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Introduction

The members of the Amerindian tribe Tarahumara 
in Mexico are extremely good runners on long moun-
tain tracks (60-300 km) according to many press and 
scientific reports. We have analyzed available scien-
tific publications in the search for possible causes.

Carl Lumholtz (30) described already in 1902 the 
great endurance of the Tarahumara. He noticed, 
how a young man transported 50 kg per 180 km in 
70 hours consuming only pinole (a gruel of parched 
corn meal and water).

The Tarahumara (Raramuri – Fleet Foot – in 
their own language) have lived as farmers seasonally 
changing altitude between 2400 m and 800 m in the 
Sierra Madre Occidental in Mexico since at least 1700 
AD (4). At the lower altitude they stay in canyons (Bar-
rancas). The distances between houses and fields or 
villages are long (up to 50 km) but are always covered 
running by adults and children. In former times the 
Tarahumara like the Bushmen in Africa pursued deer 
or horses until the animals were exhausted. 
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	› The Tarahumara Amerindians in Mexico are extremely potent 
runners on long mountain trails. We have analyzed publications 
to find causes. Traditionally the Tarahumara live alternating at 
altitudes between 2400 m and 800 m. Distances from homes 
to fields and village centers are large and covered on foot since 
childhood. Men and women take part in running competitions 
often with kickballs. 

	› Investigated runs lasted on average 8:42 h (78 km without 
ascent) and 6:58 h (63km), respectively. The intensity during 
the short race amounted to 70% of estimated V̇O

2
max (ranging 

between 41 and 70 ml/(kg*min)), energy expenditure reached 
21000 kJ. People run barefoot or with thin sandals resulting in 
increased forefoot impact and storage of elastic energy. This 
and the slim frame with little subcutaneous fat reduce energy 
consumption. The vegetarian nutrition contains many carbohy-
drates and plant proteins, little fat and cholesterol. Hemoglobin 
concentration tends to increased values. Noncoding beta-chain 
variants possess no importance for oxygen affinity. The hearts are 
not enlarged like in endurance athletes. Genes show little Euro-
pean admixture. Gene enrichment in musclerelated pathways 
suggests a contribution to physical resistance. 

	› Conclusions: Explanations for the extreme endurance are fa-
vorable biomechanical conditions and physical training begin-
ning during childhood. Running on slopes and changing living 
sites between 800 and 2400 m play an additional role. Standard 
exercise tests and genetic investigations are necessary in future.

	› Die Tarahumara-Indianer sind extrem leistungsfähige Läufer 
auf langen Gebirgsstrecken. In einer Literaturanalyse wurden 
mögliche Ursachen untersucht. Die Tarahumara leben abwech-
selnd auf Höhen zwischen 2400 m und 800 m. Die Wege von den 
Wohnplätzen zu Feldern und Dorfmittelpunkten sind bis zu 50 
km lang und werden von klein auf zu Fuß zurückgelegt. Männer 
und Frauen nehmen an Wettläufen (häufig mit Bällen) teil. 

	› Die untersuchten Läufe dauerten im Mittel 8:42 h (78 km 
ohne Steigung) bzw. 6:58 h (63 km). Die Intensität während der 
Läufe betrug etwa 70% der indirekt bestimmten maximalen Sau-
erstoffaufnahme (zwischen 41 und 70 ml/(kg*min)). Der Ener-
gieumsatz beim kurzen Rennen erreichte 21000 kJ. Da barfuß 
oder mit Sandalen gelaufen wird, kommt es zum Vorfußlauf mit 
geringeren Stoßkräften und elastischer Energiespeicherung. Dies 
und der schlanke Körperbau mit dünnem Unterhautfett senken 
den Energieumsatz. Die überwiegend vegetarische Ernährung 
enthält viele Kohlehydrate und pflanzliche Eiweiße, wenig Fett 
und Cholesterin. Die Hämoglobinkonzentration tendiert zu er-
höhten Werten. Nichtkodierende Varianten in den Beta-Ketten 
haben keine Bedeutung für die Sauerstoffaffinität. Die Herzen 
sind nicht im Sinn eines Sportherzens vergrößert. In den Genen 
findet sich wenig europäische Beimischung. Genanreicherungen 
in muskelbezogenen Stoffwechselwegen haben möglicherweise 
Bedeutung für die Ausdauer. 

