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Abstract

The acute Hypoxic Ventilatory Response (HVR) is an important component of human hypoxia tolerance, hence presumably physiological

adaptation to high altitude. We measured the isocapnic HVR (L min�1 %�1) in two genetically divergent low altitude southern African

populations. The HVR does not differ between African Xhosas (X) and Caucasians (C) (X:�0.34F0.36; C:�0.42F0.33; PN0.34), but

breathing patterns do. Among all Xhosa subjects, size-independent tidal volume was smaller (X: 0.75F0.20; C: 1.11F0.32 L; Pb0.01),

breathing frequency higher (X: 22.2F5.7; C: 14.3F4.2 breaths min�1; Pb0.01) and hypoxic oxygen saturation lower than among Caucasians

(X: 78.4F4.7%; C: 81.7F4.7%; Pb0.05). The results remained significant if subjects from Xhosa and Caucasian groups were matched for

gender, body mass index and menstrual cycle phase in the case of females. The latter also employed distinct breathing patterns between

populations in normoxia. High repeatability (intra-class correlation coefficient) of the HVR in both populations (0.77–0.87) demonstrates that

one of the prerequisites for natural selection, consistent between-individual variation, is met. Finally, we explore possible relationships

between inter-population genetic distances and HVR differences among Xhosa, European, Aymara Amerindians, Tibetan and Chinese

populations. Inter-population differences in the HVR are not attributable to genetic distance (Mantel Z-test, P=0.59). The results of this study

add novel support for the hypothesis that differences in the HVR, should they be found between other human populations, may reflect

adaptation to hypoxia rather than genetic divergence through time.

D 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Inter-population comparisons of human ventilatory

responses to hypoxia help elucidate the history of our

species’ adaptation to high altitude (HA). For example,

many studies indicate that Tibetans ventilate more (volume

per unit time) than Andean high-altitude natives residing at

similar altitudes (see reviews by Beall, 2000; Moore, 2000;

Hochachka and Monge, 2000; Hochachka and Somero,

2002), and the ventilation response to acute hypoxia (HVR)
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may be significantly greater among Himalayan than among

Andean residents at ~4200 m (Beall et al., 1997a; Moore,

2000). Comparisons between low and high altitude pop-

ulations (e.g. Lahiri et al., 1970; Zhuang et al., 1993; Curran

et al., 1997) have added support to the possibility that

between-population variation in the HVR reflects adaptation

to local environmental (hypoxic) conditions (but see Vargas

et al., 1998). However, the generality of such differences

may not apply when all available studies are collectively

analysed. For example, Moore (2000) regards the HVR

differences between Tibetan than Andean high-altitude

natives as unresolved.

Demonstrations that phenotypic differences in ventilatory

sensitivity among populations arise from natural selection,

reflecting genotypic adaptations to hypoxia, are generally a
ogy, Part A 140 (2005) 349–362
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result of laboratory selection experiments in mouse and rat

strains (see reviews by Soutiere and Tankersley, 2001;

Powell, 2003; and see Garland, 2001; Bennett, 2003). The

prerequisites for a physiological trait to be responsive to

natural selection, defined as differential reproduction and

survival, are 1) consistent between-individual variation, 2)

heritability, and 3) a link between fitness and the trait of

interest (Endler, 1986), and are seldom demonstrated,

particularly in human populations. Where these prerequi-

sites are not met, conclusions about the mechanisms of

human adaptation to hypoxia should remain tentative.

1.1. Human hypoxia responses

Human adaptations to high altitude occur at a variety of

spatial and temporal scales (Hochachka and Monge, 2000;

Hochachka and Somero, 2002; Lahiri et al., 2002). Upon

transfer from low to high altitude, the physiological

responses to hypoxia that occur at various sub-cellular,

cellular, and whole-organism levels (e.g. Sarkar et al., 2003)

all potentially contribute to overall phenotypic flexibility

sensu Piersma and Drent (2003). Such mechanisms include

direct stimulation of oxygen sensors in the carotid bodies

(Lahiri, 2000), that increase ventilation over short and

longer time scales (acute versus chronic HVR) and is often

followed by a gradual decline to higher than baseline levels

(ventilatory acclimatization; see Powell et al., 1998). An

important recent advance in human biology has been the

recognition of tissue-level hypoxia sensing, and hence of the

multi-dimensional nature of hypoxic responses incorporat-

ing both central and peripheral sensors (Lahiri, 2000;

Cherniack, 2004).

Such responses may also include haematological

changes, such as a reduction in the hypoxic pulmonary

vasoconstrictor response that is mediated by pulmonary

vasculature oxygen sensors (Archer et al., 2000; Semenza

et al., 1991); increased erythropoietin secretion stimulating

red blood cell production (Samaja, 1997); increased

expression of vascular endothelial growth factor 1, angio-

genesis, and subsequent expansion of blood volume

(Winslow and Monge, 1997). Conversely, hypoxia may

elicit decreased body water content (Westerterp et al., 1996)

and consequently a reduction in blood volume and

increased blood viscosity. Changes in ventilation also

influence blood pH (Reeves et al., 1993; Sato et al.,

1996; but see Clement et al., 1995), possibly a major

source of variation between individuals (Sahn et al., 1977).

Increased use of oxygen-sparing glucose rather than fatty

acids as metabolic fuel in heart muscle has been advanced

as a long-term adaptation to altitude (Hochachka et al.,

1996; Hochachka and Somero, 2002).

Inter-population comparisons have identified four phe-

notypic traits that are potentially responsive to lifelong

exposure to hypoxia, showing different trends in different

high-altitude populations. Haemoglobin concentration is

higher than that of sea level residents in some Andean
groups, but not among Tibetans or Ethiopians (Beall et al.,

1998; Beall et al., 2002). Resting minute ventilation is

higher among Tibetans than among the Aymara (Beall et al.,

1997a), as is the HVR (Beall, 2000). Finally, arterial oxygen

saturation (SaO2) appears higher among Andean natives

than among Tibetans below 4000 m, but this trend is

reversed above 4300 m (Beall et al., 1997b; Beall, 2000).

Both Tibetan and Andean residents show lower SaO2

distributions than do Ethiopians measured at 3530 m,

whose values correspond to sea level SaO2 values for US

residents (Beall et al., 2002). Our knowledge of ventilatory

adaptations has arisen from a substantial literature on high-

altitude residents in three primary regions (Moore, 2000):

the Himalaya (Sherpas and Himalayans), the Andes

(Amerindians), and European descendents living in the

North American Rockies. Although East Africans are

recognised as one of the three main HA populations in the

world (Hochachka et al., 1999; Beall et al., 2002;

Hochachka and Somero, 2002), ventilatory adaptations to

hypoxia among all Africans have been poorly studied

(Niermayer et al., 2001; but see Cristosomo et al., 1998).

