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Humans have the longest post-reproductive lifespans and lowest rates of
actuarial ageing among primates. Understanding the links between slow
actuarial ageing and physiological change is critical for improving the
human ‘healthspan’. Physiological dysregulation may be a key feature of
ageing in industrialized populations with high burdens of chronic ‘diseases
of civilization’, but little is known about age trajectories of physiological
condition in subsistence populations with limited access to public health infra-
structure. To better characterize human physiological dysregulation, we
examined age trajectories of 40 biomarkers spanning the immune (1 = 13 bio-
markers), cardiometabolic (1 = 14), musculoskeletal (17 =6) and other (n=7)
systems among Tsimane forager-horticulturalists of the Bolivian Amazon
using mixed cross-sectional and longitudinal data (=22 115 observations).
We characterized age-related changes using a multi-system statistical index
of physiological dysregulation (Mahalanobis distance; D,,) that increases
with age in both humans and other primates. Although individual biomarkers
showed varied age profiles, we found a robust increase in age-related dysregu-
lation for Tsimane (f = 0.17-0.18) that was marginally faster than that reported
for an industrialized Western sample (8 =0.14-0.16), but slower than that of
other non-human primates. We found minimal sex differences in the pace or
average level of dysregulation for Tsimane. Our findings highlight some
conserved patterns of physiological dysregulation in humans, consistent
with the notion that somatic ageing exhibits species-typical patterns, despite
cross-cultural variation in environmental exposures, lifestyles and mortality.

This article is part of the theme issue ‘Evolution of the primate ageing
process’.

1. Introduction

Primates exhibit exceptional longevity for their body size compared to most
mammals [1]. Slow primate ageing is linked with reduced ‘extrinsic’ mortality
[2] and is correlated with increased brain size. Humans are outliers even among
primates, with comparatively large brains, a long juvenile period, intergenera-
tional resource transfers and long post-reproductive lifespan [3-5]. To date, most
research on primate ageing has investigated demographic or actuarial ageing,
i.e. age-related declines in survival or reproduction [6]. Yet, ageing reflects the
time-dependent deterioration of physiological function, an intrinsic age-related
loss of viability, increasing susceptibility to certain diseases and vulnerability to
death. Little is known about proximate physiological changes in the physical sys-
tems underlying age-related declines in survivorship and fertility [7]. A focus on
physiological function and ageing from a comparative perspective illuminates
the extent to which human ageing profiles may be phylogenetically conserved
and moderated by variability in ecology and lifestyle.

© 2020 The Author(s) Published by the Royal Society. All rights reserved.
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Robust differences in adult mortality rates suggest that
physiological ageing might proceed differently in humans
compared to other species [5,8]. Longer-lived species may
have more efficient mechanisms for maintenance and repair
[9-11]. For example, humans maintain higher levels of circu-
lating antioxidants than other primates [12] and show greater
DNA repair in response to UV damage than other mammals
[13]. Humans also exhibit reduced rates of telomere attrition
[5] and have higher levels than chimpanzees of the steroid
hormone dehydroepiandrosterone sulfate (DHEAS), which
promotes somatic maintenance [14].

Slower physiological ageing in humans is likely a product of
natural selection. Post-reproductive adults play an important fit-
ness-enhancing role in traditional human societies through the
provision of child care, surplus resource production and trans-
fers, and the transmission of skills and knowledge [8,15]. The
indirect ‘reproductive value’ of humans and other social animals
may, therefore, not decline with age as steeply as for other organ-
isms, which might explain why human somatic ageing is
uniquely decoupled from reproductive senescence [16].

Previous comparative analyses of human physiological
ageing are complicated by several factors. First, although it is
recognized that ageing rates vary, much of what is known is
restricted to industrialized populations with access to health-
care and a high burden of non-communicable ‘diseases of
civilization’ [17-19]. It is poorly understood how infection, sub-
sistence activity and recent mortality reductions affect the pace
of physiological ageing (see electronic supplementary material,
§1). One possibility is that physiological condition may be simi-
lar across ecological contexts, but modernization improves
survivorship of those in a compromised condition. Alterna-
tively, condition may improve at all ages in sync with
reductions in age-specific mortality. Given the goal of improv-
ing ‘healthspan’ and not just lifespan [20], a better
understanding of the relationship between physiological and
actuarial ageing across diverse contexts is needed [21].

