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ABSTRACT  The aerobic capacity of 268 subjects (158 males and 110
females) was evaluated in La Paz, Bolivia situated at 3,750 m. The sample
included 1) 39 high altitude rural natives (all male); 2) 67 high altitude urban
natives (32 male, 35 female); 3) 69 Bolivians of foreign ancestry acclimatized
to high altitude since birth (37 male, 32 female); 4) 50 Bolivians of foreign
ancestry acclimatized to high altitude during growth (25 male, 25 female);
and 5) 43 non-Bolivians of either European or North American ancestry accli-
matized to high altitude during adulthood (25 male, 18 female). Data analyses
indicate that 1) high altitude urban natives, acclimatized to high altitude
since birth or during growth, attained higher aerobic capacity than subjects
acclimatized to high altitude during adulthood; 2) age at arrival to high
altitude is inversely related to maximum oxygen consumption (VO, max)
expressed in terms L/min or ml/min/kg of lean body mass, but not in terms of
mUmin/kg of body weight; 3) among subjects acclimatized to high altitude
during growth, approximately 25% of the variability in aerobic capacity can be
explained by developmental factors; 4) as inferred from evaluations of skin
color reflectance and sibling similarities, approximately 20 to 25% of the
variability in aerobic capacity at high altitude can be explained by genetic
factors; 5) except among the non-Bolivians acclimatized to high altitude dur-
ing adulthood, the aerobic capacity of individuals with high occupational
activity level is equal to the aerobic capacity of high altitude rural natives;
and 6) the relationship between occupational activity level and aerobic capac-
ity is much greater among subjects acclimatized to high altitude before the
age of 10 years than afterwards. Together these data suggest that the attain-
ment of normal aerobic capacity at high altitude is related to both develop-
mental acclimatization and genetic factors but its expression is highly medi-
ated by environmental factors, such as occupational activity level and body
composition.  © 1995 Wiley-Liss, Inc.

In general, work capacity (or aerobic ca- transport and deliver oxygen to the tissues.
pacity) is defined as the maximum oxygen Sea level natives sojourning at high altitude
intake per unit of body weight during maxi- ——
mal work. As Such, it measures the Capacity Received .Tu'l).' 11, 1894, accepted November 18., 1994,
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exhibit a marked reduction in maximal aer-
obic capacity (VO, max), while high altitude
natives generally have VO, max levels
equivalent to those of sea level individuals
(Baker, 1976; Buskirk, 1976; Elsner et al.,
1964; Frisancho et al., 1973; Grover et al.,
1967; Kollias et al., 1968; Lahiri et al., 1967,
Mazess, 1969; Velasquez, 1966, 1970,
Velasquez and Reynafarje, 1966; Way,
1976). An enduring question is the extent to
which this characteristic reflects differences
in acclimatization based on genetic differ-
ences, or simply reflects population differ-
ences in adaptation based on environmental
factors. In other words, the extent to which
this characteristic is acquired or genetic is
not well defined. In a previous study we ad-
vanced the hypothesis that the relatively
high VO, max of the high altitude native is
the result of a developmental adaptation to
high altitude hypoxia (Frisancho, 1975).
This hypothesis was based on the finding
that Peruvian sea level subjects raised at
high altitude since childhood attained VO,
max similar to high altitude natives, but Pe-
ruvian and US sea level adult natives who
resided at high altitude for as long as 2 years
attained lower VO, max levels than high al-
~titude natives. Due to the fact that there has
" " been a great dea! of admixture among Peru-
* “vian populations, it is possible that the sim-
ilarity between sea-level Peruvians raised
(during childhood) at high altitude and high
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1. 39 high altitude rural natives (HARN)
residing in the village of Taucachi situated
at 4,100 m outside of La Paz.

2. 67 high altitude urban naties (HAUN)
(32 male, 35 female).

3. 69 Bolivians of foreign ancestry accli-
matized to high altitude since birth (AHAB)
(37 male, 32 female).

4. 50 Bolivians of foreign ancestry accli-
matized to high altitude during growth
(AHAG) (25 male, 25 female).

5. 43 non-Bolivians of either European or
North American ancestry acclimatized to
high altitude during adulthood (AHAA) (25
male, 18 female).

Measurements of body size
and composition

The subjects were evaluated through
standard anthropometric techniques that
included measurements of stature, weight,
and skinfold thickness at the triceps, sub
scapula, supra iliac, and median calf, Body
mass index (wt/height squared) and sum of
skinfold thicknesses (sum of triceps, sub-
scapular, supra iliac, and calf skinfolds)
were obtained by computation.