	› Schlussfolgerungen: Erklärungen für die extreme Ausdauer 
sind günstige biomechanische Bedingungen und Training von 
der Kindheit an. Training auf Steigungen und wechselnde Wohn-
höhen zwischen 800 und 2400 m könnten eine zusätzliche Rolle 
spielen. Bei zukünftigen Untersuchungen sind Standardergome-
trien und weitere Genanalysen notwendig. 
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Perhaps the most striking of their athletic customs is the 
game ralá hipa (ralá: foot, hipa: throw) where men must kick 
an oak root ball 4 cm in diameter for a race that can be up to 48 
hours or 270 km long (30). Women also have a similar activity, 
although of less duration (maximally 40 km), called arihueta or 
rohuémala. A little hoop (rohué = ring) is thrown using a stick 
(28, 29). There are also runs for the whole population (Figure 1).

Many members of the tribe especially those no longer living 
in the mountains have abandoned the traditional life, move 
rarely, eat Western diet and often suffer from metabolic syn-
drome (12). A problem for all Tarahumara is drug commerce 

because the Mafia forces them to collaborate. As these prob-
lems and rather frequent infections (e. g. bowel parasites) are 
not topic of this review, the corresponding publications are not 
included.

	 Methods	

A search using keywords “Tarahumara OR Raramuri” was con-
ducted in three databases: Pubmed, Embase and Lilacs on April 
20, 2020. A complementary search in Google Scholar with “Ta-
rahumara OR Raramuri AND Exercise OR Endurance” did not 
add significant results (except for a conference paper and a book 
chapter). There was no restriction by date or language. Articles 
not available in full text were excluded. A total of 200 papers 
were collected (Pubmed=90; Embase=101; Lilacs=9). RSI files (a 
standardized format of references) were uploaded in the online 
version of the software SRA-DM and a deduplication protocol 
removed 81 papers (39). The remaining 119 titles were screened to 
find physiological or clinical information related to exercise per-
formance or endurance. 74 full-text articles were read. Two addi-
tional papers identified from references were added. Finally, 22 
studies referring immediately to the Tarahumara were included 
and results grouped as follows: Exercise Physiology and Related 
Data, Biomechanics, Miscellaneous and Genetics. Thirty one pa-
pers treating questions of importance for this paper were added. 
The data are presented usually as means±standard deviation.

	 Exercise Physiology and Related Data	

Table 1 presents the running performances during scientific 
investigations in Tarahumara males (4, 13, 14) and in a similar 
competition in the European Alps (Mountainman ultramara-
thon 2017 (35)). Kickballs were used only in the Barranca del 
Cobre run, probably cause for the longer running time than in 
the Ultramaratón de los Canones in spite of less altitude differ-
ences. The Amerindians were volunteers, not always those with 
highest performance capacity. Therefore mean running times 
were much longer than those of the winners. In Marathon races 
the Tarahumara do not win often. Causes might be the rela-
tively low V̇O2max compared to high level marathon runners 
as well as “life-long adaptation to long distance running at low 
absolute intensity“(13).

Table 2 shows additional data for the 2 groups of Tarahu-
mara taking part in the runs mentioned in Table 1 (13, 14). The 
runners are small and light with little body fat. The BMI does 

Comparison of performances in investigated competitions and a similar competition in the Alps. "Real running velocity higher resulting from interruption because 
of logistic issues; *=Median; #=Mean Value.

