brain size [Minias et al., Rushton et al., Peters et al.]. In humans, longevity was found to correlate not
only with brain size but with the observed IQ [Rushton et al.]. Human brain was found to consume up to 20% of the total body energy supply,
while in shorter living animals such as rats, cats, and dogs this percentage is 4–6%. [Peters et al.]. Compared to shorter-living ape species,
humans display faster metabolism, and theoretically should also age faster – but instead demonstrate higher fecundity and greater lifespan
[Pontzer et al.]. Not only brain size, but its qualitative characteristics serve as lifespan correlates [Gottfredson et al., Deary et al.]. According to
Gottfredson et al., the role of intelligence in longevity is to mainly improve adaptation to the environment, maintain healthy lifestyle and avoid
danger [Gottfredson et al]. However, this is a limited view. Intelligence can predict mortality irrespective to the environmental context and
more strongly than body mass index, total cholesterol, blood pressure or blood glucose, and at a similar level to smoking [Deary et al.]. Deary
et al. reports that higher intelligence test scores were associated with a lower probability of developing metabolic syndrome in middle age.
The individuals more dependable or conscientious in childhood and scoring in the top 50% of the population for intellect and dependability
were twice as likely to survive past 60 as compared to the bottom of the rank [Deary, Batty et al.].

In one scenario, a signal pathway in neurons involves receptors coupled to phosphatidylinositol-3-kinase, Akt and glycogen synthase kinase-
3β may regulate longevity via the brain [Mattson et al.]. Central nerve system BDNF signaling can increase peripheral insulin sensitivity and
indeed endocrine health is worse in the students with mental retardation [Pandit et al.]. NAD + availability decreases with age, reducing sirtuin
activities, altering communication between the hypothalamus and adipose tissue at a systemic level. These processes likely contribute to the
development of diseases of aging [Imai et al.]. Still other criteria in brain-mediated longevity reside in the state of glia. Unfolded proteins
normally trigger the unfolded protein response (UPR), and neurons communicate activation of the UPR to peripheral tissues to promote
longevity in the nematode Caenorhabditis elegans. Glial cells can also initiate long-range activation of the endoplasmic reticulum UPR
(UPRER) in distal cells orchestrating stress resistance and promoting longevity in C. elegans via neuropeptide secretion [Miklas et al.]. The
glial longevity control is effective in mammals too. Selective elimination of senescent glia cells led to reversal of cognitive decline in a murine
model [Bussian et al.], and anti-senescence treatments are at the forefront of healthy longevity effort. Transplanting relatively small numbers
of senescent cells into young mice is su�cient to spread cellular senescence to the recipient tissues and cause functional deterioration.
Transplanting even fewer senescent cells had the same effect in older recipients and was accompanied by reduced survival [Xu et al.].

Finally, the diverse signaling of hypothalamic and peripheral stem cells niches may impact lifespan. Intravenous injection of umbilical cord-
derived mesenchymal stem cell in the human patients with vascular dementia increased MMSE score from ~ 15 to ~ 19 within 3 months, but
the scores reverted to ~ 14 within 6 months, demonstrating a causative link between the presence of circulating stem cells and cognitive
status [He et al.]. Cognitive status in turn correlates with survival [Cole et al.].

Perhaps all or some components in the bran/longevity axis described above contribute to the outcomes with varying weights. Yet there is a
need to present a hypothesis that explains as wide a range of facts as possible. Such a concept can guide future effort in minimization of
chronic disease, extending healthy lifespan and cutting premature mortality in surgeries, traumas, and infections. The components not
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considered previously, while analyzing brain/longevity relationship are the interactions between nervous system and tumorigenicity, as well
as between cancer and dementia.

The connection between oncogenesis and neurogenesis is fascinating. Autonomic nerve �bres in the tumor microenvironment regulate
cancer initiation and dissemination, and stimulating peripheral nerves emerge in tumors. Circulating neural progenitors exiting directly from
the central nervous system in�ltrate tumors and metastases, in which they initiate neurogenesis and increase the level of aggressiveness
[Tara et al., Mauffrey P et al; Dart et al]. The overlap of molecular pathways involved in cancer and Alzheimer’s disease are reviewed in
[Nudelman et al.], and competing epidemiological relationship is mentioned in extensive literature exempli�ed by [Sha� et al; Zhang et al; van
der Willik et al.].

In this report we present additional data, which, together with the presented context support a new hypothesis linking brain activity and
lifespan. We propose the role of nerve system in activation and mobilization of stem cells permeating to a various degree all organ systems.
The concept explains a broad range of phenomena reported in the literature, combining 9 independent datasets and > 106 respondents.

Results

Factor analysis of chronic disease and mortality in NBER, NHIS, NSHAP, TILDA,
MIDUS, CLHLS and Kaiser Permanente Study of the Oldest Old.
Figure 1A presents the summary data for the 606228 cancer patient decedents (neoplasia as the primary diagnosis) and 1604462 non-
cancer/non-dementia controls. The data were collected for the years 1999, 2004, 2011 and 2017 in the National Bureau of Economic
Research (NBER) depository [NBER]. The results show a consistent trend of greater educational attainment in the cancer decedents vs. the
same in the control, exceeding the margin of random error (CI95). The individuals with the shorter lifespans (plotted on the abscissa)
demonstrate greater absolute and relative differences in educational performance, with the cancer patients outperforming. The extent of the
outperforming is attenuated for the longer lifespans.

Figure 1B presents the correlation of the life-long educational attainment with the number of cancer foci in the individuals. To ensure that the
age differences between these subsets do not introduce a biasing trend, the ages of the groups were equalized at 78 (± 0.5) years each.
Under these conditions, a monotonous increase in lifelong educational performance becomes a correlate of cancer spread (foci number in
different tissues).

Figure 1C explores reproducibility of the relationship between education and cancer in additional datasets [Wisconsin Longitudinal Study,
TILDA, NHIS], composed of living individuals and measuring cancer prevalence (not mortality). In all of them (W, T and N), the increase in
educational achievement parallels decreased all-cause mortality rate, increased cancer prevalence rate and decreased multimorbidity
(cardiovascular, stroke, diabetes, renal and pulmonary). The odds ratio of cancer to serios non-cancer comorbidity varies ~ 2-fold between
the most and least educated population strata across these 3 datasets. The individuals with higher education demonstrate lower rate of
physical disability and polypharmacy, higher self-assessed health, visual acuity, and cognitive performance and are taller than the less
educated counterparts. They also demonstrate lower smoking rate (but higher cancer rate despite lower smoking rate). Our results con�rm
that educational performance is an important health and longevity predictor [Gotfredson et al., Deary et al] (Figure 1A-C). 

The cancer-education relationship extracted in NBER reproduces in similar formats in National Social Life, Health, and Aging Project (NSHAP)
2005-2011 [NSHAP] and in National Health Interview Survey (NHIS) 1994-2000 [NHIS]; with the results presented in Figure 2A-C.

 Figure 2A presents the data of NHIS survey showing the consistently increased educational performance for the cancer patients vs. the non-
dementia control [Sun et al.; Hayes-Larson et al.]. Figure 2B presents the data for the NSHAP survey showing a signi�cantly higher cognitive
score in neoplasia and a slower rate of cognitive decline vs. control, especially in more advanced ages. Figure 2C presents the positive
correlation of the education level in the NSHAP individuals with the variable number of neoplasia foci.

A review of additional datasets identi�ed a further list of behavioral factors correlating with the cancer prevalence (Supplemental Table 1).
The analysis includes Midlife in the United States (MIDUS) series [MIDUS], the National Health Interview Survey (NHIS) series [NHIS] and the
Social Life, Health and Aging Project (NSHAP) [NSHAP].   