A recent study (Beall et al., 2002) was the first to examine

haematology in Ethiopians resident at the highest inhabited

altitudes on this continent.

Which of these four phenotypic traits is demonstrably

subject to natural selection? Among humans, family and

twin studies show that the HVR is strongly influenced by

genetic factors (e.g. Scoggin et al., 1978; Kawakami et al.,

1981; Nishimura et al., 1991; Akiyama et al., 1991;

Thomas et al., 1993; Kobayashi et al., 1993; Weil, 2003;

Powell, 2003), although identification of candidate genes

and their environmental interactions is difficult (Weil,

2003). It has been suggested that the HVR is phylogeneti-

cally constrained (Hochachka and Somero, 2002), and it is

significantly heritable in Tibetan and Aymara populations

(Beall et al., 1997a). Among mouse and rat strains,

variation in minute ventilation’s two components (tidal

volume and breathing frequency) in normoxia, hypoxia and

hypercapnia suggests different genetic bases of ventilation

control (Han and Strohl, 2000; Fagan and Weil, 2001;

Tankersley, 2003). It may, therefore, be argued that the

HVR is significantly heritable.

Assessing the remaining prerequisites for natural selec-

tion, namely linking the HVR to evolutionary fitness, and

demonstrating consistent between-individual variation in the

HVR is difficult, particularly for the former pre-requisite,

and both have not been well examined in humans. Two

other phenotypic traits potentially link hypoxia adaptation

with fitness: intrauterine growth restriction (Moore et al.,

2001; Moore, 2003), and the prevalence of Chronic

Mountain Sickness in high altitude residents (Monge et

al., 2001). However, there may be long-standing difficulties

associated with resolving the link to fitness in human

populations, and study design for inter-population compar-

isons of physiological adaptation to hypoxic environments

is generally complex (see Brutsaert, 2001). High within-
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individual variability in the HVR (Sahn et al., 1977; Sato et

al., 1996; Zhang and Robbins, 2000; Terblanche et al.,

2004) may outweigh consistent between-individual varia-

tion, thereby excluding the possibility that natural selection

is responsible for the origin and maintenance of inter-

population variation in the HVR. Therefore, determining

repeatability of the HVR is a worthwhile goal since it is

relatively simple and may provide valuable insight into the

adaptive potential of this trait.

1.2. Aims

By measuring the acute isocapnic hypoxic ventilatory

(HVR) and cardiovascular responses, we aimed to deter-

mine non-invasively whether two sedentary South African

populations, both residing at similar low altitudes and living

under similar environmental conditions, differ in their

ventilatory and cardiovascular hypoxic sensitivity. These

two low-altitude populations will allow us to establish

baseline values for subsequent comparisons with high-

altitude groups in East Africa. Second, we aimed to estimate

repeatability of the HVR in these two populations, thereby

testing the prerequisite of consistent between-individual

variation in a trait, for adaptations resulting from natural

selection. Third, we provide an assessment of the phyloge-

netic dependence of the HVR, investigating whether inter-

population differences in this trait are purely correlated with

genetic distance. For this component of our study, we

extracted data on genetic distances and HVR from the

literature for three populations: Han Chinese (Zhuang et al.,

1993), Tibetans (Zhuang et al., 1993; Beall et al., 1997a),

and Andeans (Beall et al., 1997a) and compared these with

literature values on genetic distance with the HVR measured

for Europeans and Xhosa Africans.
2. Methods

2.1. Subjects

As part of a larger family study, 63 individuals from 20

South African families (10 Caucasian, and 10 Xhosa)

participated voluntarily in the study. All test procedures

were fully explained to each person, verbally and in written

form, before he or she signed a consent form. Under-age

subjects signed a consent form in the presence of their

parent. Ethical approval for all procedures was granted by

the Sub-Committee C of the Research Committee of the

University of Stellenbosch, which conforms to the interna-

tionally accepted ethical guidelines detailed in the Declara-

tion of Helsinki.

2.2. Family Criteria

Families invited to participate in the study had a

minimum of two children and one parent. The oldest parent
was younger than 70 years and the youngest of the children

was 15 years old. All individuals had low activity lifestyles,

had never participated in national or international sports,

and lived at sea level in the same town (~50 m asl). For

Xhosa-speaking families, the family for at least two

previous generations was of only Xhosa origin. No families

were included if they were not both Xhosa-speaking and

self-declared to be of Xhosa origin. Both autosomal and Y-

chromosome DNA studies reveal that in general, but

especially in the Xhosa-speaking people, South African

Bantu-speaking groups cluster according to their linguistic

groupings (Lane et al., 2002), thereby supporting our use of

language as an indicator of genetic distinctness between

populations. Matching of subjects’ height and mass was not

possible between populations due to differences in popula-

tion anthropometry and morphology (see e.g. van de Wal et

al., 1970; Johnston et al., 1987) particularly in the case of

females, and instead, statistical approaches which account

for such differences were incorporated specifically to handle

this aspect of the study (see statistical analyses below).

2.3. Questionnaires

Each subject completed a questionnaire (assisted by a

translator when necessary). No subjects were classified as

having an altitude history (having been born at an altitude of

greater than 3000 m), although some Caucasian subjects

(n=3) had prior exposure to acute hypoxia (as may be seen

in mountaineers or pilots). All subjects were born at

altitudes less than 1500 m and had lived at sea level in

Stellenbosch for more than 11 years. The previous

occurrence of respiratory (e.g. asthma) or haematological/

cardiovascular (such as anaemia) disorders was noted, and

whether these were treated or untreated. Smokers and non-

smokers were recorded. The phase of the menstrual cycle

(follicular or luteal) was noted for female subjects, as was

the absence of menstruation in subjects who were post-

menopausal, breastfeeding or using injectable contracep-

tives (e.g. Depo-proveraR Pharmacia and Upjohn, Kalama-

zoo, MI, USA).

2.4. Protocol

During exposure to hypoxia, isocapnic eucapnia was

maintained during hyperventilation using the non-rebreath-

ing method described in Fahlman et al. (2002) and

Terblanche et al. (2004). All experimental recordings were

performed by a single investigator in order to reduce

variation as a result of observational differences between

investigators.