Estimates of body composition

Measurements of whole body resistance
were obtained with a bioelectrical imped-
ance analyzer (model 1990B; Valhalla, Sci-

: * altitude natives may be due to their genetic
;7. gimilarities rather than reflecting a devel- supine position with arms and feet spread
st opmental factor. For this reason we studied  and shoes and socks were removed. The de-

' 7 the bioenergetics during maximal exercise " tecting electrodes were placed on the dorsal
el " of foreigners (Europeans and North Ameri-  aspect of the right wrist midway between
s T cans) acclimatized to high altitude during'

entific, San Diego, CA). Subjects assumed a

PO

pa—

-

. , the radial and lunar processes, and the ante-
3 % adulthood, Bolivians of foreign ancestry ac-

climatized to high altitude either since birth '

or during growth, and high altitude natives

_ ... .,living in the rural and urban areas of La

" Paz, Bolivia.

MATERIALS AND METHODS
Subjects

The sample consisted of 268 subjects (158
male, 110 female) studied in the city of La
Paz, Bolivia, situated at 3,712 m above sea-
level. The age of the subjects ranged from 13
to 49 years and included the following.

'rior aspect of the right ankle midway be-

tween the tibia and fibia’s malleoli. Total
body resistance (R) was recorded to the
nearest ohm (Q2). The equation of Kushner
et al. (1992) was used to estimate total body
water. Based on this information the follow-
ing values were calculated.

1. Lean body mass, kg (LBM) = Total
body water/0.732.

2. Fat weight = Total body weight
(kg) — LBM (kg).

3. % Fat weight (%) = (Fat weight (kgV
total body weight (kg)) * 100.
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Skin color reflectance

Measurements of skin reflectance were
made with a Photovolt Reflectometer, model
575. Reflectance readings were made follow-
ing the same procedures used in our previ-
ous study (Frisancho et al., 1981). This in-
cluded measurements with two (filters
identified as triamber and trigreen. These
filters have transmission peaks of approxi-
mately 600 nm (triamber) and 550 nm (tri-
green) (Conway and Baker, 1972; Frisancho
et al., 1981). At least two readings at the
inner arm distal to the axillary region were
obtained on each participant. Reflectance
readings given by both filters were averaged
for each subject and these were used in the
present analysis.

Exercise test

The exercise tests were conducted in the
bicenergetics laboratory of the Instituto Bo-
liviano de Biologia de Altura (IBBA) in La
Paz (3,750 m). The environmental parame-
ters (mean * SD) were 500 + 0.9 mmHg for

. barometric pressure and 16.5 * 1.5 °C for
- ambient room temperature. Exercise tests

were conducted on a Monark cycle ergome-
ter. Pedaling frequency was maintained at
70 rpm. Heart rate (HR) and arterial oxygen
(SAOQ,) were monitored continuously using a

_Polar heart rate monitor (Polar Vantage XL)
and an ear oximeter (Ohmeda 310) through-

out the test. Samples of expired air were

* collected in Douglas bags and measured for

volume with a Tissot spirometer. Tempera-
ture and pressure were used to correct gas
volumes BTPS (body temperature, ambient
pressure) and STPD (standard temperature
and pressure, dry). The fractions of O, and

' CO, in the expired air were determined with
"“a Servomex 570A and a Capnograph Gould

"' Mark III. Pulmonary ventilation (VE), res-

PO b

piratory exchange ratio (RQ = VCO,VO,

-+ [VCO, is CO, output and VO, is O, uptake],
U and the ventilation equivalents for O, (VE/
“VQ,) were calculated for each expu-ed air

collectxon sample.
" Subjects were measured at rest for 4 min

A et wlnle sitting on the bicycle ergometer. Sub-
i it jects then performed a warm-up exercise for

"« .. ».».4 min, or until the heart rate reached 150

. beats/minute, while the resistance of the bi-
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cycle pedal was maintained at moderate
work load of 0.50-1.50 kg/min. At the com-
pletion of the warm-up period the workloads
were increased in successive 1.5 min steps of
1 and 2 kg/min until exhaustion, depending
on the subject’s ablhty The last 30-second
samples of expired air were collected for de-
termination of VO, and VCO,. Throughout
the test the rate of oxygen consumption in-
creased linearly with the magnitude of
work, and as the exercising subject ap-
proached the point of exhaustion or fatigue,
his/her oxygen consumption reached a max-
imum and remained at that level even with
further increase in work.

Estimates of occupational
activity level

The subjects were asked about their par-
ticipation in organized sports (i.e., soccer,
basketball, swimming, bicycling, tennis, and
hiking). Each participant was specifically
asked how many times per week he/she par-
ticipated in an organized athletic activity.
Based on this information, the subjects were
classified into three groups. Low level: sed-
entary individuals who did not regularly
practice any sport (although some subjects
were occasionally involved in organized ac-
tivities such as dance groups). Medium
level: individuals who participated in orga-
nized sports on a given school or college
team, but such activity took place less than 3
times per week. High level: individuals
whose employment was characterized by a
high level of daily activity (e.g., agricultural
workers), or subjects who were members of
organized sports teams at school or college
and the activity occurred more than 3 times
per week (e.g., basketball, swimming, and
soccer team members).

‘Statistical analysis

The data were analyzed using parametric
and non-parametric statistical tests. The
variables that were not normally distributed
were converted to z-scores (normalized) or

logarithmic transformations in order to de-

termine the statistical significance of the ob-

“served differences and inter-relationships.

