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ABSTRACT: Objectives: This study explores whether cardiovascular fitness levels and senescent decline are simi-
lar in the Tsimane of Bolivia and Canadians, as well as other subsistence and industrialized populations. Among Tsi-
mane, we examine whether morbidity predicts lower levels and faster decline of cardiovascular fitness, or whether
their lifestyle (e.g., high physical activity) promotes high levels and slow decline. Alternatively, high activity levels and
morbidity might counterbalance such that Tsimane fitness levels and decline are similar to those in industrialized
populations.

Methods: Maximal oxygen uptake (VO2max) was estimated using a step test heart rate method for 701 participants.
We compared these estimates to the Canadian Health Measures Survey and previous studies in industrialized and sub-
sistence populations. We evaluated whether health indicators and proxies for market integration were associated with
VO2max levels and rate of decline for the Tsimane.

Results: The Tsimane have significantly higher levels of VO2max and slower rates of decline than Canadians; initial
evidence suggests differences in VO2max levels between other subsistence and industrialized populations. Low hemo-
globin predicts low VO2max for Tsimane women while helminth infection predicts high VO2max for Tsimane men,
though results might be specific to the VO2max scaling parameter used. No variables tested interact with age to moder-
ate decline.

Conclusions: The Tsimane demonstrate higher levels of cardiovascular fitness than industrialized populations, but
levels similar to other subsistence populations. The high VO2max of Tsimane is consistent with their high physical
activity and few indicators of cardiovascular disease, measured in previous studies. Am. J. Hum. Biol. 25:756–769,
2013. VC 2013 Wiley Periodicals, Inc.

Physical fitness, or the ability to perform “daily tasks
[. . .] without undue fatigue” (Centers for Disease Control
and Prevention, 2011), declines with age in both humans
and nonhuman animals [e.g., dogs, (Haidet, 1989); horses
(Walker et al., 2010)]. In humans, even elite athletes
exhibit physical fitness declines (Sagiv et al., 2007) and
these declines from higher peak fitness may be steeper
than the decline of their more sedentary counterparts
(Fitzgerald et al., 1997). Although the decline in physical
fitness appears universal in industrialized nations (Fitz-
gerald et al., 1997; Hawkins and Wiswell, 2003), an out-
standing question is whether similar declines are
observed in subsistence level populations. Individuals in
subsistence populations often engage in physically
demanding work well into old-age, yet these populations
also often carry high burdens of pathogens and parasites,
which may result in conditions that limit physical
capacity, such as anemia (B�en�efice and Ndiaye, 2005;
Panter-Brick et al., 1992). As a consequence, age related
decline in physical fitness may be accelerated in subsist-
ence populations due to systemic stress and disease or
decelerated due to high demand for physical capacity.
Alternatively, decline may be similar to those observed in
industrialized populations if senescence in physical fit-
ness follows a species-typical pattern. This article: (1)
investigates age-related decline in cardiovascular fit-
ness—a component of physical fitness determined by oxy-
gen transport and use—in a subsistence population, the
Tsimane of Bolivia; (2) examines factors mediating cardio-
vascular fitness, including anemia, physical condition,
and market integration; and (3) compares the rates of
decline in the Tsimane with those of an industrialized

nation to explore whether both exhibit similar patterns of
decline.

Although other factors contribute to physical fitness,
individual fitness is determined primarily by the cardio-
vascular system, and in particular cardiac output (Ameri-
can College of Sports Medicine, 2006; Sagiv et al., 2007).
The key molecule in this larger system is oxygen, which
allows the conversion of adenosine triphosphate to avail-
able energy in muscle cells (Wagner, 1996). Thus, we
quantify cardiovascular fitness by estimating the maxi-
mum volume of oxygen an individual is able to use per
minute, often called aerobic capacity (VO2max; Howley
et al., 1995; Wagner, 1996). The cardiovascular system is
flexible in its development, responding to features of an
individual’s early environment (Rowland and Boyajian,
1995) such as fetal testosterone exposure (Manning et al.,
2007) and the elevation above sea level experienced dur-
ing childhood (Frisancho et al., 1995). In populations
where food production, processing, childcare, and other
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daily tasks require high levels of physical activity, early
demand may favor early investment in oxygen transport
function, leading to greater peak cardiovascular fitness
(e.g., Frisancho et al., 1995; Malina, 2001). Additionally,
cardiovascular fitness may remain high if high levels of
activity are sustained throughout adulthood, or may be
up-regulated by training (Finch and Lenfant, 1972; Hoff-
man, 2002; Sagiv et al., 2007; Wagner, 1996), leading to
slower decline with age.

In subsistence populations, individuals experience high
energy demand in conjunction with both work and leisure
activities (e.g., Malina and Little, 2008; Panter-Brick et al.,
1992; Walker and Hill, 2003). It appears that any differen-
ces in physical fitness performance may arise from differ-
ences in levels of sedentary activity between subsistence
and industrialized populations: as subsistence groups inte-
grate to national markets, sedentism may increase, leading
to reductions in cardiovascular fitness (Katzmarzyk et al.,
1994; Rode and Shephard, 1994). However, studies employ-
ing factorial methods, accelerometry, and doubly labeled
water suggest considerable overlap in measured activity
levels and energy expenditure among members of subsist-
ence and industrialized populations (Gurven et al., 2013;
Madimenos et al., 2011; Pontzer et al., 2012). Among the
Tsimane, our focal group, women age 20–70 have average
physical activity levels (PALs, defined as total daily ener-
getic expenditure divided by basal metabolic rate) of 1.73–
1.85 over a 24 h period (Gurven et al., 2013) while a same
age, nonoverweight American sample has a similar aver-
age of 1.78 (Blair et al., 2004). Tsimane men are more
physically active than their American counterparts (Tsi-
mane males: 2.02-2.15, American males: 1.73), though both
American and Tsimane males fall within the range of
cross-population PALs reported by Gurven et al (2013).

The few studies that have examined cardiovascular fit-
ness in subsistence populations show mixed evidence for a
decline in fitness with age. Turkana men engaging in pas-
toralism do not exhibit a consistent decline in VO2max by
age 45 (Curran-Everett, 1994). Ache women living on a res-
ervation and practicing a combination of gathering and
horticulture do not exhibit a decline in cardiovascular fit-
ness by age 60 (Walker and Hill, 2003). However, these
findings are based on relatively small samples and may be
unduly influenced by outliers. In contrast, Inuit still living
a traditional lifestyle do show significant declines with age
(Shepard, 1978), as do small-scale farmers in Kenya
(Christensen et al., 2012). Given these mixed results,
should we expect a cardiovascular fitness decline in all sub-
sistence level societies, and if so, of the same steepness as
the decline among industrialized nations?