Supplemental Table 1 presents cancer and control cohorts carefully balanced by age, gender, race, and non-cancer comorbidity in the NBER,
MIDUS, NHIS and NSHAP sources. The presence of neoplasia and its correlates differentiates the cohorts, explaining the higher mortality
rates, lower lifespans, and lower self-assessed physical health in the cancer cohort. Despite lower vitality in the neoplasia cohorts, the cohort
members display statistically signi�cant higher educational achievement (A1PB1, SF53, EDUC), a trend to greater personal independence
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(A1SF1Z, SF3448, SF491), a stronger sense of duty (A1SK7K, SF507), a trend to maintain relationships (SF48, MARITLST), higher household
income (A1PC8, A1SJ13, SF58, SF61, SF3448, SF3548, [Larsen et al.]), altruistic behaviors (A1SK6F, SF533), higher cognitive ability (MOCA
score). 

Physical features are also contributing to the distinction between the cohorts, such as height (A1SA25, SF93), waist-to-hip ratio (A1SWSTHI),
BMI (A1SBMI), (WAIST x HIP)/HEIGHT^2, systolic blood pressure (SYSTOLIC_1, 2), changes in sexuality (SEXCHGES). A consistent biological
distinction is the smaller size of household in the present and future neoplasia patients (A1PB35, A1SE18B, SF2051) and the gender of the
�rst child (A1PB36A1). The emotional abuse in childhood (A1SE17E), smoking and greater alcohol use in the cancer patients suggest both
higher stress level in the neoplasia cohort [Kruk et al.] and direct carcinogenic effect of alcohol and tobacco [Klein et al.]. Higher arthritis
incidence in cancer as well as higher supplement use in neoplasia suggests more advanced aging in the cancer cohort [Armenian et al.; Zhu
et al.], consistent with overall greater comorbidity count (non-cancer + cancer) and shorter lifespan in the case cohort.

The patterns of Supplemental Table 1 for NBER present negative correlation between the dementia and cancer frequencies (r = - 0.39, p =
0.044). In all studied categories the cancer mortality is signi�cantly decreased as a function of behavioral or neurological impairments. For
example, the hazard ratio of cancer mortality among the individuals with the congenital nervous system malformations is HR = 0.3, p =
2.3x10-34. The similar hazard ratio for the injury-prone population is HR = 0.4, p = 0, while for the never married cohort the HR = 0.9, p =
2.25x10-80. For the cohorts suffering injury, trauma, accident and assault the dementia marker is elevated with the HR = 2.0, p = 0. The effect
of smoking is signi�cant and meaningful biologically. As expected, smoking correlates with the increase of cancer mortality causes per a
patient from 0.32 in control to 0.99 in the smoking cohort (HR = 3.1, p = 0). The effects of marital status are also noted, with singleness
increased in the non-cancer control and married status enriched in cancer cohorts. The effects of educational achievement were considered
earlier. 

Figure 3A-B presents an additional validation of Wisconsin Longitudinal Study (WLS) results in the Kaiser Permanente Study of the Oldest
Old [Kaiser] and Figure 3C-D presents the Chinese Longitudinal Healthy Longevity Survey (CLHLS) [CLHLS].

Factor analysis of chronic disease and mortality in the National Alzheimer’s
Coordination Center dataset.
This section presents the analysis of the data in the version 3 of the National Alzheimer’s Coordination Center dataset [URL, NACC]. The
dataset is accumulated since 2004 and by the freeze date 03/2020 included > 150000 visits and > 42500 patients longitudinally monitored
for the presence of comorbidities, including cognitive decline, cancer, diabetes, cardiovascular disease and more (Table 1). Versions 1 and 2
were excluded as not monitoring the entire list of comorbidities, together with the 25% of the pro�les in the Version 3 that were incomplete.
The remaining subset included 31495 doctor visits or telephone interviews. The dataset reports dozens of psychometric parameters and is
relatively large, with the cancer cohort > 5000 visits and the control of > 25000. Thus, the expected statistical resolution is also high in NACC.
The presence of dementia in the resulting trimmed dataset with the average age of 82 years was 24%, approaching the expected prevalence
for the age [Bickel et al]. The results are presented in Table 1.

Table 1

t-stat pro�les of the pre-morbidity factors (row 1) across comorbidity states (column 1). The left-most column 1 presents the list of outcomes,
modelled by the factors preceding the onset of later-life morbidity. The upper row represents the traced factors: #1 – age; #2 – education; #3
– right-hand is dominant; #4 – height; #5 – BMI; #6 – weight; #7 – female gender; #8 – never married; #9 – divorced or never married; #10 –

married; #11 – smoking measured as packs per day x years of smoking; race: #12- Hispanic; #13 – Caucasian; #14 – Black; #15 – Asian.
The numbers are the t-stat values of the multiple regression models �tting the outcomes to the parameters, where the outcome is represented

as (+1), while the absence is represented as (0).
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FACTORS/OUTCOMES #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15

All-cause mortality 3.7 -8.2 1.0 -0.7 0.2 -2.3 -14.6 -1.3 4.8 0.4 0.0 -7.4 2.5 0.7 -0.5

Angina 2.5 -3.3 0.0 -0.6 1.6 -0.4 -7.4 -0.6 0.1 -1.3 1.9 -1.0 -4.6 -3.0 -4.6

Antipsychotics 5.9 -6.9 -2.8 -4.6 -4.1 4.5 -4.8 -0.7 -0.1 1.2 -0.5 1.6 1.1 0.1 0.5

Anxiety 4.4 -12.0 -2.3 -0.5 -0.8 -0.6 -2.3 0.8 -3.7 5.4 4.2 5.4 0.0 -2.3 -1.0

Arthritis 7.0 -1.2 2.0 -5.9 1.3 3.1 10.2 -3.2 3.8 -5.5 1.6 0.6 -2.7 -0.1 -5.4

Atrium �brillation -0.7 -1.9 1.5 1.5 -0.5 1.5 -7.2 -0.6 4.7 -2.7 -0.8 -7.0 2.3 0.4 0.8

B12 de�ciency 0.4 -5.9 -1.7 1.0 0.9 -0.3 -0.8 -2.9 -0.8 -2.2 0.9 -0.5 1.1 0.9 0.2

Cancer 1.4 6.0 1.2 -0.5 -2.2 1.5 -4.0 -1.1 3.4 -1.3 1.2 -5.0 1.7 2.0 1.1

Cognitive decline 12.5 -27.8 -4.5 -1.6 -0.6 -3.2 -22.9 1.0 3.4 14.4 4.1 -1.8 4.0 1.8 2.0

Congestive heart
failure

0.7 -3.3 0.7 -0.3 1.5 0.2 -5.4 -0.3 6.8 -1.4 -1.0 -1.6 -0.3 1.2 -0.6

Depression 4.3 -10.8 -3.6 -0.5 -0.7 0.8 -2.1 1.1 -2.8 -0.1 6.9 5.2 -1.4 -3.4 -2.0

Diabetes 4.9 -12.0 0.4 -4.0 2.8 4.7 -7.9 -1.4 2.8 -2.3 1.4 15.0 -6.4 -0.5 -0.6

Hypercholesterolemia 8.8 -3.1 1.6 -6.1 4.4 0.4 -17.9 -1.9 2.8 1.0 4.5 2.2 -0.7 0.0 0.7

Hypertension 12.5 -8.9 -0.4 -10.5 2.3 5.7 -17.3 -2.0 7.7 -2.7 2.6 1.8 -2.7 3.9 -0.5