Second, physiological ageing involves a dynamic interplay
between complex biological systems and environmental
stressors experienced throughout life [22-24]. Studies of single
biomarkers are limited in scope, more susceptible to sampling
biases (particularly cross-sectional studies) and sometimes
produce inconsistent results [25]. More comprehensive, robust
measures are needed to quantify physiological changes associ-
ated with ageing [25]. Ideal metrics would not only be
predictive of functional decline and demographic outcomes,
but also reflect aetiological aspects of biological ageing.

This paper has two goals. The first is to assess age-related
physiological changes in Tsimane forager-horticulturalists
using a longitudinal dataset of 40 biomarkers and a multi-
variate statistical index of dysregulation (Mahalanobis
distance; Dy, [26,27]). The second is to address three questions
regarding dysregulation: (i) How do Tsimane age-trends in
D,, compare with trends in non-human primates? (i) How
do Tsimane age trends compare with trends from contempor-
ary industrialized populations? (iii) Do Tsimane D,, age
trajectories differ by sex?

(a) Physiological ageing and dysregulation

Multivariate measures of physiological ageing present a
more holistic snapshot of physiological state than any single
biomarker [28], and have been used to capture theoretical con-
cepts, such as ‘allostatic load’, where chronic stressors induce

cumulative biological burdens that disrupt homeostatic pro- [ 2 |

cesses [29,30]. Since individual biomarkers are embedded in
complex regulatory networks, a growing consensus suggests
that increasing and irreversible dysregulation may be a
fundamental feature of physiological ageing [28,31,32].

Dysregulation embodies the inability of complex regulatory
networks to maintain homeostasis due to impaired physiological
processes [31]. It is assumed that organisms have a healthy base-
line of physiological condition and evolved tolerance limits that
help maintain optimized functionality under typical conditions.
Beyond these limits, survival is maintained but under a compro-
mised state of dysregulation, which increases vulnerability to
illness and death. Systems dysregulation is thus a hypothesis
about the ageing process that complements the notion of trade-
offs [9] and other mechanistic theories of ageing such as
damage accumulation and ‘inflamm-aging’ [33,34].

Cohen et al. [27] advocate the use of Mahalanobis distance
(Dy,)) [26] to detect physiological dysregulation using multiple
biomarkers. D,,, is a statistical measure of the distance between
current state in multivariate trait space and a ‘healthy’ baseline
centroid. It considers differences in multiple trait values
simultaneously, and the covariances between these traits.
Thus, aberrations from baseline means and unusual combi-
nations of biomarker values both contribute to high D,, [31],
suggesting greater physiological dysregulation. D,, is largely
robust to choice of biomarkers [35], has been validated as a
measure of physiological dysregulation in multiple human
populations [18] and non-human animals [17,36], and is
strongly correlated with frailty and mortality [18,27,37-39]
(electronic supplementary material, §3).

(i) Species-level differences: does dysrequlation occur in humans

at the same rate as other primates?

Given the slower actuarial ageing of humans relative to other
primates, age trajectories of dysregulation in Tsimane should
be slower than those of non-human primates. Previous work
on a comparative sample of 10 primate species found that all
species showed increasing D,, with age and that standardized
rates of dysregulation were generally lower in industrialized
humans compared to other primates [17]. D,, was also similar
when using data from each species to define its own healthy
baseline reference, versus using a different species, suggesting
a conserved signal of homeostatic state that decreases with
increasing phylogenetic distance [17]. Using a comparable
measure of D,, for the Tsimane, we assess how age slopes com-
pare to those of other primate species, testing the prediction
that slopes in humans should be shallower if they capture
species differences in mortality profiles.

(ii) Population-level differences: do rates of physiological

dysregulation vary cross-culturally?
Previous work showing similar rates of dysregulation across
populations [18] intimates that dysregulation trajectories may
be similar between Tsimane and industrialized populations.
But relative to Western industrial populations in which physio-
logical dysregulation has been most heavily studied, the
Tsimane environment is comparatively harsh, with higher mor-
tality and fertility, and a subsistence economy placing sustained
strenuous mechanical demands on the body. Greater lifetime
exposure to inflammation from infection is also expected to
take its cumulative toll on the body [40,41]. It is therefore poss-
ible that dysregulation trajectories will be faster among Tsimane

01906107 :SLE § 0S “Y "supif “iyd  qisi/jeusnol/ba0°buiysiigndAranos|edol



than industrialized societies. On the other hand, some aspects of
lifestyle (e.g. high physical activity) may have protective health
effects, and a low prevalence of heart disease, diabetes and other
chronic diseases that indicate robust late-life health could
suggest lower physiological dysregulation among Tsimane.