Although sustained subsistence activity, muscularity,
and leanness should help promote cardiorespiratory fit-
ness throughout life, other features of subsistence soci-
eties may instead hinder performance, especially at later
ages. Cardiovascular fitness level may be curbed by lim-
ited energy reserves and food shortages. The benefits of a
large capacity for physical activity may be age specific:
investments in cardiovascular fitness may be high early
in the lifespan, however higher adult mortality in subsist-
ence societies may discount investments that maintain
functionality in old age. Limited energy budgets in sub-
sistence societies might make such tradeoffs between
adult functionality and late age maintenance more severe.
Even in industrialized societies, the diminished ability to
maintain muscle with age results in lower muscle mass,

or sarcopenia. Although central limiting factors, such as
cardiac output, are primarily responsible for age-related
decline (Carrick-Ranson et al., 2013; Ogawa et al., 1992),
muscle mass is also a predictor of slowed decline (Carrick-
Ranson et al., 2013; Sanada et al., 2007; Stones and
Kozma, 1985), as muscles consume 95% of oxygen used by
the body during exercise (Fleg and Lakatta, 1988).

Another physical limit on the transport system is imposed
by hemoglobin-bearing red blood cells, which carry oxygen
from lungs to muscles. Individuals with anemia (low hemo-
globin) do worse than nonanemic individuals on cardiovas-
cular fitness tests (Buzina et al., 1989; Panter-Brick et al.,
1992; Wagner, 1996), as do individuals who experience blood
loss from chronic helminth infections (King et al., 2005;
Panter-Brick et al., 1992). Anemia and helminth infections
are more common in subsistence populations than industri-
alized populations (Hotez et al., 2008). The Tsimane have a
much higher prevalence of both helminths (Blackwell et al.,
2011) and anemia than North Americans do. Giardia and
other protozoal, bacterial, and viral infections are also prev-
alent (Blackwell et al., 2013). Likewise, respiratory ailments
curb oxygen uptake (Collins, 1999; Wagner, 1996) and are
often common in subsistence groups. While asthma and
allergies are prevalent in the United States (Sondik et al.,
2012), tuberculosis, pneumonias, and upper respiratory
infections are not uncommon among the Tsimane (Eid et al.,
2007). Together, these factors might place an upper limit on
cardiovascular fitness, even for individuals engaged in fre-
quent and intensive activity.

This study investigates senescent changes in cardiovas-
cular fitness among a large sample of Tsimane adults and
tests whether predicted factors described above mediate
these changes. To explore differences between subsistence
groups and industrialized nations, Tsimane values are
compared with data from the Canadian Health Measures
Survey, which employed a similar method for measuring
cardiovascular fitness. We first test whether Tsimane
have higher peak VO2max than Canadians. Second, we
examine whether Tsimane show similar senescent
declines as Canadians given demands on Tsimane for
physical activity into older adulthood and increased stress
on the cardiovascular system, which are expected to have
opposing effects on fitness. Tsimane and Canadian per-
formance is compared with previous work in industrial-
ized and subsistence groups to provide additional context.
Third, we examine the impact of mediating health and
anthropometric factors on cardiovascular fitness, includ-
ing anemia, respiratory illness, helminth infections, and
proxy measures of market integration (distance to the
local town, Spanish-speaking ability). Due to competing
demands for somatic resources, we predict that indicators
of poor health will predict lower physical fitness levels
and faster age-related decline. Though other populations
evidence lower levels of physical activity with increasing
market integration, Tsimane living closer to town and
those fluent in Spanish do not appear to become more sed-
entary (Gurven et al. 2013); we therefore expect that car-
diovascular fitness will not differ between more and less
market integrated individuals.

METHODS

Measuring cardiovascular fitness: maximal oxygen uptake

Performance of the oxygen transport system can be
measured by maximal oxygen uptake. Oxygen uptake
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(volume O2, or VO2) is calculated as the difference
between the percentages of oxygen in inhaled (about 21%)
and exhaled gases, multiplied by the volume of gas
exhaled (Howley et al., 1995). Maximal oxygen uptake
(VO2max) refers to the peak oxygen uptake possible for a
given individual, achieved during exercise to exhaustion.
Because exercise to exhaustion can be potentially danger-
ous in individuals with significant underlying cardiovas-
cular disease, VO2max is often estimated at a
submaximal level of exercise (e.g., 85% of age-specific
maximal heart rate, HR). Additionally, the use of a gas
collection bag can be inconvenient or expensive for field
and large scale projects (e.g., Shephard, 1970). For these
reasons, estimation of VO2max from a participant’s sub-
maximal heart rate is often employed (e.g., Astrand and
Ryhming, 1954). HR estimation methods were used for
the Canadian and Tsimane samples, although only in the
case of the Canadians was the routine for calculating
VO2max derived from laboratory studies with the same
population.

Study populations

Tsimane. The Tsimane are a forager-horticulturalist
group living in the Bolivian Amazon. The Tsimane have a
population of �11,000 spanning 901 villages ranging in
size from 40 to 550 individuals. Villages near the local
town (San Borja, population �24,000) or near roads have
more extensive market access and greater participation in
wage labor. Although PALs are often predicted to decline
with market integration, Tsimane women and men living
near the local town are not less active than Tsimane from
other regions, perhaps because of the physical activity
required in wage labor (e.g., logging and cash cropping;
Gurven et al., 2013). Men in all regions have higher PALs
than women, although men’s activity exhibits more sea-
sonal variation. Aging Tsimane remain active (Gurven
et al., 2013), although these individuals may engage in
less physically demanding subsistence activities because
of increases in infirmity with age (Schniter, 2009).

Tsimane data were collected as part of the Tsimane
Health and Life History Project (THLHP; http://www.un-
m.edu/�tsimane/) from 2002–2010. Patients were seen by
THLHP physicians either during annual visits to villages
or at the THLHP medical office in San Borja. Self-
reported ailments were considered together with physical
examination, fecal, and blood test results to assist in diag-
nosis and treatment. Sampling procedures for the exercise
test were designed to ensure a sample representative of
the Tsimane population. Participants’ ages range from 10
to 88 years old (n 5 766; 55% female).

Pretest exclusion: Tsimane. Tsimane participants were
not automatically excluded from the study for having a
particular condition, but any complaints or conditions
were recorded. Our study protocol did not exclude partici-
pants for any reason. However, some individuals who
judged themselves unable to participate or who experi-
enced discomfort during exercise opted out. The most
common reason given by participants for opting out was
pain, although this was rare (65 total excluded; remaining
n 5 701). Nonparticipation rates in this population were
below 10% until after age 70 (Supporting Information Fig.
S1). Although frailty may have constrained participation

at late ages, the final sample below age 70 includes Tsi-
mane at various levels of health and ability, allowing us to
better explore the correlates of fitness decline (e.g., pain,
infection) in this population. Pregnant and lactating
women were included in the Tsimane sample, as women
are pregnant or lactating for much of their adult lives.