In addition, the data were evaluated using
step-wise multiple regression analysis
whereby the most important variables that

|
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TABLE 1. Gencral characteristics of males and females included in the study of acrobic capacity during maximal
exercise at high altitude

Mean + SE
High altitude  High altitude Acclimatized Acclimatized Acclimatized
rural natives  urban notives since birth during growth  during adulthood
Variables (HARN) (HAUN) (AHAB) (AHAG) (AHAA)
Males
N 39 32 a3 25 25
Age (yr) 3472+ 131 21.13+0.67* 21.36 = 1.04° 22.30 = 1.79* 31.18 £ 1.70
Age at arrival (yr) n.a. na. na. 8.54 + 0.83 25.48 = 1.83
Residence (yr) 34.72+131 21.13+069 21.36 + 1.04 13.74 £ 2,03 335 1.02
Occupational activity (score) 277+ 0.07 206 = 0.03*  2.00 = 0.12* 2.56 + 0.14 2.12 = 0.16*
Weight (kg) 58.65+1.12 60.04 ~1.04 61.69 * 1.56 64.44 + 1.90%** 69.77 + 2.09***
Height (cm) 160.56 + 0.59 168.54 + 0.83* 170.34 = 1.41* 174.29 + 1.32%** 172.94 * 1.68%**
BMI (kg/m?) 2273038 21.12x033 21.19=:0.39 21.23 = 0.59 23.30 * 0.60
Sum of skinfolds (mm) 4197 +219 4834230 4642 =292 45.47 = 3.21 52.38 + 4.36*
Bio-impedance (1) 469065 546.0=13.1 521997 522.0+11.2 4858 = 1.7
Lean body weight (kg) 50.09 + 0.82 49.14 £ 0.84 51.21 + 117 51.98 + 1.12 56.36 = 1.53*
Fat weight (kg) 856+0.75 1094 +0.61* 1048 =0.77* 12,47 + 1.22* 13.41 + 1.61*
Body fat (%) 1420+ 108 1795+ 0.84* 16.59 = 1.02* 18.69 * 1.39* 18.64 = 1.70*
Mean skin reflectance (%) 2597 + 0.46  32.67 = 0.33* 37.87 = 0.67*** 39.12 + 0.77%**  40.98 + 0.83%:**
Females
N 35 32 25 18
Age (yT) 21.09 * 1.04 19.61 = 0.82 20.76 * 1.16 32.22 = 1.67**
Age at arrival (yr) n.a. n.a. 6.66 + 0.76 26.94 + 1.99
Residence (yr) 20.09 104 19.61 £ 0.82 14.09 = 1.04 5.08 + 1.56
Occupational activity (score) 1.94 + 0.12 194 £ 0.13 2.40 £ 0.13 2.33+0.18
Weight (kg) 5496+ 158 53.08=+119 56.52 + 1.38** 57.89 + 1.96**
Height (cm) 15763+ 1.03 157.76 = 1.13 162.58 + 1.09**  162.99 + 1.68**
BMI (kg/m?) 2212+ 060 21.28 035 21.37 2 0.44 21.74 = 0.59
Bio-impedance ({1) 585.6 £ 10.0 6109 =123 580.2 =125 550.7 + 11.7
Sum of skinfolds (mm) 69.57 =+ 3456 68.44 £ 3.25 62.96 £ 2.79 67.33 £ 4.73
Lean body weight (kg) 3966 0.71  38.38 £ 0.95 42.78 £ 1.12°%  44.60 = 1.44°*
Fat weight (kg) 1530+ 119 14€9+084 13.74 £ 1.10 13.30 = 0.91
Body fat (%) 2691 =182 2743=130 23.97 + 1.63 22.713=1.18
Mean skin refleclance (%) 3321 035 36.06 > 0.60** 8714 2 0.77**  40.72 = 0.70**

"&gmﬂcnndy(?<006)dlﬂ'mntl‘mmw

** Significantly (P < 0.0I)Memt from HAUN.

. influenced variability in aerobic capacity
..o were selected from several mdependent_
‘variables,

" RESULTS
Physical characteristics
As shown in Table 1, the high altitude

_urban natives and the Bolivians of forexgn

ancestry acclimatized to high altitude since
birth or during growth were significantly
younger than both the high altitude rural
natives and the non-Bolivians acclimatized

“to high altitude during adulthood. In terms

of body size and composition, the high al-
titude rural subjects were significantly
shorter, leaner (indicated by lesser skinfold
thicknesses 'and percent  body fat), and
darker (i.e., lower mean skin reflectance
values) than the other four groups. How-

"7 ever, the subjects acclimatized to high alti-

tude since birth or durmg growth and accli-

matized to high altitude during adulthood

were very similar in skin color. Among fe-

males, both the high altitude urban natives
and those acclimatized to high altitude since

* birth were significantly shorte{ than their
~ counterparts acclimatized to high altitude

during growth or during adulthood. On the
other hand, there were no differences in’

" body fat among females in all groups. In con-
‘trast, the female subjects acclimatized to

high "altitude since birth or during growth
and those acclimatized during adulthood
had similar skin reflectance values, but all
three groups were significantly lighter than
the high altitude urban natives.