Motor disorders 3.0 -14.4 -1.2 0.5 0.4 -1.2 -8.3 -1.0 -1.0 4.3 -0.2 -1.8 0.4 -1.0 -0.7

Myocardial infarction 4.8 -2.5 -0.9 -3.0 -1.7 2.7 -14.4 -2.3 1.7 -1.4 2.6 -1.0 -1.1 -1.0 -0.7

Pacemaker 1.2 -4.9 1.0 0.6 1.8 -1.8 -10.8 -0.1 3.6 -0.3 -2.6 -4.7 0.5 0.7 -0.1

Sleep apnea 6.3 4.0 -3.5 -8.2 -0.4 11.1 -16.3 -0.7 -3.0 -0.8 1.5 -1.5 -1.0 -1.8 -0.7

Thyroid 0.4 3.5 1.3 -2.6 0.6 0.7 22.9 -0.8 3.6 2.4 -0.3 -3.2 3.2 -1.1 1.4

Table 1 presents the t-stats of the multiple regression models computed for all-cause mortality and 20 comorbidities available in the NACC
data. Vertical columns represent the t-stat pro�les for the given factor across the disease models. The #2 (respondent’s education) is the
second most consistent factor negatively correlating with the presence of most of conditions, including mortality and cognitive decline.
[Gottfredson LS, Deary]. However, the trend reverses for neoplasia (see also Figures 1, 2). The most consistent factors are gender (#7) and the
chronological age (#1). For the elderly population of NACC, the t-stat effect of chronological age is not dominant and ranks the third after
gender and education in its correlation with the health conditions. Across the 21 conditions of Table 1, divorce and singleness correlated
positively with comorbidity, height correlated negatively, while weight and smoking correlated positively. The effects of height, weight, un-
married status, and smoking were each less signi�cant than the effect of education. The results of this and the prior sections are consistent
with cancer propensity accompanied by higher education as compared to other comorbidities at the same age and mortality rate.

Cognitive status as a survival marker in aging and chronic disease.
Figure 4A-C presents the analysis of NACC organized in longitudinal format, with the timelines available for 42500 patients as of 3/2020.  All
versions and 151500 visits were included in the analysis, with the average 3-4 visits per a patient. 

Figure 4A shows the effect of cognitive status and academic performance on the survival and cancer prevalence. In agreement with all prior
results, cancer prevalence is decreased in the patients with the educational status < GED, while the highest prevalence is in the patients with
the advanced degrees. The trend persists in the cognitively impaired and intact patients. Of note, the age when academic achievement is
established temporally precedes the age of cancer development, suggesting a putative causal relationship between the parameters of
nervous system and tumorigenesis. The annual probability of mortality H(T) decreases with educational performance for the cognitively
normal individuals but does not form a trend for the cognitively impaired cohort. The 3-fold ratio of mortalities is observed between the
cognitively impaired and intact strata, but the dynamic ratio decreases to 2-fold for the <GED cohorts.

Figure 4B shows the protective effect of retained cognitive normalcy on the survival in chronic disease. At the baseline ages 70.5-72, there is
a dramatic difference between the H(T) values in the cognitively impaired and normal patients. The dynamic range is 6-fold for the patients
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without cardiovascular disease, 3.5-fold for a single condition and 2-fold for two comorbidities. Analogously, similar dynamic ranges are
observed for cancer, with the minimal range for the metastatic or multi-focal disease. The same trend exists for polypharmacy. This decrease
of the dynamic range between the cognitively intact and impaired cohorts in the more challenging conditions is observed across all
computations.

Figure 4C shows the analysis for the speci�c values of cognitive score and 4 ages, spanning the range between 66.5 and 93.5 years.  In each
bin of cognitive score, the values for H(T) follow the ages in the ascending order from left to right. The dynamic range is ~ 15 between the
age 66.5 and 93.5 years at the top maximal cognitive score 30. The dynamic range becomes ~ 6 at the score 29, ~ 4.5 at 27-28, ~ 3.5 at 24-
26, ~ 2.2 at 20-23 and only ~ 1.8 for the scores < 20. The absolute values of H(T) sharply depend on the value of cognitive score. The left-
most bar of the plot is the H(T) for the 66.5 years old patients with the score 30 at the baseline and it is the lowest. The left-most bar for the
score 29 indicates ~ 2.5 higher annual probability of mortality for the same age as compared to the score 30. The annual mortality rate
doubles again for the bin 27-28 and doubles yet again for the bin 24-26 for the same age. At the age 93.5 the annual mortality rate still
responds to the factor of cognitive score, but with lesser sensitivity as compared to the younger ages. The annual probability of mortality
reaches ~ 0.26 for the 93.6 years old patients at the cognitive score 30 but increases to 0.58 for the score range < 20 at the same baseline
age. By contrast, the H(T) is 0.016 for 66.5 years age at the cognitive score 30 and 0.32 at the cognitive score < 20, indicating a ~ 20-fold
dynamic range. The annual mortality rate becomes age-independent with the cognitive loss (Figure 4C) or less age-dependent with
accumulation of other senescence markers such as serious comorbidity (Figure 4B). Cognitive score exceeds both cardiovascular diseases
and cancer as predictor of mortality (Figure 4B) and shows the effect commeasurable with the effect of ~ 25 years of age (Figure 4C). The
effects of academic performance in early life persist over lifetime and re�ect on both the cancer prevalence and cognitive decline in later life
(Figure 4A, Figure 5). The results of the section support a conclusion that the condition of central nervous system is rate-limiting in the
progression to mortality, but other factors compete with the role of CNS at the extremely old ages or other sources of injury.

Academic performance and cognitive status are inversely proportional to the
rate of comorbidity accumulation.
Figures 5A and B present the results of analyzing the kinetics of changes in the level of aging markers as a function of academic
performance or cognitive status. Such markers were cognitive score, the presence of cardiovascular disease and non-supplement
(prescription) polypharmacy. One data point was measured at the beginning of follow up and the second point at the end, and the difference
was related to the length of observation, producing the derivatives correlating with the biological aging rate.

Exploration of Figure 5A presents the aging-associated trends in the frequency of cardiovascular disease (CVD) as a function of cognitive
score, with lower frequency of CVD associated with higher cognitive scores. Interestingly, the time-derivative of cardiovascular morbidity as
well as time-derivative of prescription polypharmacy also follows the identical trend. Figure 5B presents the same for the dataset strati�ed by
the educational achievement. Dramatic differences between “no GED” and “advanced degree” categories are observed for the dementia
fractions reached by the baseline age (0.6 vs. 0.3) and the fraction of the “resisters”, de�ned as individuals retaining clinician-assessed
cognitive norm through the entire follow up (0.19 vs 0.58). Analogously to Figure 5A, the rate of cognitive decline depends on the original
value of cognitive score, accelerating for the “no GED” and “GED” categories. The statistically signi�cant trends in the same direction are
observed for H(T) and polypharmacy (CI95 are provided), although not so pronounced as the fractions of baseline dementia and percentage
of “resisters” to dementia conversion. Each of these metrics is a surrogate of biological aging process and the data of Figure 5 support the
conclusion that the increased stability and performance of central nerve system correlates with delayed aging rates.