Experimental protocol: Tsimane. Participants were asked
to complete a modified submaximal Harvard step test
(Astrand and Ryhming, 1954) at a bench height of 20 cm
for 5 min at 30 ascents per minute (Walker and Hill,
2003). The pace of stepping was recorded for each partici-
pant regardless of whether the participant attained 30
steps per minute. VO2max was estimated using Shep-
hard’s (1970) HR-based calculation routine for step tests.
We first estimated VO2 with the following equation:

E 9:79 3 W 3 H 3 Nð Þ
L

� 1 kcal

4184 Joules
� 1 ml O2

200 kcal
(1)

where W is weight in kilograms, H is the step height in
meters, N is number of ascents during the exercise test,
and L is the length of the test in minutes. The conversion
factor � adjusts for the efficiency of stepping. Stepping is
about 16% efficient—only 16% of the work done during
stepping contributes to vertical displacement (Shephard
et al., 1976)—and thus work done must be multiplied by
6.69 (Shephard, 1970) to account for the amount of effort
required by participants. The work (in Joules) required to
complete the exercise test was calculated as 9.79 m/s2 W x
H x N, where 9.79 m/s2 is the acceleration due to gravity
(Powers and Howley, 2009). Kilocalories per minute were
divided by 200 to convert kilocalories to ml/min of O2

(ACSM, 2006).
Equations for estimating VO2max from submaximal

VO2 at peak HR during the test (P; taken to be the last
minute of exercise) were drawn from Shephard (1970).
These are based on age and sex specific regressions that
rely on assumptions about maximal HR by age.

Females : EðVO 2maxÞ5 VO 2 198272ð Þ
P272

� 1 VO 2max

0:0114age 10:77
� 1

kg

(2a)

Males : EðVO 2maxÞ5 VO 2 198261ð Þ
P261

� 1 VO 2max

0:0137age 10:668
� 1

kg

(2b)

The estimates of VO2max produced by Eqs. 2a,b are in
units of ml of oxygen per minute per kilogram (ml min21

kg21), also called relative VO2max. Another common mea-
sure of VO2max, absolute VO2max (l min21), was calcu-
lated by multiplying VO2max in l min21 kg21 by
participant body weight.

Post-test exclusion: Tsimane. The Shepard equations for
estimating VO2max depend on individuals achieving a
heart rate within a certain range: 120–172 for females,
and 122–170 for males. Typical protocols call for excluding

758 A.C. PISOR ET AL.

American Journal of Human Biology

http://www.unm.edu/~tsimane/
http://www.unm.edu/~tsimane/
http://www.unm.edu/~tsimane/


individuals who do not meet this level. However, many
Tsimane (55% of females, 81% of males) did not achieve
this criterion, either because the age-specific maximal
HRs derived from industrialized populations are inaccu-
rate for the Tsimane or because higher fitness allowed
these Tsimane to perform the step test with less effort. We
therefore evaluated several exclusion criteria for the Tsi-
mane sample, including the HR range specified by Shep-
hard (1970) for the calculation routine; a HR increase of
<5 beats per minute during exercise (National Health
and Nutrition Examination Survey, 2004); different per-
centages [65 (Siconolfi et al., 1985), 70 (American College
of Sports Medicine, 2006; Canadian Society for Exercise
Physiology, 2003), 75 (NHANES, 2004)] of age-specific
maximal HR (Tanaka et al., 2001) achieved; the 95th cen-
tile obtained from a Generalized Additive Model for Loca-
tion, Scale, and Shape (Rigby and Stasinopoulos, 2005);
and a rate of HR increase from the beginning to the end of
exercise that is beyond the 95% confidence interval (CI)
from the 20 year age- and sex-specific mean. The sample
size remaining after these exclusions varies, from 4%
(75% of age-specific maximal HR) to 79% (increase <5
beats per minute during exercise) of our original sample
(for sample sizes under each criterion considered, see Sup-
porting Information Table S1). We interpreted exclusion
criteria that excluded the vast majority of participants as
not giving a representative sample of the Tsimane. The
use of centiles or CIs enables us to compare each partici-
pant against a metric from the same population. Because
the centile and CI approaches led to about the same, rela-
tively small number of participants excluded, we adopted
the CI exclusion for ease of interpretation.

To evaluate the accuracy of HR estimation for the Tsi-
mane population, we compare VO2max estimated from
HR with VO2max estimated from the ratio of inhaled to
exhaled O2 collected in a smaller subset of Tsimane. An
additional strength of the O2 method is that the VO2 and
HR measured for a given individual is extrapolated to pre-
dict their VO2max at their predicted age-specific maximal
HR, without reliance on additional assumptions beyond
that of an age-specific maximal HR. Methods used in O2

measurement are described in the Supporting Informa-
tion (Appendix A).

Tsimane model covariates. Fat-free mass (FFM) was esti-
mated by subtracting body fat mass from total mass. Body
fat percentage was estimated with bioimpedance using a
portable Tanita scale and with skinfold measurement
taken at four sites (bicep, tricep, subscapular, suprailiac);
body fat percentage was estimated from skinfold measure-
ment with equations from Durnin and Womersley (1974).
Arthritis and respiratory ailments were diagnosed by
THLHP physicians during routine medical exams. Hemo-
globin levels in g dl21 were attained using the QBC Auto-
read Plus Dry Hematology System (QBC Diagnostics,
Port Matilda, PA); anemia was defined using Centers for
Disease Control (CDC) criteria (CDC, 1998) and, for ages
for which CDC criteria were not available, World Health
Organization (2001) criteria. Helminth and giardia infec-
tions were diagnosed in wet slide mounts and using a
modified Percoll technique, as has been previously
described (Blackwell et al., 2011; Eberl et al., 2002). We
coded helminth infection as bivariate (presence or absence
of helminths), combining diagnoses with hookworm,

roundworm (Ascaris lumbricoides and Strongyloides ster-
coralis), and whipworm (Trichuris trichiura). Because of
an established relationship between helminth infection
and anemia, helminths and giardia are considered sepa-
rately in this analyses. Self-reported pain was included as
a binary measure indexing the presence of back, knee,
bone, or connective tissue pain. Spanish-speaking ability
was treated as dichotomous, where individuals rated as
speaking more than “some” Spanish by THLHP project
staff were considered Spanish speakers. Additional cova-
riates include pregnancy status and as-the-crow-flies dis-
tance of home village to the market town of San Borja.

Because of a concern that leg length relative to bench
height may affect performance during step tests (Shahna-
waz, 1978), we considered including leg length in all
within-population regressions. Leg length was calculated
by subtracting participant seated height (minus chair
height) from standing height. Including leg length wors-
ened model fits, perhaps because mass and leg length are
moderately correlated (for females, Pearson’s r 5 0.42; for
males, r 5 0.41) and mass is already controlled for by our
use of relative (rather than absolute) VO2max; addition-
ally, use of the leg length variable eliminated participants
for whom seated height data were unavailable. As such,
we decided to not control for leg length in the analyses
below.

Canadian health measures survey. Canadian fitness data
were collected during the first wave of the Canadian
Health Measures Survey (CHMS; www.statcan.gc.ca/
imdb-bmdi/5071-eng.htm) from 2007 to 2009. Canadians
were selected as a comparison group since VO2max in the
CHMS was assessed using a step test procedure with
VO2max estimated based on HR. Individuals were
sampled with the goal of representing 97% of the Cana-
dian population from all provinces (Giroux, 2007). As
measured with tri-axial accelerometers, Canadian chil-
dren in this sample are sedentary for 64% of their waking
hours (Colley et al., 2011a), adult (ages 20–79) females are
sedentary for 69% of the day, and adult males are seden-
tary for 68% (Colley et al., 2011b).