Bioenergetics

Table 2 summarizes the results of the
male and female bioenergetic tests. These
data show that among males the arterial ox-
ygen saturation (%) of the subjects acclima-
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TABLE 2. Biocnergetic values of high altitude rural natives (HARN), high altitude urban natives (HAUN), Bolivians of
farvign ancestry acclimatized to high altitude since birth (AHAB), Bolivians of foreign ancestry acclimatized to high
altitude during growth (AHAG), and foreigners acclimatized to high altitude during adulthood (AHAA)

Mean + SE
High Altitude High Altitude Acclimatized Acclimatized Acclimatized
Rural Native Urban Natives Since Birth During Growth  During Adulthood
Variables s (HARN) (HAUN) (AHAB) (AHAG) (AHAA)
Males
N 39 32 33 25 25
Sa0y, (%) 91.00 £+ 0.24 90.10 + 0.34 88.38 + 0.50* 88.44 = 0.52* 88.88 + 0.65*
Heart rate (beats/min) 167.28 £ 2.16 183.59 £ 1.83* 179.76 = 1.96* 178.84 + 2.96* 171.75 + 2.61*
VEures: (L/min) 119.35 + 310 122.65= 3.26 12226 462 12393+ 350  132.29 * 6.05°
VO, STPD (L/min) 281+ 005 2392005 249:008* 273006 2.55 * 0.12*
VO, STPD (mUmin/kg) 48.24 + 0.95 40.00 * 0.75* 40.43 * 0.83* 42,95 * 1.21* 36.69 + 1.54*
VO, STPD (mVmin/%g-LBM) 56.21 = 1.11 48.92 + 0.90* 48.63 = 1.04* 52.90 = 1.26 44.97 =+ 1.62*
VCO; STPD (L/min) 2.81 + 0.09 2.73 + 0.06 2.82 > 0.09 2.87 £ 0.09 275+ 0.13
\"CO, (ml/minkg) 48.10 = 1.29 45.64 = 1.02 45.58 = 1.00 45.06 + 1.52 39.80 = 2.22*
RQ 1.01 = 0.03 1.14 * 0.02* 1.13 = 0.02* 1.05 + 0.03 1.10 + 0.04*
VE g1ps)/VO, 4281 £ 1.17 5181 +123* 4949=139* 4557=+1.17 52.78 + 1.81*
VO,/HR (beate/min) 16.88 + 0.37 13.04 = 0.32* 13.90 = 0.51* 15.39 = 0.46* 15.17 = 0.81*
Females
N 36 32 24 18
Sa0, (%) 90.97 = 0.42 89.94 + 0.62 89.68 £ 0.70 88.78 = 0.76**
Heart rate (beats/min) 173.74 £ 262 17925+ 234 17228 + 293 164.39 + 3.34**
VE, grps; (L/min) 78.76 + 2.55 77.92 = 2.87 83.78 = 2.68 88.86 + 5.88**
VO, STPD (L/min) 1.66 = 0.06 1.60 = 0.06 1.78 £ 0.07 1.60 = 0.08
VO, STPD (mlVmin/kg) 30.60 = 1.04 30.15 = 0.94 31.68 + 1.09 27.53 £ 0.93
VO, STPD (mVmin/kg-LBM) 4198 + 1.34 41.69 = 1.19 41.82 + 1.32 35.66 = 1.12%**
VCO, STPD (L/min) 1.87 £ 0.05 1.76 = 0.07 1.93 + 0.09 1.66 * 0.09
VCO, (mVmin/kg) 34.45 099 33.36 + 1.05 3MU.33x 145 28.67 £ 1.34**
RQ 1.13 £ 0.02 1.11 £ 0.01 1.08 £ 0.02 1.04 = 0.04**
?&,m,No, 48.14 + 1.37 49.55 + 1.55 47.71 + 1.42 55.99 + 3.16**
VOHR (beats/min) 9.63 + 0.37 8.97 + 0.40 1049 = 0.52 9.80 + 0.56

_ tized to high altitude during adulthood was
. significantly lower than that of the high alti-
... tude rural natives. The heart rate among
_ ", . the high altitude rural natives was signifi-
... .. cantly lower than that of the high altitude
~ .+, urban natives acclimatized to high altitude
"% since birth or during growth, but was simi-
... lar tg that of the group which was acclima-
on .. %ized to high altitude during adulthood. The
. ..., mean pulmonary ventilation for those accli-
. ...matized to high altitude during adulthood
-|.”-. 1+ was significantly higher than those of the
"."". high aititude rural natives; however, the
. ‘subjects acclimatized to high altitude since
" birth or during growth had similar values.
The Bolivians of foreign ancestry acclima-

growth and the high altitude urban natives

., attained lower aerobic capacity (40-43 mV/
- min/kg) than the high altitude rural natives