(iii) Sex differences: do Tsimane men and women differ in rates
of physiological dysregulation?
It has long been predicted that the sex experiencing greater
intensity of intra-sexual reproductive competition (and hence
higher mortality) should undergo more rapid senescence [42].
There is a rich tradition of research testing Williams” prediction
and documenting sex differences in longevity and the
senescence rates of fitness-relevant traits across animal taxa,
including humans [43,44]. In industrialized countries, male
mortality rates increase with age faster than females, and
females have higher life expectancy due to lower mortality
rates at virtually all ages [43]. Sex differences in US life expect-
ancy increased primarily in the twentieth century after
infectious mortality declined, and cardiovascular disease and
cancer contributed excess deaths [45]. Yet, women generally
exhibit higher rates of physical illness and disability than men
across all ages (the ‘mortality—morbidity” paradox) [46,47].
Numerous hypotheses about sex differences have been
tested using targeted biomarker analyses. For instance, women
may live longer because of upregulated immune systems [43]
or due to protective effects of oestrogen [48]. But system-wide
differences in rates of physiological dysregulation can also be
compared between the sexes to investigate how the decline of
whole systems are linked to morbidity and mortality [37,49].
Tsimane show minimal sex differences in life expectancy
[50], suggesting that actuarial ageing may proceed at a similar
pace in men and women. Among Tsimane, both sexes participate
in many of the same subsistence activities (e.g. horticulture,
fishing) and experience similar environmental exposures,
indicating that physiological dysregulation could also proceed
at similar rates. However, closer examination of sex differences
in age-specific mortality hazards suggests a male advantage in
childhood and early adulthood, and a female advantage at
older ages. Additionally, high fertility rates—which are typical
of non-Western subsistence societies—are associated with cer-
tain physiological costs unique to women, such as uterine
prolapse and reduced bone mineral density (BMD) [51,52].
Taken together, it is not clear whether physiological dysregula-
tion trajectories should be higher for Tsimane males or females.

2. Methods
(a) Study population

The Tsimane are forager-horticulturalists in lowland Bolivia.
Approximately 16 000 Tsimane live in more than 90 villages. Pri-
mary subsistence practices include swidden horticulture, fishing,
hunting and gathering. Tsimane in most villages are relatively
isolated from broader Bolivian society, although the construction
of roads, resource-extraction (i.e. logging) and development pro-
jects have brought rapid changes in market integration and
technology to some areas. For expanded descriptions of the
Tsimane socio-ecological context, see Gurven et al. [53].
Throughout life, Tsimane frequently experience diverse
infections (parasitic, viral, bacterial and fungal) [54]. Few
modern health services are reliably available in their remote vil-
lages. The nearest hospital with medical specialists is located in

the distant city of Trinidad. Despite relatively limited access to
modern medicine, Tsimane mortality rates have declined over
time, while fertility has remained high (total fertility rate=9
births/post-reproductive woman), resulting in rapid annual
population growth (3.9%) [50].

(b) Sampling design

Biomarker data were collected by the Tsimane Health and Life
History Project (THLHP), a longitudinal study of health and
ageing that began in 2002. A mobile team of medical personnel
and bilingual (Spanish-Tsimane) research assistants travel
annually or biannually to study communities conducting clinical
health assessments and collecting demographic, socioeconomic,
dietary and anthropometric data (see [53] for details). Sample
sizes vary by biomarker and over time for several reasons (see elec-
tronic supplementary material; table 1). Overall, coverage usually
ranges from 80 to 95% of those present in the village, resulting in a
population-representative sample [55].

() Biomarker collection and analysis

We compiled data on 40 biomarkers deriving from the cardiome-
tabolic (n=14 biomarkers), immune (n=13), musculoskeletal
(n=06) and other (1 =7) systems (table 1). Most biomarkers were
measured by physicians or assistants directly at the time of a medi-
cal exam, either in Tsimane villages or at the THLHP clinic in the
nearby market town of San Borja. This includes anthropometrics
and relatively portable tests (e.g. blood pressure, bone sonometry).
Blood samples were collected from consenting individuals and
analysed using point-of-care devices or transported to laboratories
in Bolivia or the USA for analysis (see electronic supplementary
material and table S1 for further details).