Before the study, the subjects each completed one or two

preliminary experiments involving normoxic and hypoxic

exposures identical to those in the actual experiments, for

familiarisation with the breathing circuit and the study

protocol. Data from preliminary experiments were used

only to calculate coefficients of variation, not in any other
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analyses. Experiments were conducted on each subject three

to five times, including familiarisation tests, and were

separated by at least 60 min. Subjects were asked to refrain

from drinking alcohol and caffeine-containing beverages

from the evening before the experiments, as these factors are

known to affect ventilatory chemosensitivity (D’Urzo et al.,

1990). During each test the HVR (L min�1 %�1) was

measured using a previously-described protocol (Fahlman et

al., 2002), but with a single hypoxic exposure per test (see

Terblanche et al., 2004).

Expired volume (V̇E, L min�1, STPD), tidal volume, (VT,

L, STPD), and fR (breaths min�1) was sampled by a

metabolic system (MetaMaxk, Cortex Biophysik, Leipzig,

Germany) and average values recorded every 10 s. The end-

tidal CO2 partial pressure (PETCO2 at body temperature,

pressure and saturation, BTPS) was sampled by a capno-

graph (Microstreamk, Microcap, Oridion Medical, Jerusa-

lem, Israel) and average values recorded every 5 s. All

values were converted to BTPS prior to analyses and are

presented as such.

For the first 5 min subjects breathed air (21% O2, balance

N2). The resting V̇E and PETCO2 were averaged during the

last 2 min of this period. If these two variables were not

stable, the initial period was extended until values stabilized.

Inspired gas was then switched instantaneously to 8.2% O2

(F0.3%, n=3 bottles) for 120 s, then back to air (21F0.2%

O2, n=7 bottles) for another 120 s while the subject was

monitored to ensure full recovery of all ventilatory and

cardiovascular parameters to resting levels. The use of only

one hypoxic exposure per test eliminated the possibility of

acute HVD (Powell et al., 1998). Total experimental time

was at least 9 min, with each test comprising an initial

resting phase (N1) of 5 min or more (of which only the last 2

min were used for analyses), 2 min of hypoxia (H), and 2

min of normoxia (N2). Tests were at least 60 min apart. Each

subject’s PETCO2 was maintained at normocapnic levels

(F1 mmHg), established during the last 2 min of N1.

2.5. Arterial O2 saturation (SaO2) and heart rate ( fH)

SaO2 (%) and fH (beats min�1) were measured using a

pulse oximeter (Nellcor N-395 Pulse Oximeter, Mallinkrodt,

St Louis, MO, USA) with a forehead sensor (Nellcor RS10,

Mallinkrodt, St Louis, MO, USA). The area of application

of the sensor was massaged with a mild capsaicin ointment

(0.25/100 g, Sloan Heat Rub, Warner-Lambert, South

Africa), approximately 2 min before attachment, to promote

surface blood flow. Analogue signals from the oximeter

were relayed to the metabolic system, which recorded SaO2

and fH every 10 s.

2.6. Data processing

Resting values of V̇E, SaO2, VT, fR and fH for each

subject were calculated as means for the final 120 s of N1

(data points, n=22F1), except in the case of PETCO2 where
the last 60 s were used (data points, n=20F1). For all

variables during the hypoxic exposure, a 30 s period was

used (H; data points, n=7F2).

2.7. Calculations

All variables representative of normoxia and hypoxia

were averaged during the last 120 s of N1 and 30 s of H,

respectively. Averages of two test values (excluding the

familiarisation tests) were used, unless the coefficient of

variation (CV) of the calculated HVR values between the

two experiments was greater than 26% (see Sahn et al.,

1977; Zhang and Robbins, 2000), in which case a third

experiment was performed and the median of the three

test values used to calculate population means for all

variables. All estimates of HVR were performed by a

single investigator in order to reduce observer-induced

variation which may affect the calculation of repeatability

(Krebs, 1999).

HVR and HHR were estimated as the change in V̇E or fH,

respectively, per 1% change in SaO2 from normoxia to

hypoxia (HVR: DV̇E DSaO2
�1, L min�1 %�1; HHR: D fH

DSaO2
�1, heart beats min�1 %�1).

The repeatability (R) that we estimate is not the

coefficient of repeatability defined by Bland and Altman

(1986), but rather a measure used in quantitative genetics,

calculated as R=(s2 between individuals)/(s2 between

individuals+s2 within individuals) where s2=variance (Fal-

coner and Mackay, 1996; Krebs, 1999). R ranges between 1

and 0, and when close to 1 suggests that experimental

measurements are precise and that most variation is

partitioned between individuals. Because R represents

inter-individual variation, traits with a high R are those

most likely to respond to natural selection (Dohm, 2002),

and their identification is therefore useful to evolutionary

physiologists interested in adaptation to environmental

conditions. Providing that repeated measures of a trait have

equal variances, and that the repeated measures of a

parameter assess exactly the same underlying genetic trait

itself, R provides an estimate of the maximum possible

heritability of a trait (Dohm, 2002). Dohm (2002) provides

an excellent summary of the assumptions between herit-

ability and repeatability, and discusses various cases in

which repeatability may not set the upper limit to

heritability. In brief, these are when a) measured traits are

not genetically identical, b) common environmental effects

work in opposition to direct genetic effects, c) the temporary

environments for each trait are negatively correlated, d)

significant genotype-environment interaction is present, or

e) the traits are influenced by maternal effects. Thus, R

offers comparative and evolutionary physiologists a con-

ceptually simple way to identify traits that are likely to have

a strong genetic basis. A low R suggests either experimental

error, or a strong influence of environment on the trait in

question, and/or low heritability for that trait (Falconer and

Mackay, 1996; Krebs, 1999). Confidence limits (Krebs,



J.S. Terblanche et al. / Comparative Biochemistry and Physiology, Part A 140 (2005) 349–362 353
1999) of mean repeatability estimates were calculated for all

parameters.

2.8. Statistical analysis

All data are reported as meansF1 standard deviation

(SD), unless otherwise specified. Categorical data from

questionnaires were compared between the two populations

using chi-square and two-tailed Student’s t-tests, or Mann–

Whitney U-tests if data proved to be non-normal (Zar,

1996). Likewise, initial paired comparisons between N1 and

H using two-tailed Student’s t-tests or Mann–Whitney U-

tests explored the effects of isocapnic hypoxia on respiratory

variables in all subjects. For each subject, averages (n=2) or

medians of data (n=3) were used to assess differences

between and within the groups (Winer et al., 1991). Each

subject is therefore represented by one value (n=30 for X,

and n=33 for C). Misrepresentation of a subject’s HVR

caused by one extreme value is thus minimized. For

calculation of R, data from all tests were used.