. (48 mVmin/kg). On the other hand, subjects
acclimatized to high altitude since birth or
during growth and high altitude urban sam-

tized to high altitude since birth or during

* Significantly (P < 0.05) different fram high altitude raral natives (HARN),
*s Significantly (P < 0,05) different from high altitude urban natives (HAUN).
**¢ Significantly (P < 0.01) different from high altitude urban natives (HAUN).

ples had significantly higher aerobic capac-
ity (4043 ml/min/kg) than those acclima-
tized to high altitude during adulthood (37
mVmin/kg). These group similarities and
differences did not change when the maxi-
mum oxygen consumption was related to
lean body mass. The fact that in all the sam-
ples the RQ was >1 suggests that the sub-
jects did reach maximum exertion.

Among females the arterial oxygen satu-
ration (%) and heart rate of the non-Bolivi-
ans acclimatized to high altitude during
adulthood was significantly lower than
those of the high altitude ur natives.
Similarly, Bolivians of foreign ancestry ac-

‘climatized to high altitude during birth or

during growth and high altitude urban na-
tives attained higher aerobic capacity than
non-Bolivians acclimatized to high altitude
during adulthood. The ventilation equiva-
lent of the non-Bolivians acclimatized to
high altitude during adulthood was signifi-
cantly higher than the other three samples.
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As with the males, all four female groups
exhibited an RQ >1 which suggests that the
subjects did reach maximum exertion,

DISCUSSION

The higher oxygen consumption observed
among the high altitude rural natives
agrees with previous studies conducted
among rural high altitude samples (Baker,
1976; Buskirk, 1976; Greksa et al., 1984;
Kollias et al., 1968; Lahiri et al., 1967; Maz-
ess, 1969; Sun et al., 1990; Way, 1976). Sim-
ilarly, the VO, max observed among the high
altitude rural natives and those acclima-
tized to high altitude since birth or during
growth is comparable to that found among
urban samples studied at high altitude
(Coudert, 1993; Fellman, 1986; Frisancho
et al., 1973; Greksa and Haas, 1982; Greksa
et al., 1981; 1985; Mazess, 1969). The fact
that the Bolivians of foreign ancestry accli-
matized to high altitude since birth or dur-

t ing growth attained comparable values to
" those of the high altitude urban natives sug-

. - gests that the attainment of normal aerobic

capacity at high altitude is related to devel-

opmental acclimatization..

Aerobic capacity and
developmental response

It is usually assumed that the expression

_of VO,max in terms of mV/min per kg of body

weight is a good indicator of aerobic work

~ capacity. In general, however, one would ex-

that among samples where there is
large variability in body composition, maxi-
mum oxygen consumption expressed as ml/

* min/kg is not an adequate indicator of aero-
“bic capacity. Analysis of the relationship of

- ‘body composition and aerobic capacity indi-

cated that the latter is negatively influenced

>~ by body fat within each sample. Table 3 pre-
" - gents the average correlations for all sam-

' ples. These data show that aerobic capacity,
* expressed as L/min or as ml/min/kg of lean -
‘body mass, is a better index for aerobic ca- -
pacity than ml/min/kg of total body weight. -
" Therefore, VO,max, expressed in terms of °
" mV/min/kg of lean body mass, is a better indi-

[ ¥

** - cator of aerobic capacity than VO, max ex-

“pressed as ml/min/kg of total body weight.

As illustrated in Figure 1, among Bolivi-
ans of foreign ancestry acclimatized to high

AR. FRISANCHO ET AL.

TABLE 3. Summary of correlation cocfficients (r) of
estimates of body fat and measures of aerobic capacity
during maximal exercise at high altitude of five male and
female samples

Males Females
Variables (r) (4]
VO, (L/min)
Sum of skinfolds (mm) -0.03 0.07
Fat weight (kg) 0.08 0.14
% fat weight (%) -0.07 -0.05
VO, (mVminkg)
Sum of skinfolds (mm) -0.50* -0.36*
Fat weight (kg) ~-0.50* -0.36*
% fat weight (%) -0.46* -0.35*
VO, (mVminkg-LBM)
Sum of skinfolds (mm) -0.24 0.02
Fat weight (kg) -0.02 0.16
% fat weight (%) 0.06 0.23
*P <001

altitude during development, about 25% of
the variability in aerobic capacity can be ex-
plained by age at arrival to high altitude. It
should be noted that age at migration was
not correlated with chronological age (r=_
0.14). This finding is in agreement with a : -
previous study conducted among sea-level
Peruvian college students raised at high al-
titude (Frisancho et al., 1975). However,
this outcome differs from the results of
Greksa and Haas (1982) who studied U.S.
children raised in La Paz, Bolivia. In this
study it should be noted that the relation-
ship of age at migration to high altitude and
aerobic capacity was evaluated with refer-
ence to oxygen consumption per ml per min

per kilogram of total body weight and work

output, indices which are highly influenced
by body composition and training. The re-
sults of the present study also disagree with
the findings of Sun et al. (1990) who con-
ducted comparative studies of Tibetan na-
tives and Han Chinese who were lifelong
sea-level residents residing at high altitude.