Pretest exclusion: CHMS. CHMS participants were
excluded from fitness testing if they had a heart condition,
chest pain, high blood pressure (systolic blood pressure
higher than 144) or heart rate (higher than 100), or were
taking medication for any of these conditions (Bryan et al.,
2007); across all ages, a total of 26.7% of potential partici-
pants were excluded, including 56% of 60–69 year olds
(Shields et al., 2010). Participants who experienced discom-
fort during testing could stop at any time. Women more
than 12 weeks pregnant were not allowed to participate.

Experimental protocol: CHMS. Participants completed a
step test developed by Bailey et al. (1976; modified by
Weller et al., 1993) on a bench with two steps, each 20.3
cm tall. Individuals began stepping at a rate expected to
require 65–70% of VO2max for a same-sex individual 10
years their senior (Canadian Society for Exercise Physiol-
ogy, 2003). After a 3 min exercise interval, researchers
measured HR to ascertain whether the participant had
achieved 85% of his or her age-specific maximal HR. If

PATTERNS OF SENESCENCE IN HUMAN CARDIOVASCULAR FITNESS 759

American Journal of Human Biology

www.statcan.gc.ca/imdb-bmdi/5071-eng.htm
www.statcan.gc.ca/imdb-bmdi/5071-eng.htm


85% of maximal HR was reached, exercise testing was
stopped; if 85% of maximal HR was not reached, partici-
pants proceeded to the next stage of exercise, stepping at
a faster cadence.

VO2max was estimated using a regression equation
developed by Weller et al (1993):

E VO2maxð Þ532116a20:24b20:17c (3)

where a is the estimated VO2 at the end of the final
stage of exercise (Weller et al., 1993), b is age in years,
and c is body weight in kg. If a participant could not step
at the prescribed cadence during a given stage of exercise,
VO2max was estimated based on the last completed exer-
cise stage (Shields et al., 2010). About 1% of participants
eligible for the test did not complete it. Participants did
not proceed beyond the eighth level of exercise, regardless
of whether they had attained 85% of their age-specific
maximal HR. The result is estimated relative VO2max (ml
min21 kg21).

Skinfold measurements, used to calculate absolute
FFM in this article, were taken before the cardiovascular
fitness test at four sites (bicep, tricep, subscapular, and
suprailiac) using Harpenden calipers (Baty International,
UK; Shields et al., 2010), but only for individuals with a
body mass index under 30 kg m22.

Statistical analyses

All statistical analyses were performed with the R soft-
ware package, version 2.15.3 (R Development Core Team,
2011). Smooth fits used generalized additive models
(GAM), which regress a predictor on the response and
smooth the residuals (Venables and Ripley, 2002); in the
package used for the present analyses (mgcv; Wood,
2006), the degree of smoothness was determined by a
penalized likelihood technique. The result is a model that
has both linear and non-linear elements, allowing a close
fit to the data while also providing interpretable parame-
ter estimates. Where appropriate, model fits were eval-
uated using the Akaike Information Criterion (AIC), a
maximum likelihood measure of goodness-of-fit.

Exploratory models indicate sex differences in VO2max
in the Tsimane population, and so each sex is modeled
separately in all analyses. Because data for both popula-
tions only exist for ages 11–69, all cross-population com-
parative analyses (linear models, t-tests) are limited to
this age group. Age in years is included in all analyses.
Within-population comparisons (linear models) use the
Tsimane subsample age 20 and older, an age group in
which both males and females are close to their peak
VO2max, and include individuals up to age 70, compara-
ble to the Canadians and before the age at which opting
out removed large portions of the sample. For the subsam-
ple between 20 and 69, females and males evidence a lin-
ear decline, although female VO2max is curvilinear when
all ages are considered; because all within-population
comparisons (linear models) are performed on this sub-
sample, age2 terms were not included. Publically available
CHMS data are limited to VO2max mean and standard
deviation for age categories of variable size (for categories,
see Table 3). Cross-population comparisons use the same
age categories to explore differences between Canadians
and Tsimane.

Covariates could not be included in between-population
comparisons as the latter are based on binned data, how-
ever extensive individual-level Tsimane data allow for
detailed examination of factors that may mediate physical
fitness decline. For these within-population linear models,
we only included participants aged 20–69 for whom medi-
cal and anthropometric data were available during the
same medical round (about a calendar year in length;
Table 1).

To explore the possibility of a non-linear relationship
between mass and VO2max, and how this might affect
any differences between the Tsimane and Canadians, we
1) allometrically scaled Tsimane VO2max and 2) projected
relative VO2max for the Tsimane using Canadian fat
mass and FFM from same-sex, same-age categories. To
allometrically scale VO2max, we calculated a, the scaling
parameter in allometric equations, for the Tsimane
(Calder, 1987). To project VO2max for the Tsimane,
assuming the same body composition as the Canadians,
we regressed absolute VO2max on absolute fat mass, abso-
lute FFM, and age (and age2 for the Tsimane females) in
the Tsimane female and male subsamples. With the
resulting parameter estimates, we predicted whether Tsi-
mane would perform at rates similar to those observed in
our study if the Tsimane had the average fat mass and
FFM exhibited in each of the four Canadian cohorts (ages:
12–19, 20–39, 40–59, and 60–79). The results of these cal-
culations are discussed below. Hereafter, VO2max will
refer to relative VO2max unless otherwise stated.

RESULTS

Age at peak VO2max and levels across the lifespan

Tsimane. Predicted values of absolute (l min21) and rela-
tive VO2max (ml min21 kg21) for the Tsimane appear in
Figure 1. Both Tsimane females and males exhibit a peak
in absolute VO2max. A peak in absolute VO2max is char-
acteristic across populations but appears in late adoles-
cence in industrialized nations, concurrent with peak
absolute FFM (Armstrong, 2001). In the Tsimane as well,
peak absolute VO2max and peak absolute FFM are
roughly concurrent: using smoothed fits of predicted val-
ues, female VO2max peaks at age 31 at 2.95 l min21 and

TABLE 1. Descriptive statistics for the Tsimane after exclusion (ages
20–69)

Variables

Tsimane Females Tsimane Males

Mean
(and S.D.)
or Percent n

Mean
(and S.D.)
or Percent n

Age 41.3 (14.3) 203 43.6 (15.2) 280
Body weight (kg) 53.4 (9.3) 203 62.4 (7.4) 280
FFM (kg) 39.7 (4.3) 203 52.0 (5.8) 280
Perc. FFM 0.75 (0.08) 203 0.84 (0.05) 280
Distance to town in 10 km 4.4 (2.4) 196 4.2 (2.4) 273
Hemoglobin 12.9 (1.4) 117 14.3 (1.2) 157
Arthritis 11% 133 4% 185
Helminths 51% 92 58% 128
Giardia 38% 92 40% 128
Nonarthritic Pain 54% 133 75% 138
Respiratory Ailments 27% 133 15% 185
Spanish-speaking Ability 17% 271 42% 271
Pregnant 3% 203 – –

Two-level factors are reported as percentage of the subsample with a given
ailment.
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absolute FFM at age 34 at 40.5 kg; for males, VO2max
peaks at age 24 at 3.44 l min21 and FFM at age 29 at 54.4
kg. Estimated peak VO2max is relatively robust to the
smoothing parameter selected, with the peak shifting no
more than 1 year for females and two years for males
under different methods of smoothing. Average level of
VO2max may appear higher in females, but a median fit
reveals that Tsimane females and males have roughly
similar VO2max (see Supporting Information Fig. S2).