Stepwise multiple regressions isolated suitable covariates

for analyses of covariance (ANCOVA), and general linear

model (GLM) analyses and ANCOVA were then used to

take into account the effects of body size or gender on

ventilatory and other variables. We used NCSS 2000

(Kaysville, UT) for all analyses, with significance set at

Pb0.05 unless otherwise stated.

2.9. Inter-population comparison: global HVR analysis

Inter-population comparisons of physiological factors

may be confounded by phylogenetic relationships (Harvey

and Pagel, 1993). As a pre-requisite to such analyses, it is

instructive to examine whether HVR variation is signifi-

cantly related to genetic distance among populations. We

did so using a distance matrix correlation between genetic

distance and HVR bdistanceQ. The test we used has been

used to assess the correspondence between metric distances

in medicine, ecology, anthropology, and population genet-

ics (e.g. Jackson and Somers, 1989; Manly, 1986; Waddle,

1994). Here, we use it to test whether or not there is a

significant association between published HVR values and

Nei’s genetic distance, among five regional populations

(Xhosa, European, Tibetan, Aymara, and Han Chinese).

Pairwise genetic distances for these five populations were

taken from estimates of a study of world-wide genetic

relationships of 42 human populations using classical

genetic markers and averaged over 128 allozyme loci

(Cavalli-Sforza et al., 1994, Table 2.3.1B). This source

treats Amerindians as a single, monophyletic group.

Indeed, genetic differences between populations within

this group, such as the Quechua and Aymara, are minor

(Gene et al., 2000) relative to global differences among

continental (Asians, Africans, Europeans) population

groups (Zhivotovsky et al., 2003). HVR values for

Andeans were measured in the Aymara (Beall et al.,
1997a). Pairwise HVR bdistancesQ were estimated by

taking the differences in HVR between each pair of

populations. Where multiple HVR values were available,

this pairwise difference was calculated from a single

median value for each population (e.g. in the case of

Tibetan HVR data provided by both Beall et al., 1997a,b

and Zhuang et al., 1993). We did not use studies that did

not supply the information required to convert the dA
parameterT units into HVR values comparable with our

own (L min�1 %�1). A permutation procedure (10,000

randomisations—for rationale see Jackson and Somers,

1989) was conducted for the two distance matrices (Mantel

for Windows, M.J. Cavalcanti, 2000, http://life.bio.sunysb.

edu/morph/). Departure from the null model would

demonstrate a correspondence between genetic and HVR

distances. A non-significant relationship would suggest that

there is not necessarily an association between HVR

distance and genetic distance for these regional popula-

tions. In the latter case, HVR should be independent of

phylogeny. Although differences in HVR protocol may

influence comparisons between studies, there are at present

insufficient population studies at global scales from which

to select those which only use similar methods to obtain

HVR estimates. For this preliminary analysis which we

hope will soon be augmented by addition of more

populations, we have therefore chosen to disregard

methodological differences between studies in favour of

using representative samples for each population.
3. Results

3.1. Subject characteristics, anthropometry and gender

There were significantly more smokers among Cauca-

sians than among Xhosas (61% and 13%, respectively, v2

test, Pb0.05). Across the entire data set, both populations

had similar levels of respiratory disorders (9% and 13% in

Caucasians and Xhosas, respectively). For analyses of the

two subsets of females and males (see next paragraph), we

excluded individuals with respiratory disorders, and females

on contraceptives. Anthropomorphic variables differed

among populations, not unexpectedly (van de Wal et al.,

1970; Johnston et al., 1987). Males were taller than females,

and for both genders, Caucasians were taller than Xhosas

(Table 1). Among male subjects, Caucasians were signifi-

cantly heavier than Xhosas, but among females, Caucasians’

BMIs were significantly lower than those of Xhosas

(Table 1).

Since height differed between the two groups, and

height, mass and BMI differed between genders within the

two groups, these factors were tested for their influence

(covariance) on all variables using correlations and compar-

isons of statistical significance. Across the entire data set,

there were no significant interactions (GLM/ANCOVA)

between gender, height, mass, BMI, or population, and

http://life.bio.sunysb.edu/morph/


Table 1

Characteristics of Xhosa (X) and Caucasian (C) subjects

Group Age (years) Height (m) Mass (kg) BMI (kg m�2)

C (all) (n=33) 32.9F15.4 1.79F0.09 73.5F10.9 23.0F2.44

X (all) (n=30) 27.4F12.3 1.59F0.07** 71.5F16.8 28.6F8.30y
C (h) (n=23) 30.5F15.2 1.83F0.06 64.8F4.90 22.7F1.83

X (h) (n=5) 22.0F5.66 1.69F0.03** 60.5F8.51 21.3F3.51

C (U) (n=10) 38.5F15.4 1.69F0.02 77.3F10.6 23.1F2.70

X (U) (n=25) 28.4F13.1 1.57F0.01** 73.7F17.3 30.1F8.23y
Significant differences for each variable between Xhosa and Caucasian between subjects: **unpaired, two-tailed Student’s t-test ( Pb0.01); or yMann–Whitney

U-test ( Pb0.05).
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mean HVR. For analyses of the entire data set, we used

mass- and/or height-independent analyses which specifi-

cally account for anthropometric differences within and

among populations.

There were no significant correlations (both least squares

and robust regression) between HVR values for parents, and

mean HVR from the two sibling offspring of each parent.

Environmental influences thus contributed substantially

more to the variance in the HVR than did genetic factors.

In all analyses reported below, family members were treated

as separate individuals.

3.2. Inter-population variation of the hypoxic ventilatory

response

Across all subjects, VT, fR, V̇E, and SaO2 differed

significantly between normoxic (N1, N2) and hypoxic (H)

intervals, but PETCO2 did not (meansFS.E.: 34.1F0.51,

33.9F0.40 and 34.5F0.44 mmHg, respectively; F2;413=

0.43; PN0.65). An acute isocapnic hypoxic ventilatory

response was thus achieved for all subjects. Minute

ventilation (V̇E) in both normoxia (N1) and hypoxia (H)

was normally distributed within both populations, and its

variance did not differ between populations (Kolmogorov–

Smirnov and F-tests, respectively, PN0.1). The same is true

for normoxic PETCO2 and V̇O2 (Table 2, PN0.3). There-

fore, we considered both populations to be in a similar state

of anxiety.