Comparative biomarker data on non-human primate species
and industrialized human populations derive from Dansereau
et al. [17]. See electronic supplementary material, §§2.5 and 2.6
for details.

(d) Data analysis

Data were restricted to adults greater than or equal to 15 years old.
The original dataset includes 22 115 patient observations including
collection of at least 2 of the biomarkers in table 1 (5658 unique
individuals; 49.9% male). Due to our large sample size and exten-
sive number of biomarkers, it would have been cost- and
time-prohibitive to measure all biomarkers on everyone. The
dataset, therefore, has many missing values.

Our analysis included 40 biomarkers collected between 2002
and 2018 (table 1), many of which showed nonlinear associations
with age (electronic supplementary material, figure S1). Variable
amounts of data were obtained at the individual level (mean
biomarkers per observation=9.9, range=2-32). Longitudinal
estimates based on sampling 3+ timepoints existed for 3212 indi-
viduals (mean observations per person: 6.3, median = 6, range =
1-16), with an average time depth of 7.8 years (max = 15.7 years).

(i) Physiological dysregulation (D)

Physiological dysregulation based on the Mahalanobis distance
[26] reflects both changing trait values across multiple biomarkers
and their correlated structure. D,,, is calculated as

D=1/ —w'S(x— w),

where x is a multivariate observation, y is a vector of population
reference means and S is a population covariance matrix of traits
(T indicates matrix transpose). We applied a variety of transform-
ations (log, square-root and box-cox) to normalize biomarker
values when necessary (electronic supplementary material, table
S1), and biomarker values were then standardized by subtracting
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Table 1. Biomarkers used in the calculation of D,, organized by body system. Numbers in parentheses indicate number of person-observations.

cardiometabolic

apolipoprotein B-100
(1213)

BMI (19,461)

body fat (18,571)

creatinine (2278)
diastolic BP (17,073)

fasting glucose (2977) »

hemoglobin (10,540)

HDL (2558)
LDL (2524)
oxidized LDL (1213)
RMR (1568)

immune musculoskeletal

(-reactive protein (2259)
(661)

calcaneal speed of sound (661)

hand strength (6581)

eosinophils (8552)
erythrocyte sedimentation rate

(9139)
IgE (1025) radial speed of sound (1183)
lgG (1041) tibial speed of sound (1173)

interleukin 2 (1679)
interleukin 5 (1683)

vertebral bone mineral density (483)

interleukin 6 (1397)
ihterleukin 10 (1677)
leukocytes (10,461)
lymphocytes (8538)

calcaneal broadband ultrasound attenuation

other

body temperature (17,694)

cortisol (1939)

forced expiratory volume
(5027)

isoprostanes (1976)

peak expiratory flow (4821)

respiratory rate (17,270)

8-hydroxy-2"-deoxyguanosine
(8-OH-dG) (1820)

systolic BP (17,080)
triglycerides (2898)

neutrophils (8514)

tumour necrosis factor alpha
(554)

V0, max (959)

the mean and dividing by standard deviation. We calculated D,,
using all biomarkers.

We set the reference values (u) as the median of all observations
for individuals between the ages of 20 and 45 years old, under the
assumption that values for this relatively young age class represent
a ‘normal’ or healthy baseline. Similar to previous studies [56], we
generated separate baselines for males and females to account for
potential sex differences. For further details on the calculation of
D,,, see electronic supplementary material, §2.4.

We analysed population-level trends in D,, by fitting multi-
level models with a Gaussian error distribution as a function of
age, sex and their interaction, adjusting for the number of bio-
markers measured and individual effects (random intercept for
ID). To investigate within-individual trajectories of physiological
dysregulation over time, we restricted the dataset to individuals
sampled at 3+ timepoints and refit multilevel models with the
inclusion of an additional random slope effect for age.

All analyses were conducted in R v. 3.6.1 [57].