Relative (ml min21 kg21) VO2max estimation controls
for the effect of body mass (and by extension, partially
controls for percent FFM: correlation between the two for
females, r 5 20.75; for males, r 5 20.43). Removing the
effects of body mass by using a relative measure does not
remove the peaks exhibited by females or males in early
adulthood (Fig. 1). Tsimane females peak at age 28 (53.79
ml min21 kg21) and Tsimane males peak at age 22 (at
54.89 ml min21 kg21). Indeed, this peak also remains
when we scale by absolute FFM (ml min21 fat-free kg21;
see Supporting Information Table S2).

To evaluate whether Tsimane participants performed
similarly under the O2 method, we compared age-
matched subsamples to O2 method participants. Tsimane
males performed significantly worse under the HR
method relative to the O2 method (O2 mean 5 69.5 ml
min21 kg21, HR mean 5 59.0 ml min21 kg21; t 5 6.29,
P<0.001). There is no significant difference between Tsi-
mane females tested under the HR and O2 methods (O2

mean 5 52.9, HR mean 5 54.3; t 5 20.77, P 5 0.44). For a
comparison of smooths from the two samples, see Sup-
porting Information Figure S3.
Mediators of Levels Across the Tsimane Lifespan. We
identified and investigated several health-related factors
that might affect level of VO2max achieved by either
diminishing resources available to the body or hampering
the cardiovascular system directly. We posit that these
variables may mediate the effect of age on VO2max. Can-
didate mediators include the presence of anemia, infection
with helminths or giardia, arthritis or nonarthritic pain,
respiratory ailments, distance from the local market

Fig. 1. Predicted Tsimane VO2max by age. Predicted values are drawn from GAM models regressing smooths of log age on VO2max. Inter-
vals are 95% prediction intervals. Age was smoothed using restricted maximum likelihood. Other smoothing parameters (such as Mallow’s Cp
and maximum likelihood) varied the age at peak absolute VO2max by up to 1 year for females and up to 2 years for males. Points represent the
raw data for Tsimane. A: Absolute VO2max by age for females. B: Absolute VO2max by age for males. C: Relative VO2max by age for females.
D: Relative VO2max by age for males. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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town, and Spanish speaking ability. Although percent
FFM generally predicts absolute rather than relative
VO2max, we test it as a potential mediator. Pregnancy
was included as a control in female models. While a high
macroparasite load may increase the likelihood of having
low hemoglobin (and thus anemia), an interaction term
between presence of helminths and presence of anemia
was not included because they are not significantly
related in this sample: only 26 participants of the 92 with
helminths have anemia, while 14 of the 86 without hel-
minths have anemia (for females, v2 5 0.52, P 5 0.47; for
males, v2 5 2.00, P 5 0.16).

To evaluate whether these candidate mediators affected
VO2max levels, we conducted linear regressions on rela-
tive VO2max (see Table 2). We first examined each predic-
tor independently. Females with higher hemoglobin levels
had significantly higher cardiovascular fitness perform-
ance: for an increase in 1 g dl21 concentration of hemoglo-
bin, a Tsimane woman is predicted to have 2.93 ml min21

kg21 higher VO2max (t 5 2.68, P<0.01). Helminth infec-
tion mediated the relationship between age and VO2max
for males such that men with a helminth infection are
predicted to have 6.16 ml min21 kg21 higher VO2max
(t 5 2.31; P<0.05). A best fit model approach (fit on the
subset of females for whom all measures are available)

provides similar results to fitting a separate model for
each potential mediating variable. When a stepwise AIC
procedure was used with data on all health and market
integration measures, hemoglobin level was the only sig-
nificant predictor that remained in the female model
(n 5 82; standardized b 5 0.22, P< 0.05). For males, hel-
minth infection remained in the model as well (n 5 116;
standardized b 5 0.23, P< 0.05).

Scaling VO2max by FFM (ml min21 fat-free kg21)
rather than body mass produced similar results: hemoglo-
bin levels remained a significant positive predictor of
VO2max for females (standardized b 5 0.30, P<0.01) and
helminth infection a positive predictor for males (standar-
dized b 5 0.20, P< 0.05). See Supporting Information
Table S3 for all regression results with ml min21 fat-free
kg21 as the outcome.

Anemia was initially included in model fits, however
treating hemoglobin level as a covariate in place of pres-
ence of anemia improved model fit for Tsimane females
(anemia AIC 5 1002.7, hemoglobin AIC 5 989.63).
Although no association was found between presence of
anemia and helminth infection, there is a significant asso-
ciation between hemoglobin levels and helminth infection.
Controlling for age, a helminth diagnosis is a significant
negative predictor of hemoglobin levels for females

TABLE 3. Comparison of Tsimane and Canadian relative VO2max by age category and sex

Sex Age group

Tsimane Canadians

t-Statistic P-valueMean (ml min21 kg21) n Mean (ml min21 kg21) n

Females 11–14 43.5 7 48.7 534 21.18 0.28
15–19 47.6 33 42.3 500 3.10 0.00
20–39 51.0 72 38.3 662 9.08 0.00
40–59 43.1 69 31.4 655 10.05 0.00
60–69 41.2 5 24.2 554 3.40 0.03

Males 11–14 41.5 4 54.8 542 23.00 0.06
15–19 51.6 31 50.8 514 0.46 0.65
20–39 51.1 96 44.2 526 5.27 0.00
40–59 43.2 68 36.2 584 3.80 0.00
60–69 38.1 26 27.5 546 5.09 0.00

TABLE 2. Linear models exploring whether mediators affect the level (main effects models) of relative VO2max for Tsimane females and males

Sex Candidate mediator
Age effect est.