'In this study the aerobic capacity (maxi-

mum oxygen intake) of high altitude native.
Tibetans was higher than the Han Chinese :
who were born at sea-level and acclimatized
to high altitude after the age of 8 years (Sun -
et al., 1990). However, this research in-
cluded a higher proportion of Han smokers
(45%) than Tibetan smokers (38%). Studies

_ conducted in La Paz, Bolivia, indicate that

the negative effects of smoking on aerobic
capacity are greater at high altitude than at ~
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Fig. 1. Relationship of age at arrival to high altitude and aerobic capacity. A = Males: VO max

(Vmin) = —0.033x + 3.013; r=-0.50; VO,max
0 = Females: VO,max (Vmin)= -0.040x + 2.077,
+ 48.854,r = —0.55). Note: In
to age at migration.

sea level (Spielvogel et al., 1988). Therefore,
the lower aerobic capacity of the Han proba-
bly reflects the negative effects of smoking
rather than differences in the process of ac-
climatization to -high altitude. In other
words, if the comparison had either ex-

+ .cluded all smokers or balanced the samples

+-: by having the same proportion of smokers in

the Tibetan and Han samples, the sea-level

Han would have attained a similar aerobic

capacity as the high-altitude Tibetan na-

. tives. This result would have suggested a

developmental role in the attainment of full
functional adaptation to high altitude.

AN " Aerobic capacity and genetics
Skin reflectance
Previous studies have demonstrated that

..skin color, as measured by skin reflectance,
. is under genetic control (Harrison, 1961). It

Py

both males and females maximum oxygen

- genetic differences.

(L/min/kg-LBM) = —0.772x + 59.488, r=-0.51.
r = —0.46; VO,max (L/min/kg-LBM) = -1.059x%
consumption is inversely related

has been shown that variability in skin color
reflectance is the result of the additive ef-
fects of 3-5 loci (Byard, 1981) and that 50 to
70% of the variability in skin reflectance is
due to a heritable additive genetic compo-
nent (Frisancho et al., 1981; Post and Rao,

. 1977). Based on this information Greksa

(1992) has used measurements of skin re-
flectance to evaluate the role of genetic fac-
tors in the acquisition of lung volumes of
high altitude subjects. As such? skin reflect-
ance can be used as a proximate marker of

As shown in Table 4 in both the high alti-
tude rural and urban natives, 15 to 25% of
the variability in aerobic capacity is influ-
enced by genetic factors associated with skin
color reflectance (Fig. 2). On the other hand,
skin color reflectance does not seem to influ-
ence the aerobic capacity of Bolivians of for-
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TABLE 4. Correlation cocfficients (r} of log mean skin reflectance (%) and measures of acrobic capacity during maximal
exercise at high altitude in males and females

High altitude High altitude Acclimatized

Acclimatized Acclimatized

rural natives urban natives since birth during growth  during adulthood
(HARN) (HAUN) (AHAB) (AHAG) (AHAA)
M F M F M F M F M F
Variables (r) (r) (r) (r0 (r) (r) (r) (r) (r) (r)
VO, STPD (L/min)
[:.g skin reflectance (%) -036* — -025** -037** -0.02 -0.09 -0.10 -0004 OI1 -005
VO, STPD (mVmin/kg)
[::g skin mﬂect:::ti (%) -0.39* — -033* -041** -024¢ 013 003 -011 004 -0.16
VO, STPD (mVminkg-LBM)
Log skin reflectance (%) =-052* — -040* -044* -0.14 0.11 -0.001 -0.11 -009 -019
*P < 0.01.
**P < 0.05.
HIGH ALTITUDE URBAN NATIVES
SKIN COLOR & VO2 MAX
a
70004 , a w
z
£
g 60.00
25 ¥V MALESHAN
zz y= 92632 + 188927
8 "l" r=040
F s 50.00+ O  FEMALES HAN
o< y= -117.151% + 219961
%E t=042
OE ‘
~ A MALES, HARN |
g 40.00 y= -77.325x + 165559
g =052
H
30.00 4
20.00 T T T
b < - ] 5
- - - - -

LOG MEAN SKIN REFLECTANCE (%)

Fig. 2. Relationship of skin reflectance color and aerobic capacity. Note: The inverse relationship

between skin color and aerobic capacity in high altitude urban and rural natives.

 eign ancestry acclimatized to high altitude

- since birth, during growth, or during adult-
... hood. Since genetic factors do influence the

+ attainment of aerobic capacity at sea level
(Klissouras et al., 1973), the lack of associa- '

tion between skin reflectance and aerobic

- capacity is probably related to the fact that

the Bolivians of foreign ancestry were se-
lected specifically so as not to include sub-
Jects with indigenous admixture.