3. Results

(a) Tsimane physiological dysrequlation
D, increased significantly with age at the population level, with
a positive quadratic term indicating an increasing rate of change
with age (table 2 and figure 1a). Variance does not increase
appreciably with age. The quadratic model fitted better than
the linear alternative, especially at the oldest ages (figure 1a;
electronic supplementary material, figure S3). There is rela-
tively high variance in individual estimates such that some
individuals in their 20s have higher D,, than those aged 60+.
The inspection of age profiles for each of the 40 biomarkers
revealed heterogeneity in the mean age-related changes. Some
biomarkers showed clear age trends (e.g. VO,max, RMR,
BMD, neutrophils, C-reactive protein), whereas the majority
showed only modest or no age trend (electronic supplementary
material, figure S1).

Table 2. Linear mixed-effects models of D,, with and without quadratic
age terms. Values represent coefficients (s.e.). Models include a random
intercept for individual to account for subjects with multiple observations.
Models were weighted by the number of biomarkers measured for each
observation. * = 0.05, ** =0.01, *** =0.001.

model 1 model 2

age (standardized) 0.130%** 0.175%**
(0.011) (0.009)
age” (standardized) 0.057%%*
(0.007)
sex (ref = female) 0.006 0.032%
(0.017) (0.014)
number of biomarkers 0.026*** 0.0247*
(0.001) (0.001)
age X sex -0.034* —0.005
(0.016) (0.013)
age” X sex 0.035%*
(0.011)
intercept —0.302%** —0.229***
(0.018) (0.015)
AlCc 57 566 57 697
number of observations 22115

Overall, no single biomarker was highly correlated with D,,,.
Biomarkers with 7] >0.2 span across physiological systems:
musculoskeletal (radial speed of sound (SOS), calcaneal
SOS, vertebral BMD), cardiometabolic (fasting glucose, systolic
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Figure 1. Physiological dysregulation (D,;) as a function of age and sex.
Trend lines and confidence intervals are from Model 1 in table 2. D,, was
natural log-transformed and standardized. Point size denotes the number
of biomarkers measured. The y-axis range is constricted to improve view
of the main trends. (Online version in colour.)

blood pressure) and immune function (immunoglobulin-G)
(electronic supplementary material, figures 54-56).

In our longitudinal subset, individual age trajectories of
D,, were similar to those at the population level (figure 2).
In a multilevel model including a random age slope of D,,
within-individual, all estimated slopes were positive, indicat-
ing increasing D,, with age (figure 2). The variability but not
magnitude of individual slopes increased with age (electronic
supplementary material, figure S7).

(b) Physiological dysregulation in humans and other

primates
Standardized Tsimane age slopes for D,, (0.17-0.18 D, s.d. yr_l)
were generally lower than for other primates (N =10) but fell
within confidence intervals of primate means (figure 3; [17]).
Only chimpanzee males (5=0.09), orangutan females (3<
0.01) and common marmoset females (8= 0.10) showed lower
age slopes than Tsimane. However, most non-human primates
had limited sample sizes and relatively wide confidence
intervals encompassing Tsimane age trajectories.

Unstandardized Tsimane age slopes (D,, yr™') were sub-
stantially lower than all other non-human primates except
for male chimpanzees and female orangutans (figure 3).
Non-human primate age slopes were approximately 2-12x
and 4-12x higher than Tsimane age slopes for females and
males, respectively.

(c) Tsimane Mahalanobis distance compared to
industrialized populations

Tsimane age slopes were higher than slopes from the Baltimore
Longitudinal Study of Aging (BLSA; USA) and from the Invec-
chiare in Chianti cohort study (InChianti; Italy) for both females
(8=0.18,95% CI: [0.10, 0.19]) and males (5= 0.17, 95% CI: [0.10,
0.23]) (Set 1 in [17]). Tsimane point estimates of D,, age slopes
were 25% and 6% greater, respectively, than females and
males in the combined industrialized sample (North American
and Italian), although values fell within overlapping 95% confi-
dence intervals. Given no significant interactions between sex
and age in either sample, this corresponds with a 15% greater
slope for Tsimane (pooled sexes). Similar results were also

reported from the Women'’s Health and Aging Study (WHAS) [ 5 |

[18], although non-standardized measures preclude direct
comparison.’

(d) Sex differences in physiological dysregulation

D,, was slightly higher for males, but the relationship
between age and D,, did not vary by sex in non-quadratic
models (figure 1 and table 2). There were minor but signifi-
cant differences in the pattern of increase with age between
the sexes in quadratic models, with male D,, increasing
slightly slower than female D,, at younger ages, and then
increasing faster than females at older ages (figure 1).