In order to balance comparisons between our two study

populations as stringently as possible in terms of subject

anthropometry, gender, and menstrual cycle phase, we

performed separate comparisons of the HVR and its

ventilatory components on a subset of data comprising five

Caucasian and six Xhosa female subjects from each family,

one individual per family, matched as closely as possible for
Table 2

Absolute means (F1 S.D.) for hypoxic ventilatory (HVR) and heart rate (HHR)

PCO2 (PETCO2) in all Xhosa (X) and Caucasian (C) subjects

Group HVRa (L min�1 %�1) HHRa (beats min

C (n=33) 0.42F0.33 0.627F0.380

X (n=30) 0.34F0.36 0.918F0.462

P N0.35 b0.01

a One-way ANOVA (HVR: F1; 61=0.872; HHR: F1; 61=7.57).
b Unpaired two-tailed Student’s t-test.
body size and all in the follicular phase of the menstrual

cycle (Table 3). We hereby hoped to remove the confound-

ing effects of age, menstrual cycle phase, and lack of

independence between individuals from the same family.

We performed a similar analysis on a subset of five males

from each population group, whom we were able to match

better for BMI and for age (Table 4).

These analyses show that among both males and

females (Tables 3 and 4), there is a significant positive

relationship (least-squares regression) between VT and V̇E,

and height and mass. However, in most cases more

variance in each of these dependent variables is explained

by body mass index (BMI) than by height or mass

separately. For example, BMI explains a significant

majority of the variance in normoxic VT and V̇E in both

male and female groups, and among females, BMI is the

largest and significant determinant of variation in the HVR.

Therefore, we considered analyses of covariance with BMI

as covariate appropriate to remove the effect of subject

body-size differences on the HVR and ventilatory varia-

bles. Breathing frequency ( fR) was independent of (and not

linearly related to) both BMI and gender. In both hypoxia

and normoxia, V̇E and the HVR were similar among Xhosa

and Caucasian females, but the components of the HVR

differed: fR was higher and VT lower among Xhosa females

than among Caucasians in both normoxia and hypoxia

(Table 3). We were able to match Caucasian and Xhosa

male subjects for both age and BMI (Table 4). Although

there were not always differences during normoxia, Xhosa

males showed higher fR and lower VT values during

hypoxia than did Caucasians.

Similar trends were observed for our whole data set of 63

subjects (see Table 1 for subject characteristics), which

trades a larger sample size for control of age, menstrual

cycle phase and body mass index effects on ventilation and
responses, normoxic oxygen consumption (V̇O2), and normoxic end-tidal

�1 %�1) V̇O2
b(L min�1) PETCO2

b (mmHg)

0.37F0.007 32.0F3.6

0.36F0.007 31.5F4.2

N0.5 N0.5



Table 3

Subject characteristics, HVR (hypoxic ventilatory response) and its ventilatory components (V̇E=minute ventilation; fR=breathing frequency; VT=tidal volume)

compared between a subset of young Caucasian and Xhosa females, one per family, all in the follicular phase of the menstrual cycle and matched as closely as

was possible within our data set for body mass index (BMI)

Caucasian Xhosa SS DF MS F P

HVR (L min�1 %�1)a �0.472F0.094 �0.350F0.086 0.040 1 0.0401 0.904 N0.37

Error 0.399 8 0.0443

Age (years)b 26.0F3.5 20.1F3.3 133.05 1 133.05 2.025 N0.19

BMI (kg m�2)b 21.9F1.5 26.1F1.3 48.313 9 48.313 4.520 0.062

Hypoxia

V̇E (L min�1)a 14.0F1.3 15.1F1.3 2.842 1 2.8424 0.301 N0.60

VT (L)a 0.99F0.09 0.60F0.08 0.242 1 0.2416 5.987 b0.05

Error 0.363 8 0.0404

fR (breaths min�1)b 12.0F1.8 21.0F1.7 303.90 1 303.90 24.27 b0.005

Normoxia

V̇E (L min�1)a 6.4F0.6 8.0F0.5 1.695 1 1.6947 0.975 N0.32

VT (L)a 0.57F0.05 0.39F0.04 0.056 1 0.0562 12.55 b0.01

Error 0.089 8 0.0111

fR (breaths min�1)b 12.0F1.3 20.4F1.2 195.40 1 195.40 22.78 b0.01

N 5 6

For each variable, comparisons between the two population groups are based on general linear models (or analyses of covariance, ANCOVA) with BMI as the

covariate. All data are presented as meansFS.E.M.
a ANCOVA with BMI as covariate.
b ANOVA.
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ventilatory sensitivity. For this comparison, mean HVR did

not differ between Xhosas and Caucasians (F1; 61=0.872;

PN0.35; Table 2). An a posteriori power analysis was

performed to estimate the sample sizes that would be

required to determine a significant difference in HVR

between populations with a low probability of committing

a Type II error. Using the population HVR means and

associated variances that we obtained (Table 2) to calculate

the effect size (0.42 vs. 0.34 L min�1 %�1, effect size

d=0.2285 a=0.05, and b=0.7) we found that a sample size
Table 4

Subject characteristics, HVR (hypoxic ventilatory response) and its ventilatory com

compared between a subset of young Caucasian and Xhosa males, one per famil

Caucasian Xhosa

HVR (L min�1 %�1)a �0.423F0.124 �0.143F0.124

Error

Age (years)b 21.4F2.1 22.0F2.2

BMI (kg m�2)b 22.1F1.8 23.8F1.8

Hypoxia

V̇E (L min�1)a 14.4F1.7 12.3F1.7

VT (L)a 1.21F0.07 0.64F0.07

Error

fR (breaths min�1)b 11.9F2.5 20.2F2.5

Normoxia

V̇E (L min�1)a 9.38F0.92 9.83F0.92

VT (L)a 0.67F0.07 0.52F0.07

Error

fR (breaths min�1)b 14.0F2.8 18.9F2.8

N 5 5

Subjects were closely matched for body mass index (BMI) between Caucasian an
a ANCOVA with BMI as covariate.
b ANOVA.
of greater than 460 subjects would be necessary to detect

any significant difference in HVR between Xhosas and

Caucasians.

For the larger data set, regression analysis indicated that

the BMI accounted for more variability in the HVR than did

age, body mass or height successively (unpublished data,

and see above). Subsequent general linear model analyses

using BMI and gender as covariates also found no differ-

ence between the two populations (F1;59=1.04, PN0.34).

The HVR did not differ between Xhosa and Caucasian
ponents (V̇E=minute ventilation; fR=breathing frequency; VT=tidal volume)

y

SS DF MS F P

0.192 1 0.192 2.514 N0.16

0.533 7 0.076

0.900 1 0.900 0.040 N0.85

6.860 1 6.860 0.435 N0.53

11.25 1 11.25 0.802 N0.40

0.794 1 0.794 30.465 b0.001

0.182 7 0.026

172.09 1 172.09 5.554 b0.05

0.017 1 0.0173 0.003 N0.95

0.052 1 0.0515 1.967 N0.20

0.183 7 0.026

58.544 1 58.544 1.495 N0.26

d Xhosa groups. All data are presented as meansFS.E.M.