COMPETITION
ALTITUDE DISTANCE

MEAN RUNNING 
TIME

LONGEST RUN-
NING TIME 

BEST RUNNING 
TIME

MAX. VELOCITY
REFERENCE

m km h:min h:min h:min km/h

Barranca  
del Cobre

800-2100 64 06:18 10.16" 4

Investigation run 
without slopes 

2400 78 08:42* 11:41:00 06:43 12.01 13

Ultramaraton  
de los Canones

600-2400 63 06:58# 08:05 05:51 10.77 14

Mountainman Trüeb-
see-Pilatus 2017

712-2149 61 10:40# 13:24 07:48 7.82 35

Table 1

Clinical Data of Tarahumara Runners 

QUANTITY UNIT MEAN VALUE SD

GROUP A (14): 10 RUNNERS

Age Years 29.9 6.6

Height cm 162 10

Body Mass kg 54.2 5.7

Body Mass 
Index

kg/m2 21.2 1.7

Body Fat % 10.6 1.5

Blood  Pres-
sure systolic

mmHg 105 9

Blood  Pres-
sure diastolic

mmHg 64 7

Hemoglobin g/dl 15.7 1.5

Hematocrit % 47.2 4.8

HbA1c % 5.7 0.2

GROUP B (13): 10 RUNNERS

Age Years 38 12

Height cm 163 4

Body Mass kg 60.2 5.9

Body Mass 
Index

kg/m2 22.7 1.8

Blood  Pres-
sure systolic

mmHg 122 14

Blood  Pres-
sure diastolic

mmHg 73 10

Hemoglobin g/dl 14.8 1.8

Table 2
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not reveal this, because the square 
of body length decreases more than 
proportionally for low values. Tara-
humara consuming a Western diet 
show values of approximately 28 
kg/m2 (12). Blood pressure is low 
in Group A, glycated Hb normal. 
The Hb concentration varies be-
tween 12.4 and 18.0 g/dl, the values 
are increased in part compared  
to sea level. 

The only (transcutaneous) mea-
surements of arterial oxygen he-
moglobin saturation (92±3 %) were 
performed within 30 min after the 
race without slopes at 2400 m of 
altitude (13). The values are similar 
to those in Colombian highlanders 
(93±4 %) at rest,at 2600 m above sea 
level (9).

Unfortunately there were also 
no real maximal tests of oxygen 
uptake V̇O2, but only submaximal exercise tests with heart 
rate measurements (32). The exercise consisted in stepping 
up and down a bench at 2 different frequencies; the corre-
sponding V̇O2 were calculated from heart rates and body 
mass and extrapolated to the age-related maximal heart 
rate. These estimated values varied between 41 and 70 ml/
(kg*min) in men aged 29.9 ± 6.6 SD years (14). These are val-
ues of untrained and very well trained males, respectively, 
at an altitude of 2400 m (8). Mean intensity during the com-
petition reached 70% of the maximal value. This is markedly 
lower than the highest values (85% V̇O2max) during mara-
thon races in the plain (25). Energy turnover during the race 
amounted to 18278 kJ/4373 kcal (14). Maximal consump-
tion values of 46000 kJ/24 hours were reached during races  
over 100 miles/161km (4). 

Already in 1971 Aghemo et al. (1) published similar mea-
surements at 2300 m of altitude. Males on average 30 years old 
reached a V̇O2max of 63±7 ml/(min*kg), the highest value was 
81 ml/(min*kg). Rivera-Morales et al. (40) applied the method 
in males aged 16.9±1.2 years in Guachochi (2400 m): Tradi-
tionally living Tarahumara presented significantly (p=0.007) 
higher values (54.2±8.6 ml/(min*kg)) than nontraditionally liv-
ing (47.3±7.6 ml/(min*kg)) and Mestizos (46.2±8.9 ml/(min*kg).

The superiority of aerobic performance compared to a con-
trol population is already evident in children (48). Maximal 
aerobic power determined by the Margaria method was higher 
in 10-year-old Tarahumara boys than in Mestizos (53.2±9.3 
vs 48±8.7 ml/(min*kg)). These differences persist when con-
trolling for body composition (65.7±11.3 vs 60.1±9.7 ml/(min*kg 
fat free mass) (37). The general problem of all these studies is 
that maximal heart rate varies markedly by approximately 
30/min in each age group due to genetics and motivation (48). 
Christensen et al. (14) assume±12% deviation from the results 
of indirect calorimetry.

Only few blood quantities were measured. After the race 
(14) the Creatine kinase increase was marked, but not extreme 
(mean value 2737 units/l). Sodium concentration in plasma 
decreased on the average from 138 to 128 mmol/l obviously 
caused by sweating and inappropriately high consumption of 
water. A concomitant potassium increase is explainable by loss 
from muscle tissue. Apparently lactate concentration was never 
measured.