4. Discussion

Our study of physiological dysregulation in a forager-
horticulturalist population revealed four key patterns. First,
despite variable age trajectories for individual biomarkers, a
widely applied composite measure of physiological dysregula-
tion (D,,) increased with age at both the population and
individual levels (figures 1 and 2). Second, D,, trajectories in
humans, including Tsimane, are slower than those of non-
human primates (figure 3). Third, age-related increase in D,), is
slightly faster in Tsimane than industrialized populations.
Finally, D,, trajectories are roughly similar between Tsimane
men and women.

As found elsewhere [38], the increasing age trajectory of
Tsimane D,, is nonlinear, accelerating around ages 40-50
years (figure 1). This age profile of physiological dysregulation
is consistent with age-related exponential (Gompertz) increases
in mortality. Although D,, appears to capture some fundamen-
tal aspects of ageing, it is unclear whether D,, is a cause or
consequence, or both, of ageing. D,, is not strongly correlated
with any individual biomarker (electronic supplementary
material, figures 54-56), suggesting that D,, captures higher
order regulatory processes that increasingly depart from a
healthy baseline with age. This is consistent with a growing
body of literature which identifies D,, as providing a strong
signal of systemic physiological dysregulation [17,27,31,36,58].

(a) Physiological dysregulation of humans compared to
other primates

A recent analysis of captive primates found that D,, increased
with age in all species except for common marmosets [17].
While the standardized (change per s.d. year) D,, age slope for
Tsimane was smaller than 16/19 species-by-sex slopes for other
primates (figure 3a), Tsimane values were within the range of
variation for many non-human primates. Unstandardized esti-
mates (change per year), however, demonstrate that humans
experience slower annual increases in D,, with age than other pri-
mates (figure 3b). For example, rhesus macaques experience an
average increase of 0.064 D, yr~", compared to 0.012 for Tsimane.
A slower annual D,, increase for humans suggests that D,, age
trajectories mirror differences in species-specific lifespan and
that increased human lifespan is perhaps facilitated by greater
maintenance of regulatory processes with age.

Comparisons of D,, age trajectories with non-human
primates are limited by small sample sizes and reflect captive
conditions, including controlled feeding and veterinary access
[17]. Such benign environments may underestimate age-related
changes in D,,. However, D,, age slopes could also be
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Figure 2. Individual age trajectories of physiological dysregulation. (a) Predicted values of D,, as a function of age in the longitudinal subset of individuals sampled
at 3+ timepoints (n = 3212). Each line represents an individual, with values calculated from a multilevel model with a random slope term for age by individual. (b)
Scaled density plot of age slopes for males (mean = 0.195, s.d. = 0.020) and females (mean = 0.182, s.d. = 0.018). No estimated slopes were less than 0. (Online

version in colour.)

overestimated if mortality selection is relaxed in captivity. Com-
parable studies in wild primates are needed to assess how
controlled conditions affect D,, age trajectories.

(b) Physiological dysrequlation across human

populations

Standardized age slopes for D,, are slightly higher for
Tsimane than Western industrialized populations, but these
slopes are more similar to each other than to other primates.
These results support the general conclusion that patterns of
age-related changes in dysregulation are largely conserved in
humans. This result is striking, given the different biomarkers
analysed across studies and the divergent ecological and
genetic backgrounds of the study populations. Similarities
in standardized D,, age profiles across diverse human popu-
lations correspond to similar rates of mortality doubling time
across populations [59,60].

Our results provide partial support for the hypothesis of an
accelerated rate of dysregulation from exposure to relatively
harsh environmental conditions, conceptualized here as the
combination of high infectious burden and immune activation,
minimal access to health infrastructure and habitual strenuous
physical labour. This hypothesis was motivated by the notion

that cumulative assaults throughout the life course, manifest-
ing as higher mortality at all ages, impair the body’s ability
to maintain homeostasis [61]. Our findings may, therefore,
seem inconsistent with a previous study showing slower
rates of intrinsic epigenetic ageing in Tsimane than Americans
[62]. However, our focus on D,,, measured relative to a younger
adult Tsimane baseline, rather than absolute levels of dysregu-
lation, may obscure some population differences. While older
Tsimane may be more likely to show aberrant biomarker
levels than younger Tsimane, absolute levels might still be
‘healthy’ compared to Western populations where biomarker
levels at later ages are more likely to reflect pathophysiological
alterations (e.g. insulin resistance, dyslipidaemia, hypertension
[63]). Future studies that combine data from multiple popu-
lations and compare shared versus population-specific
baselines (i.e. [17]) will help illuminate variation in absolute
rates of physiological dysregulation.