The results produced in NACC were independently veri�ed in NSHAP WAVE 2 (N = 3200), which is recruited randomly nationwide, while NACC
is recruited based on the complains and volunteering (see Figure 6 below). The baseline ages in NSHAP were equalized in the 68±1 narrow
range (N = 2000), to minimize the age-related biasing that can arise in the process of strati�cation. Figure 6A presents the trends analogous
to all previously observed in NACC and other sources. Speci�cally, H(T) is strongly and inversely correlated to the MOCA values, producing >
4-fold dynamic range between the MOCA “1-14” and “26-30” subranges. The dynamic range in NSHAP is lower than that in NACC due to a
smaller dataset size and higher noise-to-signal ratio. The MOCA score in late life in NSHAP strongly correlates the academic achievement in
early life (the education code average is 1.5 in the MOCA “1-14” bin and 3.2 in the MOCA “26-30” bin).  The fraction of cancer varies from
0.16 in the MOCA “1-14” bin to 0.28 in the MOCA “26-30” bin. Finally, the multimorbidity is ~ 1 condition/person in the “1-14” MOCA bin and
0.69 in the “26-30” bin.

Figure 6B compares the H(T) values at the different severity of health condition and values of MOCA score. An approximately 3-fold decrease
in mortality is observed at 0-2 conditions, but the effect is less pronounced in the “>2” comorbidity range. Analogously to the observation for
NACC, the impact of the cognitive score on H(T) exceeds the impact of one serious health condition.
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Retention of cognitive norm according to a clinical evaluation while
experiencing decreased performance in cognitive score correlates with
anomalously low mortality rates.
NACC provides multiple measures of cognitive state, in addition to MMSE and MOCA. The cognitive scores typically align with the objective
diagnoses or functional norm, but not absolutely (Figure 6C). An assessment by a trained clinician is decisive and such scores are
NACCNORM (clinical norm during all visits) and NACCUSDS (1 – norm, 2 – pre-MCI, 3 – MCI, 4-dementia). The discrepancies between the
clinician-produced diagnoses and the diagnoses suggested by the cognitive scores are biologically important (below).

Figure 6C demonstrates that a small percent of dementia as de�ned by a clinician coexists at the baseline with the highest cognitive score
30, while a comparably tiny fraction of 1.3% of cognitive norm exists in the “<20” cognitive score stratum at the baseline. Still greater
percentages of stable cognitive norm exist in the borderline score strata “20-23” and “24-26”.

We �nd especially interesting the anomalies that result from the superposition of the clinician-generated assessment of normalcy
(NACCUSDS = 1 at the baseline and at the end of follow-up) and low cognitive score (MMSE/MOCA < 26) at the end of follow up. Such
decrease of cognitive score places the patient into a risk category, but the clinician-assessed normalcy despite the increased risk suggests
resistance to dementia conversion. These low-score resisters (termed +/- phenotype) differ from high score resisters (+/+ phenotype) or
dementia converters (-/- phenotype). The data are presented in Figure 7. 

Figure 7A shows dramatically different levels of annual mortality probability as a function of the phenotypes and follow up.  The highest
annual probability is observed in dementia, followed by the high score resisters. Abstraction of cardiovascular morbidity decreases the
annual mortality rates in the high score resisters, but the previous trend remains. The bottom graph in Figure 7A refers to the low score
resisters and demonstrates the lowest mortality rate. Remarkably, in the subset 7 years after the baseline (the age of 85 years), the H(T) is ~
0.015, that is the value corresponding to the general population annual mortality rate at 66 years. The annual mortality rate increases to
0.025 by 90 years, still maintaining the ~ 20 years gap with the average population.  Figure 7B presents the fraction of cardiovascular
disease at baseline. Cardiovascular disease is maximal in the shortest follow up interval and in the dementia converter phenotype.
Cardiovascular disease is lower in the high-score resisters and much lower in the low-score resisters, suggesting the explanation of the lower
mortality and resistance to dementia conversion. However, as Figure 7A demonstrates, the complete exclusion of cardiovascular morbidity in
the high-score resisters produces a population with the annual mortality still exceeding that of low-score resisters. Figure 7C demonstrates
that the low-score resisters are biologically distinct from both dementia converters and high-score resisters. The latter produce closely
matching attrition pro�les (the numbers of the patients leaving the study at a particular year of follow up) with the tangent ~ - 0.26. By
contrast, the low-score resisters demonstrate slow attrition pro�le with the tangent ~ -0.15. This tangent is proportional to the exponential
Gompertz constant beta [Ricklefs et al.], suggesting that the low-score resisters age at the rate of ~ 0.6 of the general population, during at
least a segment of overall lifespan. The relatively reduced fraction of cardiovascular disease is likely not a cause but a consequence of the
slow-aging phenotype, which is also characterized by high tolerance to the reduction of cognitive score without developing clinical dementia.
The exclusion of cardiovascular morbidity shown in Figure 7A is expected to change the attrition pro�le in Figure 7C if cardiovascular health
was the primary factor in these patterns. However, the pro�le after exclusion remains unchanged and still differs from that of the low-score
resisters.

Life-expectancy after the baseline age is proportional to the baseline cognitive
score.
NACC recruits the patients and relatives since 2004 up to the present time, with the median year of recruitment being 2011. The patients are
observed until the accumulated disability makes further collaboration unfeasible or until the patients die. The follow-up intervals are variable
and re�ect the baseline state of health and potential longevity of an individual. The individuals with longer follow up intervals are healthier
and achieve longer lifespans. Figure 7 indicates that the mortality rate disproportionally decreases in the longer follow up cohorts, but this
observation can be an artifact. The study used in this report was released in the March of 2020 and in longer follow ups (ending closely to
the release date) the decedents do not have time to accumulate. Thus, the direct mortality measurement is not appropriate, and instead we
applied the proxy markers such as cognitive state, polypharmacy, and cardiovascular disease, being all linked as benchmarks of aging
[Franceschi C et al.]. 

Figure 8A shows that the follow up length correlates to the baseline value of cognitive score. The shorter follow ups (1-2 years) associate
with lower baseline cognitive scores 24-25, while the longer follow ups (9-10 years) correspond to almost maximal cognitive scores of 29.5.
The �nal cognitive score before the attrition is almost constant in all cohorts and is about ~20, considered a borderline value between mild
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cognitive impairment and dementia. The baseline polypharmacy is lower in the longer-observed individuals, but the �nal polypharmacy is
higher in the older individuals at longer follow ups. Figure 8B shows the time-derivatives of cardiovascular disease frequency, polypharmacy,
cognitive score aligned with the annual mortality H(T). All derivatives form a similar pro�le, being 3-fold higher for the shorter follow-ups. The
H(T) pro�le is con�rmed by that of the surrogates. The result of Figure 8 show that once the baseline level of senescence is high, further
senescence proceeds with acceleration. There is the �nal level of neurological and non-neurological damage that leads to attrition from the
study that precedes mortality by 0-3 years. The decline of cognitive score to ~ 20, the presence of cardiovascular disease in ~ 60-90% of the
cohort and the polypharmacy in the range 4.6-5.7 on average de�ne this threshold. The extent of non-neurological damage is higher in
longer-living patients, suggesting the reason why H(T) stops to respond to cognitive status in the oldest old, as shown previously. Not only
the protective effect of relatively healthy nervous system weakens with age, but the senescence pressure increases exponentially, as
suggested in Figure 8B.