Table 5

Analysis of variance for the HVR in Caucasian and Xhosa subjects

Source of variation DF Sums of

squares

Mean

squares

F-ratio P

Among populations 1 0.407 0.407 3.23 N0.05

Within populations

Xhosa 29 7.7414 0.2670 4.5233 b0.05

Caucasian 32 6.9820 0.2182 15.0711 b0.05

F-ratio=mean square among individuals/mean square within individuals;

DF=degrees of freedom.

J.S. Terblanche et al. / Comparative Biochemistry and Physiology, Part A 140 (2005) 349–362356
males and females, nor did it differ among females tested in

different phases of their menstrual cycle.

Repeatability of HVR and HHR (the intra-class correla-

tions coefficient [or s], Falconer and Mackay, 1996) did not

differ significantly between populations (Fig. 1). For all

individuals from both populations, the HVR and its primary

components (SaO2 and V̇E) are significantly repeatable

(R=0.862, 0.633 and 0.731, respectively, Pb0.05 in all

cases; see Table 5). Separate calculation of R within each

population and gender showed the same to be true of HVR

for male Caucasians and for females in both populations

(Table 6). For Xhosa males, repeatability was not signifi-

cant, i.e. inter-individual variation was not significantly

greater than intra-individual variation.

The Mantel test revealed no significant difference from

the null model, suggesting a lack of correspondence

between genetic distance and HVR distance for the five

populations investigated (r=�0.143; P=0.59, Table 7). This

indicates that among the human populations for which HVR

values are available, there is no consistent relationship

between genetic distance and the median population HVR

(Fig. 2).

Baseline normoxic (N1) SaO2 did not differ between

populations, but hypoxic SaO2 was significantly lower

among Xhosas (X: 78.4F4.7%; C: 81.7F4.7%; Pb0.05).

During N2, the SaO2 of both populations returned to levels

similar to baseline N1 (X: 99F2%; C: 98F4%, PN0.21).

3.3. Hypoxic heart rate response is higher among Xhosas

than among Caucasians

For a comparison using our entire data set, heart rate ( fH,

beats min�1) was significantly higher among Xhosas during

both N1 (C: 73.1F10.2 beats min�1; X: 78.2F11.1 beats

min�1; one-way ANOVA, F1; 61=5.838; Pb0.05) and H (C:

83.6F11.5 beats min�1; X: 94.0F11.3 beats min�1; one-

way ANOVA, F1; 61=25.328; Pb0.01). No anthropometric
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Fig. 1. Repeatability (FSE) of the HVR and HHR for Caucasian (C) and

Xhosa (X) populations. Standard error of repeatability calculated according

to Becker (1984).
variables proved to be significant covariates for this

parameter. Hypoxic heart rate response (HHR, beats

min�1 %�1) did not differ between genders (meansFSEM,

females: �0.802F0.075, males: �0.720F0.084, one-way

ANOVA, F1; 61=0.53, PN0.47), but was significantly lower

among Xhosas (Table 2, Pb0.01).
4. Discussion

4.1. Inter-population comparison of the HVR in low-altitude

southern Africans

The similarity in baseline normoxic V̇O2 in our two

study populations indicates similarity in resting metabolic

rate. Normality of data distribution, equal variances and

similar normoxic V̇E and PETCO2 were confirmed in

subjects from both populations. Therefore, these popula-

tions probably have similar stimuli for ventilatory drive

under sea level conditions. The HVR is influenced by higher

brain inputs such as psychological factors (Shea, 1996).

Conversations and behaviour before, during and after the

tests indicated that subjects in both populations appeared

comfortable with the test environment. Subjects were

sampled randomly from within their communities and

neither group contained any individuals who had partici-

pated previously in tests of hypercapnic or hypoxic

ventilatory sensitivity. For the purposes of this study, we

conclude that these two samples represented their respective

populations adequately.

The two populations in this study presented similar levels

of hypoxic sensitivity (HVR) even when specific body size-

independent comparisons were performed, whether genders

were separated or pooled. Our data provide us with a useful

baseline for assessing hypoxic sensitivity in other African

populations. Studies suggesting that high altitude (HA)

natives exhibit blunted hypoxic sensitivity (e.g. Hackett et

al., 1980; see also review by Weil, 2003) have not been

consistently supported by more recent work (Vargas et al.,

1998; Moore, 2000). Beall et al. (1997a) detected an

absolute difference in HVR of ~0.41 L min�1 %�1, between

two HA populations, one Himalayan and one Andean. Our

populations, with ~0.08 L min�1 %�1 absolute difference in

HVR, do not differ. Indeed, our HVR values appear similar



Table 6

Repeatability of the HVR calculated separately for male and female Caucasians and Xhosas

Population Gender Source DF SS MS F-ratio Repeatability

Caucasian Females Among 9 1.2610 0.1401 40.32 0.985T

Within 19 0.0382 0.0035

Males Among 22 5.3417 0.2428 12.57 0.890T

Within 49 0.4830 0.0193

Xhosa Females Among 24 7.2356 0.3015 4.34 0.624T

Within 60 2.4998 0.0694

Males Among 4 0.0477 0.0119 0.69 0.000a

Within 14 0.1559 0.0173

a Negative value rounded to zero.

T Pb0.05.
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to other studies, such as in a low-altitude Han Chinese

population (Zhuang et al., 1993; see also Moore, 2000).

The absence of previously published information on the

HVR in any African population suggests that more work on

this continent is required to test the generality of the

hypothesis that long-term HA residents develop blunted

HVR (Hochachka and Monge, 2000). The only published

data on ventilatory sensitivity in Africans, of which we are

aware, show an age-related decline in hypercapnic sensi-

tivity among Nigerians (Elegbeleye and Femi-Pearse, 1980).

Age was not significantly related to HVR in our analyses.

Nevertheless, addition of HVR data from currently untested

populations (e.g. residents of Pakistan, India or Australian

Aborigines) to the global database (e.g. Moore, 2000),

whether such populations are of high or low altitude origin,

could provide valuable insight into baseline HVR and the

nature of adaptive change therein.