 
	 Biomechanics	

The Tarahumara run either barefoot or wear very thin sandals, 
leading to forefoot running with increased impact and probably 
good storage of elastic energy (24, 51) with consequently slightly 
reduced O2-consumption (20, 46). Groom (18) describes their gait 
as “rhythmic and swinging, moderate, but unrelenting”. This is 
favored by a stiffer plantar arch and stronger toe abductors (23). 
These characteristics are beginning to change as the Tarahumara 
adopt the use of conventional running shoes. Lieberman et al 
(28) found that the rearfoot strike is more predominant in the 
Tarahumara wearing conventional shoes (75% vs 30%), correlated 
with higher strike type index (2.69±0.59 vs 2.04±0.71) and angle of 
incidence (-6.27±5.28° vs -1.42±4.46°). Whether this change in the 
type of shoes and consequently the foot strike pattern modifies 
their physical performance, remains to be studied. It has to be 
mentioned, however, that the test in this study was performed 
on a short flat trackway not really corresponding to conditions 
in the mountains. Additionally, a review based on five studies 
concluded that this pattern as sole factor does not explain chan-
ges in running economy (36). Notwithstanding, and considering 
the type of terrain in which the Tarahumara run, neurodynamic 
factors such as step frequency or proprioception could confer 
them advantages. Additionally the slim body with very thin sub-
cutaneous fat (18) reduces energy need. 

Similar advantages have been shown in Kenyans. Gastroc-
nemius muscle and Achilles tendon store much energy by 
stretching during hopping (44). Kangaroos can even increase 
their hopping velocity with minimal rise of energy turnover (27).

Additionally running downhill (negative exercise) on half the 
distance in most Tarahumara competitions costs very little ener-
gy (31). A minimum was measured at a slope of -10%. An uptake of 
usable energy by the muscle during braking (e. g. ATP-synthesis) 
was already suggested by Hill (21) and never disproved (7).

	 Miscellaneous	

Nutrition
The mainly vegetarian traditional diet contains many carbohy-
drates (corn) and vegetable proteins (beans), little fat (main-
ly unsaturated) and cholesterol (4, 11, 33). As mentioned 

Figure 1  
A group of women paced by some men playing Ariweta (a traditional race for women running and throwing a ring 
made of wood and cloth) in Urique, Chihuahua, Mexico. Picture: IMAGO / MarcosxFerro.
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above, part of the tribe now eats Western diet and consumes 
too much with consequent health problems (11). Christensen 
et al. (12) detected 71.9 % obesity, 28,8% hypertension and 3.3% 
diabetes in a crossectional study in 64 subjects from 5 rural 
communities.

The lifestyle of the Tarahumara conditions their body compo-
sition. A study evaluating urban versus rural Tarahumara chil-
dren in boarding schools (5) showed lower body fat percentage 
(19.73 ± 5.61% vs 13.55 ± 6.62%, p<0.01), even when caloric intake 
was equal during the weekdays. The authors suggest that during 
the weekend at home the intake decreases considerably in ru-
ral children and that their levels of general physical activity are 
higher than that of urban children (5). This rural-urban distribu-
tion observed also in adults is not seen in all rural Tarahumara. 
While the BMI was normal in 67.2% of rural males, the percentage 
reached only 35% in females (p =0.002, (34)). The possible cause 
is that most women end racing after birth of the first child (29). 
Gender differences did not exist in town inhabitants.

Cardiovascular and Respiratory System
The hearts are not enlarged as in endurance athletes (18). After 
the Ultramaratón de los Canones (14) most cardiac functions 
(echocardiographic and electrocardiographic measures) nor-
malized within 6 hours. Blood pressure was initially low in 
young runners (see Table 2) and was slightly decreased for at 
least 24 h after the race.

The Tarahumara do not hyperventilate at the end of a 
4-hour-race, but frequently moan about muscle soreness (4). 
However, “the lack of panting at the end of a race may reflect 
only that they were running below their aerobic threshold” (29).

Erythrocyte and Plasma Volume
Because of the regular stay at high altitude and the partly in-
creased [Hb] as well as the regular physical training one should 
expect a rise of the red cell volume (9), but no measurements in 
the Tarahumara exist. According to investigations in subjects 
regularly changing between highland and lowland in Chile the 
Hb mass remains increased, while the plasma volume decreases 
after each ascent (45).

	 Genetics	

There are many genetic investigations in the Tarahumara and 
other Ameroindians, but few concerning performance capaci-
ty and altitude. A selection of interesting papers is presented 
in Table 3. The European admixture amounts to 15% for the 
Y-chromosome (38). Since fathers contribute less than half of 

total base pairs, this means maximally 7% of the genome. The 
mitochondrial genes show no such admixture and indicate pure 
female Amerindian descent (43). Avila-Arcos et al (3) describe 
that the gene BCL2 like 13 encoding for a mitochondrial protein 
is highly expressed in the muscles of the Tarahumara.