Discussion
This discussion attempts to rationalize from common positions the seemingly disparate lines of evidence revolving around cognitive state
and educational performance. The aspects that need rationalizing are the following:

a) Stronger educational performance in early life and higher cognitive score in later life positively correlates with the presence of cancer
[Larsen et al., Coughlin et al., Dong et al., Savijarvi et al.], but negatively correlates with the presence of other comorbidities. [Gottfredson et
al], [Deary et al.], [Brown et al], and [Zeng].

b) The present or future cancer patients retain higher level of performance, physically and mentally as compared with the same age peers
suffering from non-cancer chronic disease with comparable mortality [Nudelman et al., Sha� et al; Zhang et al.].

c) Cancer proceeds more aggressively in more educated individuals (Figure 1-3), the link between cancer and the status of nervous system is
biological [Mauffrey et al., Dart, Cervantes-Villagrana et al, Xing et al., Kallay et al., Zhuo et al, Yuan et al., Van der Willik et al., Linni et al.].

d) Cognitive status correlates with longevity and cognitive stability is protective in all serious chronic conditions. However, this protective
effect decreases with age or with the extent of pre-existing damage. Cognitive status is a rate-limiting parameter for mortality (Figures 4, 8).

e) The aging rate is delayed in more educated and cognitively stable individuals [Clouston et al., Deary et al., Figure 5]. It is especially delayed
in the individuals resistant to dementia conversion while being formally in a high-risk group (Figure 7).

f) Longer follow ups correspond to slower senescence observed at the baseline and the senescence accelerates in the presence of the pre-
existing decline [Elliott et al.]. The ratio of neurological to non-neurological damage is lower in longer-living phenotypes (Figure 8).

We proposed a unifying hypothesis that explains the data of this report from the common positions.

Nerve system maintains regenerative potential in traumas (Knox et al., Boilly et al.). In fact, denervated organs fail to regenerate in multiple
animal models (Knox et al, Boilly et al.). Denervation of the primary tumor suppresses cancer growth and metastasis [Zhao et al., Magnon et
al.]. Nerve system acts through multiple molecular mechanisms such as neuropeptides, neurotransmitters, morphogens, mitogenic growth
factors. In amphibian limb regeneration, these factors attract and activate the blastema (mobilized progenitor cells undergoing further
differentiation into the organ components) – and the regeneration block that accompanies denervation depends on the disruption of
blastema mobilization [Satoh et al.].  In mammals, whole organ regeneration is not observed, but partial regeneration follows a similar
mechanism, beginning with CNS-mediated stem cell mobilization [Borlongan et al.].  CNS also provides routine, non-trauma maintenance of
stem-cell activity. For example, spinal cord injury causes chronic bone marrow failure, suggesting that regular functioning of bone marrow
depends on constant CNS stimulation [Carpenter et al.]. Circulating progenitor cells (CPC) are mobilized from the marrow niches by stress,
trauma, in�ammatory cytokines, and direct non-traumatic circadian brain signaling [Mendez-Ferrer et al.]. Reciprocally, the increase in the titer
of the circulating peripheral blood progenitor cells stimulates CNS and reverses advanced cognitive decline [He et al.].

 Senescence and trauma share pro-in�ammatory pathways, demonstrating synergy [Sullivan et al.], We propose that senescence is countered
in mammals (and perhaps other taxa) by a mechanism analogous to the bone marrow activation by the intact spinal cord described in
Carpenter et al. Speci�cally, central nervous system in its healthy state induces a baseline level of stem cell mobilization and activation. The
secretome of these stem cells is anti-in�ammatory and pro-survival and they permeate all vital organs, while also being present in peripheral
circulation [Lunyak et al.]. The circulating progenitor cell (CPC) titer correlates with systemic stem activity and the endogenous regenerative
potential. The circulating progenitor titer is not the only parameter characterizing the endogenous regenerative potential that also includes
responsiveness to the mobilization stimuli and potency of the stem cell signaling [Zhu et al., Phan et al.]. The CPC do not exclusively
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originate in bone marrow, but derive from diverse niches such as small intestine, liver, blood vessel walls and in some contexts these non-
marrow subsets provide the bulk of regeneration in the damaged organs [Aicher et al.].

These circulating progenitor cell titers correlate with memory, posterior cortical thickness, and hippocampal perfusion [Nation et al.]. Higher
CPC levels are associated with the reduced risk of cognitive decline [Hajjar et al.]. The reduced circulating progenitor mononuclear CD34+ cell
or CD133 counts are associated with the risk of death in cardiovascular disease, suggesting that impaired endogenous regeneration relates
to increased mortality [Patel et al., Rigato et al.]. The CPC levels vary with the individual factors that contribute to mortality or survival, for
example they increase count with smoking cessation [Kondo et al.] and decrease in severe pulmonary disease [Fadini et al.]. The CD34+ CPC
retained their prognostic value as a biomarker of longevity at the ages when other factors such as smoking or cardiovascular disease
stopped to be predictive [Mandra�no et al.]. At the same time, the increase of circulating progenitors is observed in hepatic and breast
cancers [Zahran et al.; Montaser et al.].  Progenitor senescence parallels decrease in cancer prevalence and aggressiveness in the oldest old
[Pedersen et al., Pavlidis et al.]  The factors listed in the Table 1 parallel the circulating progenitor activity, with cardiovascular disease,
obesity, diabetes, and cognitive decline negatively correlating with CD34+ PCP levels, while cancer correlates positively.

The above-described scenario explains the disappearance of mortality dependence on age at lower cognitive scores < 20, described in Figure
4. The telomere length is known to decrease sharply in dementia [Koh et al.]. The critical level of senescence incompatible with life is reached
earlier when the regenerative effect of nervous system is weak (Figure 8). The neurogenic regenerative effect postpones the terminal aging
stage (Figure 8).by impacting the general aging rate (Figure 5). The individuals with sharply decreased cognitive scores demonstrate
exhausted overall vitality, accompanied by “exploding” morbidity [Franceschi C et al.] and this exhaustion can take place at various ages
(Figure 4, 8). The effects of senescence are self-reinforcing through the autocrine loop mechanisms and the presence of chronic disease,
advanced chronological age or pre-existing cognitive decline share the high level of pre-existing senescence, explaining the patterns of Figure
4.

The trophic effects of nervous system, preventing functional decline of multiple organs may also be direct and not mediated by the
progenitor cells. The retention of active acetylcholine receptors prevents the atrophy of skeletal muscles and favor reinnervation in the
isolated skeletal myo�bers [Cisterna et al.]. Similar direct trophic pathways are mediated by neuropeptides, with glia initiating long-range
activation of the endoplasmic reticulum UPR (UPRER) in distal cells to coordinate stress resistance and longevity in C. elegans [Miklas  et al.].
Another effect in the round worms is secretion of miRNA-71 by the olfactory neurons regulating protein turnover in the peripheral tissue and
longevity [Finger et al.]. Similar pathways may exist in mammals and provide the stimulating multimodality synergizing with the stem cell
mobilization mechanism.