4.2. Phylogenetic independence of the HVR confirms

possibility of its adaptive potential

Estimation of inter-population variation in the HVR is

complicated by a number of factors. For example, devel-

opmental effects and environmental interactions with

hypoxic sensitivity may induce subtle differences in HVR

in humans (Sbrensen and Severinghaus, 1968) and other

mammals (reviewed in Mitchell et al., 2001, and see Bavis

et al., 2004). Intermittent hypoxia may be a more potent

stimulus for adaptation than is continuous hypoxia (Prabha-
Table 7

Matrices representing Nei’s genetic distance (upper right-hand half of matrix), (Tab

half of matrix) among five populations investigated to date

Population Xhosa (Bantu) European

Xhosaa 0.0462

Europeana �0.08

Tibetanb �0.36 �0.28

Aymara/Quechuab �0.07 0.02

Han Chinesec �0.06 0.02

Where multiple data for a single population were available, a median value was
a Our study.
b Beall et al., 1997a.
c Zhuang et al., 1993.
kar, 2001). In population comparisons seeking to explore

the adaptive significance of hypoxic sensitivity that use

subjects in their natural environment, accounting fully for

such factors remains a significant challenge (Brutsaert,

2001; Hochachka and Somero, 2002; Powell, 2003).

The Mantel correlation matrix showed that HVR differ-

ences between Aymara, Tibetans, Han Chinese, Europeans

and Xhosas cannot be attributed to genetic distance. This

result, in conjunction with repeatability, heritability and a

potential link to fitness (see Introduction), suggests that

inter-population variation in the HVR may well be the result

of local environmental adaptation, and is likely not merely a

consequence of phylogenetic association. Reassuringly, our

analysis indicates that statistical assumptions of previously

published studies that regard population means as inde-

pendent data points are vindicated (e.g. Beall et al., 1997a;

Moore, 2000; Beall, 2000; Powell, 2003). We caution that

our analyses do not replace phylogenetically independent

contrasts such as those using the PDAP and PDTREE

analytical packages (Garland et al., 1993). The addition of

more populations to the comparative HVR database may

alter our perspective of the relationship between phylogeny

and HVR. A re-examination of the phylogenetic independ-

ence of HVR upon the addition of new data should shed

additional light on this relationship. The inclusion of

additional populations and new genetic markers (other than

classical allozyme loci—see Cavalli-Sforza et al., 1994) will

increase our confidence in the independence of these

variables. Regardless, it is unlikely that this relationship
le 2.3.1B, Cavalli-Sforza et al., 1994) and HVR difference (bottom left-hand

Tibetan Aymara/Quechua Han Chinese

0.0324 0.0573 0.0433

0.0142 0.0266 0.0196

0.0148 0.0093

�0.29 0.0193

0.3 0.01

calculated from all usable data (e.g. Tibetans).
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Fig. 2. Pair-wise plot demonstrating that genetic distance (raw data from

Cavalli-Sforza et al., 1994) is not directly related to the magnitude of HVR

difference between five main populations. X: Xhosa (Bantu, our study); C:

Chinese (Zhuang et al., 1993); S: South Amerindians (Aymara; Beall et al.,

1997a); T: Tibetans (Zhuang et al., 1993; Beall et al., 1997a); E: Europeans

(Caucasians, our study). Closed circle: this study.
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will be altered greatly since the Mantel test is robust to small

sample sizes providing sufficient permutations (N1000) have

been utilised (Jackson and Somers, 1989). Finally, use of

HVR measures obtained by standardized methods may

clarify the nature of this relationship further, but further

interpretations may be premature since different data sets

have been obtained using different methods in the past.

4.3. Phenotypic adaptation, variability and repeatability

Because inter-individual variability underlies differential

survival and reproductive success, it can be considered as

the raw material upon which natural selection acts.

Repeatable differences between individuals are of great

interest to evolutionary biologists, because traits showing

high repeatability (inter-individual variance expressed as a

fraction of summed intra- and inter-individual variance,

(Falconer and Mackay, 1996; Krebs, 1999)) are likely to

show high heritability (Falconer and Mackay, 1996; Dohm,

2002). Quantification of both intra- and inter-individual

variation is thus critical to our understanding of physio-

logical diversity and evolutionary adaptation (Bennett,

1987; Falconer and Mackay, 1996; Spicer and Gaston,

1999; McNab, 2003).

Physiological variability can be assessed using repeat-

ability calculations and variance partitioning (Falconer and

Mackay, 1996; Krebs, 1999). Repeatability differs consid-

erably, depending on the nature of the character in question,

the genetic properties of the population, and the extent of

the influence of the local environmental conditions experi-

enced by that population’s individuals. Estimation of the

variability of the HVR can provide important information

for understanding the extent to which the experimental

technique provides precise estimates of this parameter (see,

e.g. Rebuck and Campbell, 1974; Beall et al., 1997a).
High intra-individual variability does not preclude the

application of the HVR as a research tool, but without

understanding the degree of variation at the respective

hierarchical levels, deductions that can be made from the

acquired data are severely limited, and perhaps even false.

High variability in HVR within populations (Beall et al.,

1997a; Hochachka et al., 1998; Hochachka and Monge,

2000; Hochachka et al., 1999) does not prevent comparison

of HVR between populations, but rather necessitates care

about the number of repeated measures used (see also Vizek

et al., 1987; Khoo, 2001; Spengler and Shea, 2001;

Terblanche et al., 2004). Such numbers should be based

on good understanding of the relationship of the intra- and

inter-individual variation of the HVR at both the individual

and population levels.

Although repeatability (sensu Falconer and Mackay,

1996) has been assessed for physiological traits such as

metabolic rate in mammals (e.g. McNab, 2003) and insects

(e.g. Marais and Chown, 2003), and life history, behavioural

and morphological traits in birds and insects (e.g. Mbller,
2001; Van Dongen, 1998), this tool has not yet been used to

explore the nature of the variation in hypoxic ventilatory

chemosensitivity within and between human populations.

Inter-individual variation in the HVR is known to be high

(Sahn et al., 1977; Zhang and Robbins, 2000), and although

this parameter can be considered a genotypic adaptation to

the selective pressures of hypoxic environments (e.g. Beall

et al., 1997a; Hochachka et al., 1999), its heritability should

also be demonstrated (e.g. Strohl et al., 1997; Weil et al.,

1998; Weil, 2003). Our finding that the HVR, HHR and

their respective components are repeatable supports the

utility of these traits as measures of human adaptation to

high altitude and adds a strong evolutionary framework

within which to study inter-population hypoxic ventilatory

adaptation. In cases where repeated measures of the trait

have equal variances, and the repeated measures assess the

exact same underlying genetic trait itself, repeatability can

provide an estimate of the maximum possible heritability of

the trait itself providing that certain critical assumptions

have not been violated (see discussion in Dohm, 2002 for

further details; and see Methods).