(P-value)

Main effect models

Sample size
Mediator main effect

est. (P-value) Age main effect est. (P-value)

Females Perc. FFM 20.23 (0.00) 0.00 (0.97) 20.23 (0.00) 203
Hemoglobin 20.13 (0.28) 0.24 (0.01) 20.11 (0.22) 117
Helminths 20.19 (0.07) 0.03 (0.77) 20.20 (0.06) 92
Giardia 20.19 (0.07) 0.11 (0.28) 20.19 (0.07) 92
Lung ailment 20.17 (0.06) 20.05 (0.60) 20.18 (0.05) 133
Reported pain 20.17 (0.06) 20.01 (0.94) 20.17 (0.06) 133
Arthritis 20.17 (0.06) 20.02 (0.83) 20.16 (0.07) 133
Distance to town 20.23 (0.00) 0.02 (0.81) 20.23 (0.00) 196
Spanish speaking 20.23 (0.00) 20.08 (0.56) 20.24 (0.00) 197

Males Perc. FFM 20.37 (0.00) 0.09 (0.12) 20.34 (0.00) 280
Hemoglobin 20.29 (0.00) 20.02 (0.76) 20.29 (0.00) 157
Helminths 20.30 (0.00) 0.19 (0.02) 20.27 (0.00) 128
Giardia 20.30 (0.00) 0.06 (0.49) 20.30 (0.00) 128
Lung ailment 20.30 (0.00) 20.07 (0.33) 20.31 (0.00) 185
Reported pain 20.30 (0.00) 0.11 (0.13) 20.31 (0.00) 185
Arthritis 20.30 (0.00) 20.06 (0.44) 20.28 (0.00) 185
Distance to town 20.37 (0.00) 20.03 (0.59) 20.37 (0.00) 273
Spanish speaking 20.38 (0.00) 0.08 (0.50) 20.37 (0.00) 271

All parameter estimates are standardized.
aFor model fits including interaction terms, see Supplementary Material Table 4.
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(standardized b 5 20.31, P<0.01). Replacing presence of
anemia with hemoglobin level for males did not improve
or worsen model fit, and there is no significant relation-
ship between hemoglobin levels and helminth infection
for males (standardized b 5 20.10, P 5 0.28). Parameter
estimates for anemia were not significant in models for
either females or males.

Between-group. Table 3 presents Tsimane and Canadian
estimated VO2max binned into age categories used by
CHMS. These data suggest that Canadian females and
males achieve peak VO2max between the ages of 11 and
14, while Tsimane males peak between ages 15 and 19.
Tsimane females peak later, between age 20 and 39.
Across comparable age categories, Tsimane have signifi-
cantly higher VO2max than Canadians at all ages except
between 11 and 15 for females, and 11 and 19 for males
(Table 3). However, the sample size of Tsimane teenagers
under age 15 is quite small. As aforementioned, to control
for the influence of a small number of data points for the
youngest and oldest Tsimane individuals, we used GAM
to predict VO2max across logged age. Predicted values
suggest that Tsimane females peak at age 28 and Tsimane
males peak at age 22 (see Fig. 1c, d). These estimates are
consistent with scatterplots of the raw data (plotted on
Fig. 1) and mask fewer fine-grained effects of age than
Table 3, as each CHMS adult age category spans two
decades.

It is possible the difference between the Tsimane and
Canadians reflects a greater increase in body mass across
ages in the Canadian population, or different trajectories
of change in body composition. The former could occur
because body mass appears in the denominator and can
therefore scale down VO2max, while the latter implies dif-
ferential changes in FFM, when FFM is a predictor of
VO2max in many studies. To explore these possibilities,
we performed two calculations: we allometrically scaled
Tsimane VO2max and we projected Tsimane VO2max
assuming the Tsimane had equivalent fat mass and FFM
as Canadians from same-sex, same-age categories. Con-
trolling for age, the allometric scaling coefficient a was
slightly greater than 1 for both sexes (females, a 5 1.11;
males, a 5 1.18). This suggests that any disparity in
VO2max between Canadians and the Tsimane cannot be
explained solely by mass differences. Indeed, assuming
the Tsimane have the same body composition as Cana-
dians, projected VO2max differs little from observed
VO2max. The Tsimane outperform the Canadians in every
cohort by at least 3.5 ml min21 kg21, except among the
youngest males who perform similarly (see Supporting
Information Fig. S4).

To control for possible disparities in changes in body
composition by age within each population, as these might
also influence differences between the Tsimane and Cana-
dians, we scaled VO2max by absolute FFM from the same
population to obtain ml min21 fat-free kg21. Because
Canadian body composition data were only available via
skinfolds (bicep, tricep, subscapular, and suprailiac), we
used the subset of Tsimane (n 5 246) for which the same
four skinfolds measurements were available. We calcu-
lated average absolute FFM for each cohort using average
weight and average summed skinfolds (Durnin and
Womersley, 1974) and scaled average VO2max in ml
min21 by this number to obtain ml min21 fat-free kg21.

Under this method of scaling, the Tsimane outperform
Canadians in every cohort over age 20 by at least 1.65 ml
min21 fat-free kg21 (see Supporting Information Table
S2). Canadian females and males in the 12–19 cohorts
outperform Tsimane of the same age.

We next compared Tsimane to other subsistence popula-
tions reported in the literature (Table 4). Consistent with
common practice in the literature, we report means for
each group, but when possible, we also predicted VO2max
at age 25 to provide age-corrected comparisons. We
selected age 25 as it is the age of peak relative VO2max in
this study and for female Kamba and Maasai in Christen-
sen et als. (2012) recent study. To predict VO2max at age
25, we regressed the median ages on mean VO2max across
the available age categories. Tsimane females and males
have roughly the same predicted VO2max at age 25 as
several other subsistence populations, but higher VO2max
than industrialized populations. To test for differences
between industrialized and subsistence populations, we
conducted a linear regression on predicted VO2max at age
25; this is not a meta-analysis, and results should be
interpreted with caution. Overall, subsistence populations
display higher peak VO2max than in industrialized popu-
lations, controlling for sex (44.0 vs. 36.7 ml min21 kg21

[P< 0.01]). The Tsimane O2 and indigenous Siberian sam-
ples were excluded, Tsimane O2 to avoid the problem of
non-independence with Tsimane HR data, and Siberians
because the sample has a limited age range compared
with the other studies.

Pace of decline: slope of VO2max decline across the
lifespan

Tsimane. To evaluate whether Tsimane participants per-
formed similarly under different methods, we compared
age-matched subsamples of participants from the present
study with O2 method participants. Despite a higher level
(intercept) of VO2max in the O2 sample, Tsimane males
declined marginally significantly faster under the O2

method relative to the HR method (O2 5 6.8% per decade,
HR 5 4.7% decline per decade; t 5 21.95, P 5 0.05). There
is no significant difference between Tsimane females
tested under the O2 and HR methods (O2 5 6.0% per dec-
ade, HR 5 4.8% decline per decade; t 5 20.55, P 5 0.58).
Mediators of Slope Across the Lifespan. We fit a series of
linear models to test for interactions between the candi-
date mediators and age-related decline in Tsimane
VO2max. There are no variables that significantly inter-
act with age to predict VO2max (see Supporting Informa-
tion Table S4). An AIC selection approach and scaling by
absolute FFM (see Supporting Information Table S3) pro-
vides the same results: no variables significantly interact
with age to predict VO2max.