One mammalian model – naked mole rat (NMR) – especially resonates with the data and hypothesis of this report.  The mole rat lives in
hypoxic and hypothermic conditions and displays - for most of its lifespan - a constant annual probability of mortality H(T), departing from
the Gompertz law of exponential H(T) pro�le [Ruby et al.]. At the same time, the NMR can experience cellular senescence at the extreme old
age [Zhao et al], suggesting that the unique H(T) pro�le and longevity is the result of a powerful anti-senescence mechanism, postponing the
dynamics that develops earlier in shorter-living species. The lifespan of this small animal exceeds that of comparably sized rodents by more
than an order of magnitude [Ruby et al.]. The organism is exceptionally resistant to cancer, preventing its development by multiple
mechanisms [Miyawaki S., Hadi et al.].  Our hypothesis predicts that NMR relies on anomalously high baseline progenitor cell activity,
mobilized by the CNS, and augmented by the reduced brain aging rate as the hypothetical anti-aging mechanism. Such method of
postponing senescence develops spontaneously as a byproduct in hypoxic hypercapnic conditions stimulating pluripotency and aggressive
tumor development - if not countered by evolution [Wei et al., Tolstun et al.]. It is unclear otherwise why NMR needs to be cancer-resistant in
the absence of natural exposure to radiation or carcinogens, but the above interpretation provides a rationale. Longevity evolves as a
byproduct of the increased stem and telomerase activity [Leonida et al], induced by hypothermia, hypoxia, and hypercapnia of the �ooded
NMR burrow habitats. Small rodents are known to express telomerase in the somatic tissues and 90% of ordinary mice dies in captivity of
cancer [Gorbunova et al.]. NMR also expresses telomerase in somatic tissues [Gorbunova et al.], and this original ability combined with
cancer control could be evolutionally exploited to develop the anomalous longevity of mole rats, also bene�ting from the social structure
selecting for greater stability of colonies with longer lasting individuals.  Indeed, dramatically elevated germline activity is observed in this
animal model [Place et al.], together with the extraordinary neuronal plasticity and juvenile pluripotency markers persisting in adult brain [Orr
et al., Penz et al.].  The brain in this animal structurally resembles a primate’s more than a rodent’s [Orr et al.], in contrast with a narrow
ecological niche and relatively non-stimulating lifestyle. However, the lifespan-regulating role of such brain – and not information processing
– would justify its plasticity, also induced by the feedbacks from the hypoxia-adapted pro-pluripotency environment of this organism.

The human-centered phenomena described in this article may be the root analogues of mole rat adaptations, inherent to other mammalian
species. Humans do respond to hypoxia with increased longevity [Zubieta-Calleja et al.], proportional to the altitude. A paradoxical hypoxia-
like effect of hyperbaric oxygenation leads to telomere lengthening by 20% and at least temporary reversal of aging in some lineages
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[Hachmo et al.]. Adult spermatozoids in the older men show telomere lengthening as compared to younger ages and this lengthening carries
over to the offspring [Stindl et al.], suggesting anti-senescence in fully differentiated human cells, perhaps through regulated telomerase
activation. Humans are under less pressure to develop the additional anti-cancer mechanisms as compared to mole rats, because human
survival does not depend on the primary adaptation to extreme hypoxia and the secondary adaptation to the aggressive clonal expansion
that can follow a generalized hypoxia response. On the contrary, by relaxing cancer controls, humans bene�ted from higher mobilized stem
activity that is supportive of mental processes, physical endurance, regeneration, immunity, and socialization. The resulting longevity further
evolved as a stabilizer of small groups of human ancestors and as an enhancer of individual performance in the survival game of a creature
mostly devoid of natural weapons.

The results of our study can be practically applied in development of risk markers by comparing the molecular pro�les of the individuals with
the declining and intact cognitive scores, combined with the clinician’s evaluation (Figure 7). Once mortality risk is predicted by the cognitive
pro�le of a person, the individual is assigned to the case or control class, biological �uids are extracted and analyzed to de�ne the molecular
markers/mediators of enhanced survival or mortality risk.

Methods

Data sources
The NBER (National Bureau of Economic Research) database, Multiple Causes of Death [NBER] contains scanned data pro�les obtained
from death certi�cates, including age, gender, education, demographic and family status of the decedent, number of diseases, ICD-10/358
codes of the individual diseases, and the order in which they are considered. The database includes data from across the USA since 1959
with more than 70 million decedent pro�les as of 2016. The coverage for this project was limited to 1999-2017. The ICD-10 code G30.9 was
selected to identify Alzheimer’s disease; F02* and F03* were used for other forms of dementia, excluding alcohol-induced; I10-I15*, I20-I25*,
I26-I28*, and I30-I52* were selected for cardiovascular disease; M13*, M15-M19*, and M02-M09* were selected for arthropathies; E10-E14*
were used for diabetes; C* was used for malignancies. 

The National Social Life, Health, and Aging Project (NSHAP) Waves 1 and 2 [NSHAP] are a�liated with the Inter-university Consortium for
Political and Social Research (ICPSR). The longitudinal dataset (>3000 patients) at the average ages ~ 72 years provides information about
pharmaceutical exposure, comorbidity presence and all-cause mortality. Cancer localizations, cognitive scores, and mortality/lifespan data
are provided. The individual cognitive scores in NSHAP II combine in the MOCA index.

The Kaiser Permanente Study of the Oldest Old, 1971-1979 and 1980-1988 (California) is a longitudinal observation study of the elderly > 65
years old (>5900 patients) with 35 clinician-diagnosed conditions that were carefully monitored, and education, lifestyle, cognitive status,
disability, institutionalization, hospital visits, cancer as well as anatomical localizations are available [KAISER]. 

The Irish Longitudinal Data on Aging (TILDA) project is a longitudinal study of individuals above 50 years of age in Ireland [TILDA], which
was conducted from 2009 to 2015 in 3 waves. Waves 1-3 were analyzed for this project; the averaged Mini Mental State Examination
(MMSE) scores were computed. The education, income, lifestyle, disability, hospitalizations, comorbidity, childhood, marriage data are
provided, while the presence of cancer was deduced from the medical insurance information for > 6500 respondents in this report. [TILDA].

The Wisconsin Longitudinal Study (WLS, 1957-2007) is available as a part of the project RELATE [RELATE] contributing the US component,
alongside with China, Africa, Latin America, India and Russia. WLS provides the detailed information regarding comorbidity, mortality,
education, income, lifestyles, childhood. All respondents to the survey conducted in 2003-2004 are of the same age in the 64-66 years range,
simplifying the analysis for > 6000 respondents to the 2003-2004 survey included in this report.

The National Health Interview Survey, 1994: Second Longitudinal Study on Aging, Wave 3, 2000 (NHIS) begins in 1994 at the baseline, with
two questionnaires processed in 1996 and 1998. The comorbidity, mortality, hospitalization, institutionalization, disability, military service,
lifestyles are available for > 7800 respondents with the average age 78 years [NHIS].

The Chinese Longitudinal Healthy Longevity Survey (CLHLS) provides information on health status and quality of life of the elderly aged 65
and older in 22 provinces of China in the period 1998 to 2012. The CLHLS provides information on the health, socioeconomic characteristics,
family, lifestyle, and demographic pro�le of this aged population. Data are provided on respondents' health conditions, daily functioning, self-
perceptions of health status and quality of life, life satisfaction, mental attitude, and feelings about aging. Respondents were asked about
their diet and nutrition, use of medical services, and drinking and smoking habits. They were also asked about their physical activities,
reading habits, television viewing, and religious activities, and were tested for motor skills, memory, and visual functioning [CLHLS].
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Midlife in the United States (MIDUS 1), 1995-1996 is a collaborative, interdisciplinary investigation of patterns, predictors, and consequences
of midlife development in the areas of physical health, psychological well-being, and social responsibility. The WAVES 2 and 3 of the study
were integrated in the single dataset. The data re�ect comorbidities, exercise, personal character, lifestyle, employment status, education,
income, childhood status [MIDUS].

The datasets in the original form are available at the sources [ICSPR] and are deposited in the processed from to the website (See the List of
Files).

The National Alzheimer’s Coordination Center dataset [NACC] is available based on a collaborative agreement. This is a longitudinal
multicenter clinical study of > 40000 patients and controls, addressing cognitive status, health, lifestyles, demographics. The dataset
provides extensive psychometric data and use of pharmaceuticals.

The data and the accompanying workbooks in PDF form are available at NBER, NACC and ICPSR depositories [NBER, NACC, ICPSR]. Also,
ICPSR offer online analysis of the features presented in the datasets. The processed data of the analysis are provided in the Supplemental
Table 2, where the links lead to the Excel datasets which are further annotated. The datasets present the original data combined with the
strati�cation or regression model analysis and the �gures used in the main manuscript. 