Some gene variations (HLA class I and class II) are equal as 
in the Aymara, a population in the Andes (15). The most frequent 
haplotypes of the beta hemoglobin chain genes (5’ Haplotype 
1 and 3’ Haplotype C) are similar to those in North China and 
in the Aché tribe in Paraguay (10). But these DNA variants are 
non-coding (located in intron 2 or in the flanking regions of 
the adult beta-globin gene). None of those DNA changes would 
alter the beta-chain amino acid sequence and they would have 
no effect on the functional properties of Hb (47). 

The only genetic analysis carried out specifically in Tarahu-
mara runners showed a striking enrichment in genes related 
to the production of the extracellular matrix of tendons and 
muscles in a gene ontology analysis (41). This genetic profile 
could provide the mechanical advantages for the foot strike that 
we mentioned above.

There is a relatively high frequency of the alleles CYP-
2C19*2-CYP2C19*3 in the Tarahumara population, which are 
associated with poor metabolizers of many drugs (42). If this 
has any relation to Tarahumara endurance, should be evaluated 
in the future. Together with nitric oxide synthase (NOS) this 
protein complex has been shown to participate in the regulation 
of muscular blood flow during physical activity (22).

One haplotype for a dopamine receptor (DRD4) has been 
found in the Tarahumara (2). The repercussions that such a 
polymorphism may have on physical performance, are merely 
speculative. However, it should be noted that another polymor-
phism in the expression of the dopamine D4 receptor (R7) has 
been linked to longevity due to its ability to regulate behavioral 
responses to the environment, such as changes in levels of phys-
ical activity. It would not be surprising, if the Tarahumara’s high 
motivation for engaging in physical activities had to do with 
genetically inherited behavioral modifications (16).

Finally, although a direct connection between killer cell im-
munoglobulin-like receptors (KIR) and physical endurance has 
not been determined, natural killer cells (NKC) are the mostly 
modulated immune cells during exercise. Probably immunolog-
ical benefits of physical activity are due to them (50). The het-
erogeneity of the responses to intense physical exercise, for ex-
ample during marathons, suggests that differential epigenetic 
processes can provide advantages, especially in recovery times 
(6, 26, 53). The advantage of epigenetic adaptations which may 
last for generations is their velocity: the distribution of changes 

Genetic Investigations in the Tarahumara

GENES TARAHUMARA REFERENCE

Y-chromosome Small European admixture 38

Mitochondrial genes No  European or African admixture 43

Beta-Hemoglobin 5’ Haplotype 1 and 3’ Haplotype C most frequent 10

Human leukocyte antigens  Similar like in Bolivian and Brasilian Amerindians 15

Methylenetetrahydrofolate reductase C677T (neural tube defects) Frequency low contrasting to other tribes in Mexico 11

CYP2C19*2 -CYP2C19*3(poor drug metabolism, connected to  
muscular blood flow)

Frequency high contrasting to other tribes in Mexico 42

Exon 3-VNTR of the DRD4 (Behavior) Frequency high contrasting to other tribes in Mexico 2 

KIR genes (function of killer cells) Frequency high contrasting to Caucasian and Mestizo 19 

Collagen and extracellular matrix in muscle and tendons Enrichment in contrast to Mestizos 41 

Table 3
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in a population needs only few years instead of at least centuries 
for mutations (26). Remarkably, it has been found that physical 
training in hypoxia can upregulate NKC activating molecules 
(52). And indeed, the activator gene, KIR2SD5, has a differential 
expression among the Tarahumara (19). 

	 Conclusions	

Astonishingly little is known about exercise physiology in the 
Tarahumara. Obviously standard maximal ergometric tests or 
lactate measurements have never been performed. Probable 
explanations for the high-performance capacity of the Tarahu-
mara are similarly like in Kenyans favorable biomechanical 
conditions and regular physical training beginning in early 
childhood. Running on steep paths and changing living alti-
tudes between 800 and 2400 m might play an additional role. 
Some investigators believe that genetic properties are less im-
portant for endurance capacity of highlanders than acclimation 
since childhood (4, 17, 49). Epigenetic mechanisms, i. e. living 
and training for generations at high altitude, have recently 
came into the focus (26).

However, the roles of genetic properties or epigenetic effects 
as well as standard exercise physiology remain a challenge for 
future research.�
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