Sibling similarities

Twin studies at sea level indicate that aer- .
obic capacity is under strong genetic contro]
(Klissouras et al., 1973). As shown in
Table 5, among the subjects acclimatized to
high altitude either since birth or during '
growth, the sibling correlation coefficients
for aerobic capacity are significant. Al-
though it is not statistically significant
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TABLE 5. Sibling correlation (r) cocfficicnts in measurements of acrobic capacity among high altitude urban natives
(HAUN) and samples acclimatized to high altitude since birth (AHAB) or during growth (AHAG)

Maximum oxygen consumption (r}

No. pairs L/min mUmin/kg mVmin/kg of LBM
HAUN 7 0.23 0.34 0.37
AHAB & AHAG 22 0.49* 051 0.50*

* Significantly (P < 0.01).

TABLE 6. Aerobic capacity by occupational activity level among five male samples studied in La Paz, Bolivia

within the high altitude urban natives there
is a positive relationship in the aerobic ca-
pacity of siblings. These data suggest that in
general 13 to 25%.of the variability in aero-
bic capacity at high altitude can be ex-
plained by genetic factors shared by sib-
lings. This lower correlation can be
explained by the fact that the data are based
on few number of siblings and not twins.

=~

Aerobic capacity and
- occupational activity

" Tables 6 and 7 compare aerobic capacity
< by occupational activity level for males and
" females. These data show that in both males

o and females there is a direct relationship
'\ " 'between occupational activity level and aer-
.1 iiobic capacity so that the higher the occupa-
“*tjonal activity level, the higher the aerobic

" " capacity. Comparing these data with the re-
ws gults presented in Table 2, it is evident that
7 malehigh altitude urban natives and Boliv-
v~/ .jang acclimatized to high altitude since birth
e % ‘or during growth with a high level of occupa-
$1 “tional activity have aerobic capacity values

LRy

-

Mean = SE
High altitude  High altitude  Acclimatized Acclimatized Acclimatized
P rural natives  urban natives since birth during growth  during adulthood
Occupational (HARN) (HAUN) (AHAB) (AHAG) (AHAA)
' activity level (N = 39) (N = 32) (N = 33) (N = 25) (N = 25)
VO, STPD (L/min)
. Low —_— 2.01 = 0.09 2.26 = 0.12 2.73 £ 0.07 1.85 = 0.25
Medium 2.63 £ 0.12 2.39 + 0.05 2.47 £ 0.10 2.88 = 0.17 25656 +0.10
High 2.88 = 0.06 267009 2.78 = 0.16 2.68 x 0.07 301015
. Significance P<0.05 P<0.01 P <0.01 P<0.01 P<001
VO, STPD (mVminkg)
Low — 32.41 + 1.49 34.31 = 0.65 3748 = 1.81 25.38 + 2.37
Medium 41.88 = 0.80 39.68 = 041 40.09 = 0.49 38.23 = 1.76 37.32 £ 0.79
High 50.14 = 0.97 46.59 = 0.83 47.26 = 0.87 45.30 = 1.35 43.53 = 0.31
+  Significance P<001 P <001 P<0.01 P <001 P<001
VO, STPD (mVmin/kg-LBM)
~ Low —_ 40.18 + 1.24 42.24 = 1.10 4791 = 1.44 35.70 = 3.96
Medium 48.70 = 1.23 48.36 £ 0.65 49.21 = 1.22 50.24 = 2.93 4495 = 1.07
¥ High 58.46 = 1.11 56.28 + 1.47 53.81 = 1.74 54.56 = 1.50 51.17 = 1.07
wiee Significance P <001 P<0.01 P<0.01 P <001 P<001

that are similar to tﬁe average aerobic ca-
pacity of the high altitude rural native sam-

_ples. These findings suggest that observed

differences in aerobic capacity between ei-
ther the high altitude urban natives or the
Bolivians of foreign ancestry acclipmtized to
high altitude since birth or during growth
are related to differences in occupational ac-
tivity level. In contrast, the non-Bolivians
acclimatized to high altitude during adult-
hood exhibiting a high occupational activity
level attained a significantly lower aerobic
capacity than the high altitude urban na-
tives (presented in Table 2). Similarly, in
both males and females at the same occupa-
tional activity level, the Bolivians acclima-
tized to high altitude during adulthood at-
tained significantly lower aerobic capacity
values than the high altitude urban natives
or those acclimatized to high altitude since
birth or during growth. These findings indi-
cate high activity among individuals accli-
matized to high altitude during adulthood is
not sufficient to equal the adaptation ac-

* quired during growth.
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TABLE 7. Acrobic capacity by occupational activity level among four female samples studied in La Paz, Bolivia
Mean + SE
High altitude Acclimatized Acclimatized Acclimatized
urban natives since birth during growth during adulthood
Occupational (HAUN) (AHAB) (AHAG) (AHAA)
activity level (N = 36) (N = 32) (N =249) (N = 18)
V L/min)