(c) Sex differences

In principle, sex differences in physiological functioning may
arise due to behavioural variability, genetic and other bio-
logical differences, or sex-specific environmental exposures.
Studies of the mortality-morbidity paradox, i.e. where
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women are more prone to a variety of illnesses and frailty
despite experiencing greater survivorship [46,47], also suggest
that physiological dysregulation might differ in level or pace
between sexes [32,62,64]. Unlike previous studies which
found no difference in D,, trajectories between sexes [17,56]
(but see [37]), rates of increase in D,, were slightly higher in
Tsimane men compared to women (figure 1 and table 2).
A steeper acceleration of D,, in males concords with higher
survivorship among Tsimane women at late ages, but the
small magnitude of the effect reflects the similar overall
trajectories of actuarial ageing and mortality in both sexes [50].

In contrast with previous reports of higher mean D,,, in men
[56], dysregulation levels did not differ between Tsimane men
and women. Sex differences in the mean dysregulation
among Tsimane may be minimal because of the high reproduc-
tive burden experienced by women (rapid and high fertility
coupled with prolonged on-demand breastfeeding). Yet high
fertility in other populations (e.g. Utah Mormons) does not
appear to reverse the mortality-morbidity paradox [65].
While costs of reproduction may exert effects on specific bio-
markers [e.g. 66,67], they may have little bearing on human
mortality or physiological dysregulation [52], especially given
the propensity for humans to cooperate in raising offspring.
Nevertheless, our findings are consistent with the idea that
greater sex differences in adult mortality and life expectancy
emerge once infectious disease is no longer the main source
of mortality, as in high-income countries [45]. Future studies
are needed to better interpret the significance of individual het-
erogeneity in dysregulation trajectories with respect to fertility,
morbidity and mortality outcomes.

(d) Study limitations
Direct comparison between studies is complicated because
many of the available biomarkers used here differ from
those used in previous research on D,, [28]. However, past
work indicates that D,, calculations are robust to the choice
of biomarkers, especially when using greater than 10-15 bio-
markers [27,35]. Indeed, assessing the D,, age slope with our
longitudinal subset and with a reduced set of biomarkers
produced similar results (not shown).

Another limitation is that we cannot compare absolute
levels of dysregulation between populations or species because

D,, was measured here relative to population- or species-
specific baselines. The use of a common baseline reference in
D,, calculations would permit such comparisons. The choice
of reference population has been explored in other studies of
D,, [17,35] and is a promising avenue for future research.

(e) Conclusions

Although Williams [42] strongly objected to what he deemed
‘the fallacy of identifying senescence with mechanical wear’
(p. 398), few would argue that ageing researchers have
nothing to learn from the study of physiological changes
with age. Complex systems approaches focusing on meta-
processes like physiological dysregulation add to prior
studies of changing biomarker levels and cumulative deficits
with age. Identifying the casual factors that explain variation
in physiological indicators at the organismal level is of
primary importance to geroscience and related fields aiming
to mitigate chronic disease progression by better understand-
ing the drivers of biological ageing itself rather than those of
particular diseases.

Advancing the evolutionary study of ageing will require
better integration of theoretical models that address system-
wide processes, regulatory feedbacks and adaptive function,
and the use of multivariate measures like D,,, that consider sim-
ultaneous age-related changes in physiological biomarkers.
Whether dysregulation represents malfunction due to chronic
stressors, or reflects an adaptive compromise in the light of
changing physiological needs, conditions, or other aspects of
the ageing process itself, remains to be determined [31].
Future research can refine our understanding of the ageing pro-
cess by disentangling the: (i) direct and additive effects of
cellular and tissue ageing; (ii) specific dysregulatory processes,
as exemplified by diabetes-related insulin resistance and f-cell
dysfunction; and (iii) emergent effects due to the interaction of
linked components of physiological systems.
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Endnote

"Milot et al. [38] report a linear age slope of 0.02 between log D,, and
age (unstandardized). Assuming s.d. of 1 for log D,, and given a s.d.
of 7 reported for age in the WHAS [18], the standardized slope would
be 0.02*(7/1)=0.14.
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