Data strati�cation analysis
The data were categorized in groups based on a common label, for example “cancer” and “control”. The groups were further strati�ed based
on the target criteria. In each stratum, the averages were computed and plotted. The variations were computed by producing random groups
of constant size, tracking the averages of the labels, and computing standard deviations across the groups. Variations were pro-rated to the
groups of different size by the formula:

S1 = S2 x (N2/N1)0.5 (2)

Where S1 is variation in the standardized random groups of the size N1, S2 is variation at the arbitrary groups of the size N2.

Linear regression model analysis
General introduction to the multiple linear regression methods is provided in [Rencher et al.]. The software LINEST accepts 15 independent
variables and returns the predictor, variation, regression coe�cient, t-test, p-value associated with the regression coe�cient and the ratio of
the regression coe�cient to the variation, termed “t-statistics”, as well as con�dence interval. The “features” and “outcome” columns are
designated in the data �les, to be read into the appropriate software input �elds.

The predictor columns were examined for the missing values and if identi�ed the averages for the column were imputed. Only the columns
with all non-empty elements were accepted by the LINEST. The resulting �nal predictor incorporating all sub-models was ranked, the rank
was divided in the percentile bins and the values of all factors of interest (parameters and outcomes) were computed in the percentile bins of
the rank (95-100%, 90-94%, 85-89% etc.). Such values are plotted as a function of the predictor percentile.
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Figures

Figure 1

(A) Dependence of life-long educational performance on the cancer status and lifespan of the decedents. Plotted are the summary data for
the 606228 cancer patient decedents (neoplasia as the primary diagnosis) and 1604462 non-cancer/non-dementia controls. The data were
collected for the years 1999, 2004, 2011 and 2017 in the National Bureau of Economic Research (NBER), Multiple Causes of Mortality
datasets. The abscissa represents 5-year brackets of lifespans. The average educational achievement by the educ1989 coding was plotted
as a function of the achieved lifespan and neoplasia status. The random numbers were processed by the same procedure as education
scores and provided the CI95 con�dence intervals labeled in red and green. The educ1989 codes are: 0 - no formal education, 1-8 – years of
the elementary and middle school, 9 – one year of high school, 10-two years of high school, 11 – three years of high school, 12- four years of
high school, 13 – one year of college, 14- two years of college, 15 – three years of college, 16 -four years of college, 17 – �ve or more years of
college. (B) Dependence of life-long educational performance on the number of cancer foci in the decedent. Plotted are the summary data for
the 389589 cancer decedents (neoplasia as the primary diagnosis) and 1171054 non-cancer/non-dementia controls. The data were collected
for the years 1999, 2004, 2011 and 2017 in the National Bureau of Economic Research (NBER), Multiple Causes of Mortality datasets. The
ages were controlled in each foci number group and were equalized at 78 (± 0.5) years in each stratum formed by the number of the foci per
a person. (C) Reproducibility of the NBER data in Wisconsin Longitudinal Study (W, USA, N = 6385, average age 64.5), The Irish Longitudinal
Study on Ageing (TILDA), 2013-2014 (T, Ireland, N = 5605, average age 65.5), National Health Interview Survey Series, 1994-2000, dataset
03807-0001 in ICPSR depository (N, USA, N =7131, average age 74 years). Each dataset was strati�ed based on education (black bars –
elementary, middle, and high school or HS, striped bars – college or COL, grey bars – graduate or professional school or GRAD). In each
stratum, different parameters were brought to the same scale. The parameters are: MULT – multimorbidity, measured as sum of
cardiovascular disease, stroke, diabetes and renal disease in W, cardiovascular, stroke, diabetes, and respiratory disease in T and N; HH INC –
household income; CH INF – childhood infections, including tonsillectomies; CANC – cancer; H(T) – annual probability of mortality, CMORT
– cancer-associated mortality; SMOK -smoking rate; HEIGHT – height of a person; HYPERT – hypertension; DISAB- disabilities; EYES –
residual vision acuity (1 = maximal acuity, 5 = minimal acuity); POLYPH – polypharmacy; SAH – self-assessed health (1 = best; 5 = worst);
MMSE – mini-mental state examination; MENTAL – mental problems.
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Figure 2

Dependence of academic performance and cognitive scores on the presence of cancer diagnosis as compared to the dementia-free control.
A. Dependence of life-long educational performance as a function of age and neoplasia in NHIS 1994-2000 respondents, comparing cancer
(N = 1721 respondents) and dementia-free control (N = 7575 respondents). Abscissa represents the 5-year ranges by age. The education
levels are 0 – no formal education, 1- elementary school, 2-middle school, 3-high school, 4- college or university, 5 – graduate or professional
school. B. Dependence of MOCA cognitive scores as a function of age and neoplasia in NSHAP 2005-2011 respondents, comparing cancer
(820 respondents) and control (2400 respondents). Abscissa represents the 5-year ranges by age. C. Life-long educational performance in the
individuals of the same age (73 years) with a variable number of cancer foci measured in NSHAP.
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Figure 3

Validation of WLS results in the Kaiser Permanente Study of the Oldest Old (3A, 3B) and the Chinese Longitudinal Healthy Longevity Survey
(CLHLS) (3C-D). A. Cancer mortality (ICD-9 codes) as a function of the multivariate regression predictor computed among 3200 decedents in
the Kaiser Permanente Study of the Oldest Old, traced during a 8-year follow up at the baseline ages 75-90 years. The presence of lifestyle
features and other comorbidities at the baseline correlates with the primary cause of death. The ranked population was divided in 12
percentile intervals on the abscissa in Figures 3A and 3B. The interval 1 is the most enriched in cancer mortality cases. The factors anti-
correlating with the terminal neoplasia diagnoses are the emergency room visits per year (black rhombic symbols) cardiovascular mortality
(black ovals) and nursing home visits per year (black triangular symbols), while all-cause mortality (H(T), grey diamonds) closely followed
the cancer-speci�c mortality. The predicting features were measured at the baseline in the living patients, separated from the outcome by 7-8
years. The terminal cardiovascular disease diagnoses (black circles, dashed �tting line), the probability of dying in the current year H(T) (grey
diamond symbols) represent the outcomes also predictable by the same set of factors. Thus, future cancer mortality correlated with
decreased disability during follow up as compared to the comparable alternatives. B. Continuation of 3A. The factors correlating with cancer
mortality fraction and other outcomes are smoking (grey rhombic symbols), while cardiovascular disease in the living patients (black circular
symbols) and dementia in the living patients (black triangular symbols) are anti-correlating. The diagnoses in the living patients were
collected at the baseline. C. Comparative distribution of predictive features and cancer presence in the 3872 decedents traced during the 3
year follow up in the Chinese Longitudinal Healthy Longevity Survey (CLHLS). The predictor rank produced as previously described is divided
into 12 percentile intervals plotted on the abscissa. The graph presents cancer mortality (black circle symbols, solid �tting line), dementia
presence (diamond symbols, simple dashed straight �tting line), alcohol abuse in the past (triangle symbols, dashed and dots �tting line),
independent decision-making (empty square symbols), feeling lonely and isolated (cross-shaped symbols), education (vertical cross
symbols). Educational achievement, independent decision-making and alcohol abuse in the past closely follow cancer mortality, while feeling
lonely and isolated as well as dementia counter-correlate with cancer mortality. The individuals with less disfunction show greater propensity
to cancer-related mortality in CLHLS. D. Continuation of 3C. The predictive features are plotted as a function of rank percentile: education of
parents (square symbols, solid �tted line), married status (diamond symbols, short dashed �tted line), exercise (empty circle symbols, grey
dashed �tting line), skilled labor, government, and business occupations (vertical cross symbols, short dash and dot �tted line), agriculture,
horticulture and �shery occupations (triangle symbols), body weight (grey semi-empty circle symbols). The same model ranks the cancer
mortality outcomes as already shown in 3C. The parent’s education, married status, physical exercise and �tness, occupation in government,
management, and skilled trades as well as absolute body weight correlate with cancer mortality, while the occupation in agriculture and
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�shery are counter-correlates. Again, higher social status and intellectual/executive occupations favor cancer mortality outcomes vs. the
comparative alternatives.