Between-group. VO2max is most often reported as a lin-
ear decline across the adult lifespan, though Hawkins and
Wiswell (2003) dispute whether the decline is actually lin-
ear. For example, a linear approximation is not appropri-
ate for Tsimane females if ages 11–80 are considered.
Figure 2 contrasts linear declines in VO2max for Cana-
dians and Tsimane males, as well as a curvilinear fit for
Tsimane females, with declines in industrialized nations
derived from meta-analyses (Fitzgerald et al., 1997; Wil-
son and Tanaka, 2000). To explore whether rates of
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decline in VO2max among Tsimane and Canadians were
different, we regressed average VO2max by age category
on median age (for a given age category), population, and
their interaction term. For comparability, Tsimane were
binned into the Canadian age categories and averages
were computed for these categories, leading to estimated
declines slightly different from those in Table 4; for the
purposes of this test, we treat the Tsimane female decline
as linear. Because within-population variance in decline
is not available, these regressions should be treated as
descriptive comparisons rather than statistical tests of
differences between the two groups. The rate of decline in
VO2max is steeper for Canadian females (6.9% per decade
faster decline per decade) and males (4.2% faster decline
per decade) compared with Tsimane females and males.

The rate of cardiovascular fitness decline between the
Tsimane and Canadians is different, but this difference
does not extend to industrialized and subsistence popula-
tions (see Table 4). Controlling for sex, subsistence groups
have about one quarter of a percent lower declines per
decade. Again, because the variance in decline is not rep-
resented in this regression, results should be interpreted
as comparative rather than as a statistical test. As before,
Tsimane O2 results were not included in the analysis to
avoid nonindependence, and the indigenous Siberians
were excluded because of discrepancy in ages sampled.

DISCUSSION

Our comparisons demonstrate that across a wide variety
of societies, cardiovascular fitness senesces with age. Car-
diovascular fitness is higher on average among members of
subsistence societies than among industrialized societies,
but rates of fitness decline from peak are not slower. Our
more detailed comparison between the Tsimane, a subsist-
ence population, and Canadians, an industrialized popula-
tion, reveals differences in cardiovascular fitness levels
and rate of fitness decline. Cardiovascular fitness levels
were higher among the Tsimane than among Canadians,

and the rate of decline across the lifespan was significantly
slower among Tsimane women and men. Potential Cana-
dian participants were excluded due to many health con-
cerns, including pregnancy and history of high blood
pressure, whereas Tsimane were only excluded if they self-
identified as unable to participate. This suggests the Cana-
dian sample is a relatively healthy subsample of Canada,
yet the Tsimane still outperform them in cardiovascular fit-
ness. It may be that the higher demand for cardiovascular
fitness in late ages among the Tsimane outweighs any
effects of poor health. Another possibility is that greater
self-selection among Tsimane due to higher adult mortality
leaves more robust older adult survivors, thereby reducing
the observed slope of fitness decline at the population level
(Vaupel et al., 1979); perhaps this is partially why fewer
Tsimane older adults opted out of the exercise test than
Canadian older adults were screened out (ages 60–69;
Canadian females 5 56%, Tsimane females 5 15%; Cana-
dian males 5 57%, Tsimane males 5 5%).

Consistent with prior research on age-related changes
in cardiovascular fitness, the Tsimane do evidence a lin-
ear decline in VO2max with age, but not as steep a decline
as typically seen in industrialized populations. Based on
comparisons with the Canadians and with other industri-
alized populations, we believe the Tsimane data from the
present study and the pilot O2 data combined indicate
that the Tsimane perform better on tests of cardiovascular
fitness than the average individual from an industrialized
nation.

To further explore the potential effects of health factors
on cardiovascular fitness level and rate of decline, we
investigated predictors of individual differences in fitness
within the Tsimane population. Overall, we found that
most health indicators among the Tsimane did not hinder
VO2max levels or rates of decline. Lower hemoglobin lev-
els were associated with lower VO2max levels in women,
but not men, consistent with the notion that compromised
blood oxygen transport curbs cardiovascular fitness
(Buzina et al., 1989; Panter-Brick et al., 1992). In the US,

Fig. 2. Linear changes in VO2max with age for Canadians and the Tsimane. Intercepts and slopes for Canadians and Tsimane can be found
in Table 4. Because age2 is significant for the full sample of Tsimane females, their change in VO2max across age is curvilinear. Slopes for
endurance trained, active, and sedentary individuals from industrialized nations are drawn from a meta-analysis performed by Fitzgerald
et al. (1997) for females, and Wilson and Tanaka (2000) for males. Endurance trained individuals are represented by the top dotted line above,
followed by active individuals below and sedentary on the bottom. Trained individuals engage in 31 sessions of endurance exercise per week
for at least a year, while active individuals engage in 2 or fewer sessions per week of cardiovascular exercise. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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low hemoglobin is more common in active women than
active men (Sinclair and Hinton, 2005); hemoglobin is
also lower in Tsimane women than Tsimane men
(female 5 12.9 [s.d. 1.3] g ml21, males 5 14.2 [1.3] g ml21).
Even mild (non-anemic) iron deficiencies impacts women’s
exercise performance (Zhu and Haas, 1997). Inconsistent
with findings from Panter-Brick et al. (1992) among rural
Nepalese, helminth infection did not diminish levels of
VO2max; for Tsimane men, helminth infection was
actually a predictor of higher VO2max. There are several
reasons why this might be the case. First, we only tested
whether presence or absence of helminths mediated the
effect of age on VO2max, rather than parasite load (e.g.,
number of worms, egg counts): it is possible that helminth
infection only affects VO2max at high parasite loads. Sec-
ond, blood loss (and thus low hemoglobin levels) resulting
from helminth infection may be partially offset by the
amount of iron in the Tsimane adult diet. Tsimane iron
intake is an estimated 166% of the U.S. Dietary Reference
Intake (Martin et al., 2012) and Tsimane hemoglobin lev-
els are higher than in the Nepalese (females: 12.9 vs. 10.9;
males 14.24 vs. 12.0; Panter-Brick et al., 1992). Third,
these analyses consider helminth infection at the time of
exercise test rather than past infections. It may be that
the cumulative burden of past infection has a larger effect
on cardiovascular fitness; if so, this would suggest that
the surprising, positive effect of helminth infection on
VO2max levels in men is either spurious or capturing a
third variable.

Secular declines in VO2max are expected with increasing
market integration and lifestyle change because of
increased sedentism (Katzmarzyk et al., 1994; Rode and
Shephard, 1994). Two proxies for market integration in this
population—distance to San Borja and the ability to speak
Spanish—were not significant predictors of VO2max levels
or decline. This is consistent with our predictions, as Tsi-
mane females and males that live near town do not appear
to have lower activity levels (Gurven et al., 2013). Wage
opportunities near town primarily include working as
ranch hands, collecting and weaving palm thatch panels,
cash cropping, and working for logging companies. Each of
these involves extensive activity; furthermore, transporta-
tion to town often involves bicycling, walking, and poling
dugout canoes. Cash cropping of rice and corn also involves
the clearing and weeding of larger fields. Except for cash
cropping and palm thatch manufacture, most wage labor
opportunities are currently restricted to men.