Vo, \?,TPD( 1.45 = 0.07 1.39 + 0.04 1.56 + 0.06 1.16 = 0.14
Medium 1.64 = 0.06 1.54 = 0.03 1.74 £ 0.10 1.59 £ 0.12
High 1.96 = 0.17 2.00 = 0.21 1.86 + 0.10 1.76 + 0.09
Significance P<0.01 P <0.01 P<0.01 P <0.01

VO, STPD (mV/min/kg)

Low 24.12 + 0.85 25.30 = 0.47 2692 + 1.50 21.57 + 2,04
Medium 30.71 + 0.52 29.21 + 0.40 30.69 + 1.16 26.38 + 0.25
High 38.45 =+ 2,08 38.53 + 1,51 33.38 + 1.89 30.29 + 0.87
Significance P <0.01 P <0.01 P<0.01 P <0.01

VO, STPD (mVmin/kg-LBM)

Low 35.65 + 1.68 36.59 + 1.33 37.87 £ 0.15 ‘ 28.25 £ 261
Medium 42.37 + 1.22 41.04 £ 1.20 39.31 = 1.66 | 34.73 = 0.94
High 49.07 + 3.47 49.72 £ 233 44.78 = 2.02 ! 38.75 % 092
Significance P <001 P <001 P <0.01 P <001

TABLE 8. Comparison of cerobic pacity bet

of foreign ancestry acclimatized to high altitude before the

yyics
age of 9 years and those who were acclimatized after the age

of 10 years from the same thigh) occupational aclivity level

e 4 e e A o e

Males Females ;
" Age (yr) of arrival Age (yr) of arrival ;
* to high altitude N Mean + SE to high altitude N Mean = SE i
VO, (L/min) ,
29 7 291 £ 0.10* 1-9 7 2.01 = 0.13°
v 10-16 10 252 + 0,03 10-14 5 165+ 014
03 (ml/min/kg)
2-9 7 49.04 £ 2.17° 1-9 7 36.38 + 2.24¢
v 10-16 10 4269 +1.22 10-14 5 28.55 + 1.75
0; (mVmin/kg)
SR 5 7 60.19 £ 1.11° 1-9 7 48.85 + 233
g, 10-16 : 10 50.61 + 1.41 10-14 5 39.09 + 1.25
Pt epeoa
.:F:‘ ol
: “;‘; RET
wub o Developmental response and OVERVIEW
TS ionalactivi . . b
o occupat &y i~ As shown in Table 9, the most important

1

L

S

L ‘ Table 8 presents the aerobic capacif.y of
' 'Bolivians to foreign ancestry acclimatized to

igh altitude before the age of 9 years versus
those who were acclimatized after the age of
10 years from the same (high) occupational

_ activity level. These data show that the indi-

viduals who maintained a high occupational
activity level had a higher aerobic capacity if
they were acclimatized to high altitude be-

. fore the age of 9 years than if they had been

acclimatized after the age of 10. In other

‘words, the effects of maintaining a high ac-

tivity level on the attainment of high aerobic
capacity is mediated by age at arrival to
high altitude.

determinants of aerobic capacity at high al-
. titude include acclimatization status, devel-
opmental status indicated by age at arrival
to high altitude, ethnicity as measured by
skin reflectance, activity level, and amount
of body fat. These findings together suggest
that attainment of aerobic capacity at high
altitude is related to developmental acclima-
tization and genetic factors, but its expres-
sion is strongly mediated by environmental
factors, such as occupational activity level
and amount of body fat. As summarized in
Figure 3, about 20 to 25% of the variability
in maximum oxygen consum ption expressed
as mV/min/kg of lean body mass is related to

-
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TABLE 9. The most important determinants of varibility in maximal oxygen consumption (mlimintkg of lean body mass)
at high altitude

Males Females

Variable CoefTicient Probability CoefTicient Probability
R 0.76 P <001 0.72 P <001
Intercept 72.43 68.56

Acclimatization status’ 0.99 P <001 0.02 P <001
Age at arrival to high altitude -0.20 P <0.01 -0.23 P <0.01
Skin reflectance (Log 10) -28.11 P <001 -30.15 P < 0.05
Activity level 7.35 P <001 6.69 P <001
Sum of skinfolds (mm) 0.06 P <0.05 0.09 P <0.01

1Acclimatization status (i.e., 1 = born; 2 = acclimatized to high altitude since birth or during growth; 3 = scclimatized to high altitude during
x Ay l

adulthood). Not in equation: age, height, weight, surface area, chest di

COMPONENTS OF VARIABLITY IN VO2 MAX
AT HIGH ALTITUDE

Fig.3. Estimates of the components of variability in
aerobic capacity at high altitude.

differential hypobaric exposure during de-
velopment and about 20 to 30% is related to
genetic factors. The rest of the variability in
aerobic capacity is explained by environ-
mental factors associated with variability in
body composition and occupational activity
level.
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