Figure 4

4A: The annual probability of mortality H(T) and cancer prevalence in the cognitively impaired patients (N = 17144, COG IMP, includes mild
cognitive impairment and dementias during at least one visit) and in the patients cognitively normal during all visits (N = 5805, COG NM).
Each sub-set is strati�ed by the lifetime academic achievement: incomplete GED (<GED), GED only, college, master’s degree, doctorate, and
professional school. The average age at baseline in each cohort is 78 years. H(T) was computed as the number of decedents accumulated in
each cohort after the baseline and related to the length of follow up in each individual case. The individuals with the follow-up lengths < 1
year were excluded from the analysis. Cancer prevalence was measured by the presence of cancer in the patient at any time during the follow
up, not only at the baseline. Figure 4B: The annual probability of mortality H(T) as a function of cognitive status and health. The H(T) values
were computed as in (A). The cognitive status is de�ned as impaired (MCI or dementia, COG IMPAIRED, N = 15328) or as normal (COG
NORMAL, N = 7190). The health status is de�ned as: no cardiovascular disease (CARD-FREE), a single cardiovascular disease, a combination
of two cardiovascular conditions, no cancer, a single cancer locus (CANC PRIM), multiple cancer loci (CANC MET), polypharmacy 0-1,
polypharmacy 2-6, polypharmacy 7-12 agents. The baseline ages of 70.5 and 72 years are indicated for the respective cohorts. Cancer data
were computed in the version 3 of NACC, while the data for cardiovascular disease and polypharmacy are computed in the versions 1-3.
Figure 4C: The annual probability of mortality H(T) as a function of cognitive status and age, the H(T) values computed as in (A). The
population was strati�ed into the age of 66.3 years (N = 6672), the age 75.4 (N = 8463), the age 84.5 (N = 4209), the age 93.4 (N = 425), and
these age cohorts were re-strati�ed by cognitive scores in the ranges: “30”, “29”, “27-28”, “24-26”, “20-23”, “<20”. For each cognitive score
group, the ages were identi�ed by the colors. In each bin of cognitive score, the ages follow the ascending order from left to right.
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Figure 5

Measuring the rate of changes in the aging markers as a function of academic performance (a) and cognitive score (b) in NACC. a) The N =
17823 individuals at the baseline age 81 years were strati�ed by the educational performance in early life. The educational strata included
the strata “no GED” (N = 1556, did not �nish high school), “GED” (N = 3734, �nished only high school), “COL” (N = 8429, college degree),
“ADVANCED” (N = 4104, master’s degree and doctorate, as well as the professional school equivalents). The 6 measurements in each
category included the fraction of “resisters” (the patients cognitively normal at the baseline and the end of follow up, according to a clinician,
resisting dementia conversion), “non-dem to dem” (the patients with normal cognitive status or with mild cognitive impairment at the
baseline converting to dementia status), “dementia fraction at baseline” (dementia diagnosis at the baseline), H(T) (annual probability of
mortality), COG SCORE/FP (the difference in the cognitive score over the follow up related to the length of follow up), D POLYPHARM/FP (the
difference in the polypharmacy at the end of follow up and baseline related to the length of follow up). Variation was identi�ed in a random
model and adjusted to the size of the cohorts. b) The cognitive score strata (N = 14309) included the levels “30” (N = 3106), “29” (N = 1833),
“27-28” (N = 2544), “24-26” (N = 2471), “21-23” (N = 1999), “<20” (N = 2536). For each level, the following metrics were computed:
cardiovascular disease at baseline, the change in the fraction of cardiovascular disease related to the length of follow up, the change in
polypharmacy level related to the length of follow up.
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Figure 6

A. Reproducibility of the trends in Figures 4 and 5 produced in NACC in an independent dataset NSHAP (N = 2000, 68 years age at baseline).
The bins “1-14”, “15-20”, “21-25”, “26-30” refer to the components of MOCA cognitive score. In each bin, the leftmost blue bar refers to H(T) x
5, the next orange bar is education code x 0.2 (1 – no GED, 2 – GED, 3- college, 4 – advanced degrees), the next grey bar is cancer prevalence
fraction, the rightmost yellow bar in each MOCA bin is the multimorbidity (disease/person). B. Reproducibility of the trends in Figures 4 and 5
produced in NACC in an independent dataset NSHAP (N = 2000, 68 years age at baseline). The annual probability of mortality H(T) is a
function of cognitive score range and the number of serious health conditions, measured as “0”, “1”, “2”, “>2”. The health conditions include
any of heart attack, congestive heart failure, stroke, diabetes, osteoporosis, broken hip. The second row on abscissa indicates the number N
of the patients in each cohort. The bottom row on the abscissa indicates the range of MOCA score as “0-20” and “21-30”. C. Distribution of
dementia and cognitive norm at the beginning and end of follow up (N = 23216, age 78 years at the baseline) in NACC. The cognitive score
strata are shown along the abscissa.
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Figure 7

Comparison of low-score dementia converters, (+/+) high cognitive score dementia conversion resisters and (+/-) low cognitive score
dementia conversion resisters, measured in N = 10417 patients at the baseline of 79 years, the patients with the follow up 0 or with unde�ned
cognitive scoring were excluded. A: Dependence of annual mortality probability H(T) on the length of follow up post-baseline in different
phenotypes, plotted from top to bottom for dementia converters (N = 6633, blue line), high-score resisters (N = 1699, grey line), high score
resisters with excluded cardiovascular morbidity subset (N = 1202, yellow line), and low-score resisters (N = 883, orange line). B: Dependence
of the frequency of cardiovascular disease at the baseline in the patients of different dementia converter and resisters phenotypes. The top
line refers to the dementia converters, followed by high-score resisters, followed by low-score resisters. C: Dependence of the attrition
fractions of the respective populations on the length of follow up post-baseline. The annual fractions of attrition are plotted in logarithmic
form Ln N(FP), where N(FP) is the fraction of the patients leaving the study at the given follow up duration. The grey line apart from the rest
refers to the low-score resisters (phenotype +/-), the closely clustered blue, yellow and orange lines refer to the dementia converters, high-
score resisters, and high score resisters with the excluded cardiovascular disease subset.
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Figure 8

Mortality surrogates and the annual mortality H(T) in the patient cohorts leaving the study at the different follow up intervals from the
baseline (N = 10590, 80 years). A: The upper curve (blue) relates to the cognitive score at the baseline and the line below (orange) is the
cognitive score at the end of follow up. The next (yellow) curve is the polypharmacy at the end of follow up brought to the scale (x3), the
bottom (grey) curve is the polypharmacy at the beginning of follow up. B: The time-derivatives of cognitive score, cardiovascular disease, and
polypharmacy as well as annual probability of mortality H(T) as functions of follow up length since the baseline. The derivatives are
computed by relating the difference between the values at the end and beginning of follow up to the length of observation.
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