This study makes several unique contributions to the
existing literature. It offers the first systematic compari-
son of cardiovascular fitness level and rate of decline
between subsistence and industrialized societies. Results
compiled from previous studies support the general claim
that despite greater pathogen stress, the greater activity
regime of subsistence societies helps support higher peak
VO2max. Additionally, this is one of the first studies to
explore senescent changes in cardiovascular fitness
within a large sample from a subsistence population. The
large number of health measures and proxies of market
integration available permitted testing whether these fac-
tors mediated age-related variation, and whether they
modulated the rate of decline. Despite reports that health
status and market integration have been important in
other studies (e.g., Buzina et al., 1989; Katzmarzyk et al.,
1994; Panter-Brick et al., 1992; Rode and Shephard,
1994), their overall net effect was small among the Tsi-

mane, most apparent in measures of hemoglobin levels
among women and helminth infection among men.

The results of these analyses may also shed light on
individual and population level differences in chronic dis-
ease. In industrialized populations, meta-analyses demon-
strate that cardiovascular fitness is protective against
cardiovascular disease (Jett�e et al., 1992; Hawkins and
Wiswell, 2003). Prior studies among Tsimane suggest rel-
atively few deaths from heart attacks or strokes (Gurven
et al., 2007); a low prevalence of common cardiovascular
disease risk factors, like obesity, high blood low-density
lipoprotein levels, hypertension, and peripheral arterial
disease; and the existence of additional protective factors
like lean diet and physical activity (Gurven et al., 2009,
2013; Vasunilashorn et al., 2010). Market foods such as
cooking oil, sugar, and pasta represent only 6% of the
average Tsimane diet, and Tsimane also consume a great
deal of lean meat and omega-3 fatty acids (Martin et al.,
2012). This study complements these findings by demon-
strating that Tsimane show relatively high VO2max, an
indicator of strong cardiorespiratory health. Tsimane
VO2max declines with age, as it does everywhere, which
suggests declining muscle mass with age (Fleg and
Lakatta, 1988) and lowered cardiac output (American Col-
lege of Sports Medicine, 2006; Sagiv et al., 2007) rather
than increased cardiovascular disease risk.

Limitations

The Canadians were selected as a comparison industri-
alized population because of the similarity of the CHMS
and Tsimane protocols: very few studies of industrialized
populations have large sample sizes, sample across the
life course, and use a step test. Several aspects of the
CHMS and Tsimane protocols remain potentially incom-
parable. The Canadians experienced more stringent
exclusion criteria than the Tsimane, meaning that the Tsi-
mane sample may be more representative of cardiovascu-
lar condition in the Tsimane population than the
Canadian sample of the Canadian population. Again, if
the Tsimane sample was subjected to these criteria, we
might expect the differences in VO2max between popula-
tions to only increase. On the other hand, Canadian par-
ticipants were assigned stepping cadences based on their
age and sex, and cadence was increased across the exer-
cise test if a participant did not reach 85% of his or her
age-specific maximal HR; all Tsimane were asked to com-
plete 30 ascents per minute with no increase based on
their achieved HRs. Few Tsimane reached 75% of their
age-specific maximal HR (see Supporting Information
Table S1), perhaps because the age-specific maximal HRs
derived from industrialized populations are inaccurate for
the Tsimane or because higher fitness allowed these Tsi-
mane to perform the step test of 30 ascents per minute
with less effort. Due to these discrepancies in protocol,
which may lead to errors in estimating VO2max, we also
incorporated Tsimane data collected using the O2 method
as a check, because the O2 method estimates VO2max on
the relationship between HR and VO2 in a given
participant.

Indeed, it is an open question as to whether typical
methods for indirectly estimating cardiovascular fitness
from HR are appropriate for subsistence level popula-
tions. Common routines for VO2max estimation assume
age-specific declines in cardiovascular fitness (e.g.,
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Shephard, 1970), but these methods have only been vali-
dated with samples from industrialized populations,
which are often self-selected (Beall et al., 1985). Addition-
ally, regressions drawn from laboratory studies require
participants achieve a HR within a certain range for accu-
rate VO2max estimation; however, the appropriateness of
these ranges given slight modifications to protocol and
inclusion of participants of different ages, different popu-
lations, and both sexes is questionable. For example, the
maximal HR exhibited by young men varies across sub-
sistence populations (Shephard, 1978). Use of these crite-
ria is complicated by the fact that the most commonly
used equation for estimating maximal possible HR by age,
220-age, may be inaccurate (Robergs and Landwehr,
2002) and particularly inappropriate for older adults (see
Tanaka et al., 2001). For these reasons, we chose to use an
exclusion criterion for the Tsimane that evaluates individ-
ual increase in HR across exercise relative to the mean
increase in HR for Tsimane of the same sex and age.

The pattern of Tsimane fitness decline differs moder-
ately by the choice of exclusion criterion for participants
(see Supporting Information Table S1) and by method of
testing. However, this is a common finding. Lee et al.
(2011) predicted VO2max from submaximal exercise using
the O2 method and the HR-based American College of
Sports Medicine calculation routine in a US sample. They
found that (1) the HR-based routine predicts higher
VO2max across the sexes than does the O2 routine, and
(2) the two methods have a correlation of only 0.77. When
evaluating different testing procedures, Shephard et al.
(1968) found differences in VO2max estimation by type of
test used (e.g., bicycle ergometer versus step test) and cal-
culation routine. Exercise tests, exclusion criteria, and
calculation routines combine to provide an estimate of
actual VO2max for a given individual, and as such, varia-
tion in estimation is to be expected. However, such varia-
tion may affect cross-population comparisons in
unforeseen ways, thus the comparisons presented here
should be interpreted with caution.

While population-level variation in cardiovascular fit-
ness decline may reflect the differences in the demands of
endurance-based physical activity, muscularity, and com-
promised oxygen transport, it is possible that genetic fac-
tors may also play a potential role (Collins, 1999). In one
industrialized sample, maternal cardiovascular fitness
exhibited a heritability of 30%, which is attributed to
inheritance of the maternal mitochondrial genome (Bou-
chard et al., 2000). We do not have the relevant genetic
data for the populations considered here, however, and
thus operate under the simplifying assumption that
inheritance should not affect population-level patterns
and will not consistently bias individual-level compari-
sons in any particular direction.

This study is further limited by its cross-sectional
design. Cross-sectional data present well-known problems
for the measurement of individual aging (Crimmins and
Seeman, 2001). Mortality selection, in which individuals
in poorer condition are likely to die at younger ages, pro-
duces a downward bias in the estimation of aging rates at
the individual level (Vaupel and Yashin, 1985; Vaupel
et al., 1979). Cohort effects, if present, also produce com-
plicated and non-monotonic biases in estimation (Carnes
and Olshansky, 2001). Due to the problem of between-
individual heterogeneity and the within-individual pro-
cess of senescence, a recent overview of aging studies con-

cludes that “only longitudinal studies [. . .] provide reliable
sources of information in the study of senescence” (Nussey
et al., 2008). To date there are no longitudinal studies of
cardiovascular fitness in subsistence populations. We are
currently re-testing participants under the O2 method,
allowing a better grasp of the within-individual variation
that shapes patterns of senescent decline.
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