4.4. HVR components and breathing patterns

The HVR shows significant heritability in humans and

can differ between high-altitude populations (34% vs. 22%

in Tibetans vs. Andeans (Beall et al., 1997a)). Family and

twin studies have shown a strong genetic influence on

hypoxic sensitivity (reviewed in Weil, 2003; and see

Introduction). Our study contributes two potentially impor-

tant findings with regard to differences in breathing patterns

obtained between the Xhosa and Caucasian populations.

First, hypoxic compensatory mechanisms of ventilation are

indeed plastic in humans, both within (see e.g. Gozal et al.,

1995) and between populations. Second, there is surprising

dichotomy for variation in breathing patterns between our
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study’s two human populations, similar to that of inbred

mouse and rat strains (Strohl et al., 1997; Tankersley et al.,

1997; Tankersley, 2000; 2003; see also Powell, 2003; Weil,

2003). Phenotypic variation in hypoxic fR is probably

controlled by two major genes in mice (Tankersley, 2000),

but the complexity of genetic control of the HVR among

bwild-typeQ mouse (and human) phenotypes is likely far

greater than that among inbred laboratory mouse strains, and

the human genome is more heterogeneous than that of this

experimental model (Tankersley, 2003). Nevertheless,

investigation of the underlying genetic differences between

the Xhosa and Caucasian populations may be of interest in

clarifying the nature of the correspondence in breathing

patterns observed between rodent models and the human

populations in our study.

The two populations in our study display different

hypoxic SaO2, a parameter that is significantly influenced

by genotype (Beall et al., 1997b; Brutsaert et al., 2000). The

significantly lower SaO2 values that we report for Xhosa

subjects, in conjunction with their smaller hypoxic VT,

suggest that the two patterns of respiration we describe here

differ in effective oxygenation of the blood during hypoxia.

It is unlikely that the measured SaO2 differences reflected

interference of skin pigmentation with the pulse oximeter

(Bothma et al., 1996). The increased HHR that we report

among Xhosas suggests that reduction in hypoxic SaO2,

hence total carrying capacity of the blood for oxygen, may

be compensated for by increased cardiac output. Further-

more, in an analysis which removed the effect of ventilatory

dead-space volume, we found that there is no difference

between Xhosa and Caucasian alveolar ventilation in either

normoxia or hypoxia (J.S. Terblanche and S. Jackson,

unpublished data). Despite differences in body-size, there-

fore, effective minute ventilation in these two populations

appears similar.

4.5. Potential complicating factors

Our analyses permitted us to compare two populations

independently of gender ratios and body size (Aitken et al.,

1986). The effect of ovarian hormones on the HVR within

women is difficult to demonstrate, with some studies

showing no difference within individuals between the

follicular and luteal phases of the cycle (reviewed by Muza

et al., 2001, see also Tarbichi et al., 2003), and equal

numbers showing increased HVR in the midluteal phase,

probably because elevated plasma concentrations of

ovarian hormones during this phase increase sensitivity

of both central and peripheral chemoreceptors (Muza et al.,

2001). Our separate analyses of sub-sets of age-matched

female subjects all in the follicular phase, and male

subjects from each population confirmed the results of

the larger comparison, showing that although the HVR is

similar between the two populations we studied, Xhosas

breathe more frequently but have lower VT in both

normoxia and hypoxia.
Endurance athletes have diminished HVR relative to that

of mountaineers or sedentary controls (Schoene, 1982;

Masuyama et al., 1986). Whilst all our subjects had non-

athletic lifestyles, inter-population differences in habitual

exercise levels resulting from socio-economic differences

between the two populations may have affected our results.

Although Caucasian subjects participated in recreational

exercise more frequently than did Xhosas, the latter

performed more lifestyle-related physical exertion (e.g.

walking to work) than did Caucasians, thus compensating

partially for this difference.

Body size influences lung size, hence ventilation and

presumably anatomical dead-space. The absence of a

negative correlation between height and SaO2 in our data

suggests that larger subjects were not experiencing a greater

hypoxic dose as a result of potentially greater tidal volumes,

hence more effective alveolar ventilation. However, VT and

SaO2 were inversely related in our subjects. Our finding that

VT was smaller among Xhosas than among Caucasians is

supported by studies showing smaller forced expiratory

volume in one second (FEV1) and forced vital capacity

(FVC) in African or African-American children relative to

age-matched European-American or European children

(Johnston et al., 1987; Joseph et al., 2000). Similarly, adult

South African Africans showed lower FEV1 than did their

compatriot Caucasians (van de Wal et al., 1970). Among

Ethiopians, FEV1 and FVC are significantly lower among

people living at 1500 m than among those living at 3000 m

and higher (Harrison et al., 1969; and see Wood et al.,

2003). Moreover, Wood et al. (2003) found relatively greater

pulmonary function (FEV1/FVC) in high altitude Indian and

Tibetan groups compared with sojourner controls.

Understanding hypoxic sensitivity in Africans is impor-

tant to our understanding of the hypoxia response systems

that shaped the physiology of humans, and to understanding

different strategies of adaptation to hypoxia among high-

altitude populations (Beall et al., 2002; Hochachka and

Somero, 2002). A comparison of the HVR between East

Africans from the same high-altitude population living at

high and low altitude would enhance our understanding of

the effects of genes and environment on the HVR (Brutsaert,

2001). Investigation of possible mechanisms compensating

for lower VT and hypoxic SaO2 among Xhosas, such as

nitric oxide-linked differences in oxygen extraction effi-

ciency (Beall et al., 2001), would provide a basis for

comparison with closely related high altitude populations in

East Africa.
5. Conclusion

This is the first study of hypoxic chemosensitivity in

African populations and we demonstrate that the HVR does

not differ between Xhosas and Caucasians. However, its

components (tidal volume, breathing frequency and hypoxic

SaO2) differed, even after body size effects have been
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controlled for. This suggests two distinct breathing patterns:

a) shallower, more rapid breathing among Xhosas, and b)

deeper, slower breathing among Caucasians. These differ-

ences were apparent in normoxia and likely resulted in the

lower arterial oxygen saturation during hypoxia among the

Xhosa subjects. Their less effective oxygenation of the

blood was possibly compensated for by the higher HHR

demonstrated among these subjects. The high and signifi-

cant repeatability for the HVR and HHR in both populations

demonstrates that one of the prerequisites for natural

selection, and hence adaptation, is met. Indeed, the

phylogenetic independence of HVR values suggested by

our inter-population analyses, in conjunction with consistent

between-individual variation (repeatability), heritability and

potential links to fitness, add strong statistical support to the

theory that the magnitude of the HVR likely reflects an

adaptation to local hypoxic environmental conditions, and is

not merely the result of genetic divergence between differ-

ent high altitude populations.
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