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Abstract
OBJECTIVE—Pulmonary arterioles respond to hypoxia with constriction that raises vascular
resistance and pulmonary artery blood pressure. The response is sustained indefinitely by the
chronic hypoxia of high-altitude residence among highlanders of European and Andean descent,
but not Tibetans. The objective of this study was to identify the consequences of lifelong hypoxia
exposure for the pulmonary vasculature among Amhara high-altitude natives from Ethiopia.

METHODS—A three-way static group comparison tested for the effect of Amhara ancestry and
high residence altitude on pulmonary hemodynamics measured using echocardiography in
samples of 76 healthy adult Amhara lifelong residents at 3700m, 54 Amhara lifelong residents at
1200m, and 46 U.S. low-altitude residents at 282m.

RESULTS—Amhara at 3700m had average Doppler-estimated pulmonary artery systolic
pressure (tricuspid regurgitant gradient) of 27.9 ± 8.4 (SD) mmHg as compared with 21.9 ± 4.0
among Amhara at low altitude and 16.5 ± 3.6 in the U.S. low-altitude reference sample. However,
there was no residence altitude effect on pulmonary blood flow or vascular resistance. Amhara
ancestry was associated with greater pulmonary artery systolic pressure and pulmonary blood
flow, yet lower pulmonary vascular resistance.

CONCLUSIONS—The Amhara at 3700m had elevated pulmonary artery pressure, but without
the elevated pulmonary vascular resistance characteristic of the classic model of the response to
long-term hypoxia by the pulmonary vasculature. The elevated pressure among Amhara may be a
consequence of high pulmonary blood flow regardless of altitude and represent a newly identified
pattern of response.

Keywords
hypoxia; pulmonary circulation; angiotensin converting enzyme genotype

Person to whom proofs will be sent: Cynthia M Beall, Ph.D, Department of Anthropology, Case Western Reserve University,
Cleveland, OH 44106-7125, Telephone 216 368 2277, Fax 216 368 5334, cmb2@case.edu.

DISCLOSURES BDH received lecture fees from the Philips Medical Systems in 2007 and 2008.

NIH Public Access
Author Manuscript
Am J Hum Biol. Author manuscript; available in PMC 2012 June 22.

Published in final edited form as:
Am J Hum Biol. 2011 ; 23(2): . doi:10.1002/ajhb.21130.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
At high altitude the entire lung is unavoidably exposed to lowered inspired oxygen. An
immediate reaction is the hypoxic pulmonary vasoconstriction reflex, measured as an
increase in pulmonary artery blood pressure, that “automatically increases pulmonary
vascular resistance in poorly aerated regions of the lungs, thereby redirecting pulmonary
blood flow to regions richer in oxygen content” (Fishman, 2004 p. L893). Lifelong exposure
would predict unrelieved hypoxic pulmonary vasoconstriction and lead to sustained elevated
pulmonary artery pressure and vascular resistancethat could progress to cardiac enlargement
(cor pulmonale) or right heart failure.

Classic studies starting in the 1950s (Penaloza and others, 1963; Rotta and others, 1956)
found that Andean highlanders resident above 3700m had higher mean pulmonary artery
pressure, pulmonary artery systolic pressure and pulmonary vascular resistance than low-
altitude residents. The usual fast postnatal decline to adult pulmonary artery pressure was
prolonged into the teens (Niermeyer, 2003; Penaloza and Arias-Stella, 2007). The
physiological changes were accompanied by anatomical modifications including enlarged
hearts and muscularized pulmonary resistance arterioles owing to the additional workload.
Studies of second-generation high-altitude natives of European descent in the Colorado
Rockies generally confirmed the Andean findings while reporting larger elevations of
pulmonary artery pressure among adolescents (Grover and others, 1967; Hultgren and
others, 1971) and similar elevation among adults (Grover and others, 1965; Penaloza and
others, 1963; Sime and others, 1963). Recent comparisons of children and adults of
European descent residing at high altitude in the Andes agreed that children of European
descent had higher pulmonary artery systolic pressures than their Andean counterparts,
while adults did not differ (Schwab and others, 2008; Stuber and others, 2008). These data
indicate a qualitatively similar pattern of elevated pulmonary artery pressure throughout
lifelong residence at high altitude in the Andean population exposed to the opportunity for
natural selection for millennia and the European population not exposed, although
quantitatively the unselected population has a larger hemodynamic response during
adolescence.

In contrast, adult Tibetan highlanders above 3500m had minimal elevation of pulmonary
artery pressure, no hypoxic pulmonary vasoconstriction (Groves and others, 1993; Hoit and
others, 2006) and normal, non-muscularized pulmonary resistance arterioles (Gupta and
others, 1992; Sharma, 1990). Exhaled nitric oxide has been associated with lower pulmonary
artery pressure among Tibetans, but not Andean highlanders (Hoit and others, 2006; Schwab
and others, 2008; Stuber and others, 2008). Collectively, such population differences suggest
that the human pulmonary vasculature is not constrained to a single response to lifelong
hypoxia.

Angiotensin converting enzyme (ACE) genotype has been associated with indicators of
adaptation to high-altitude hypoxia including pulmonary hemodynamics (Aldashev and
others, 2002; Bigham and others, 2008; Rupert and others, 1999; Woods and others, 2000).
A well-studied ACE polymorphism is comprised of insertion (I) and deletion (D) variants.
The I allele is associated with lower ACE protein and activity levels and less conversion of
some vasodilators to vasoconstrictors such as angiotensin (Murphey and others, 2000; Rigat
and others, 1992; Woods and others, 2000). These actions suggest the potential to modify,
alone or in conjunction with other loci, the hypoxic pulmonary vasoconstriction response in
the direction of relatively small response among II or ID genotypes. However, some studies
report an association of the I allele with low and others-contrary to expectation - an
association of the I allele with high pulmonary artery pressure at high altitude (Aldashev and
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others, 2002; Kumar and others, 2003; Morrell and others, 1999). Those reveal a range of
response by the same genotype exposed to the same environmental stress..

The objective of this study was to identify the consequences of lifelong hypoxia exposure
for the pulmonary vasculature among adult Amhara high-altitude natives from Ethiopia. It
examines the effect of high residence altitude, ACE levels and I/D genotype, and urinary
nitrite and nitrate (NOx) levels on Doppler-estimated pulmonary artery systolic pressure,
pulmonary blood flow, vascular resistance and right ventricle size by comparing Amhara
who are native residents at high (3700m) to Amhara at low (1200m) altitudes in Ethiopia
and in U.S. residents at low altitude (282m). It considers the effect of Amhara ancestry to
identify any distinctive features of the colonizing population.

Materials and Methods
The 182 volunteers were 18 to 56 years of age, healthy (by physical exam and self-report in
Ethiopia and by self-report in the US), normotensive, non-anemic, non-smoking, not
pregnant, without visible goiter; they had normal pulmonary function. Ancestry was
established by self-report and by report of the first language learned. The high-altitude
residents reported no visits to altitudes below 2000m while the low-altitude residents
reported no visits to altitudes above 2000m in the six months prior to measurement. 76
Amhara high-altitude native, lifelong residents of 3530m or higher were measured at 3700m
at the Chennek Scout Camp in the Simien Mountains National Park, Amhara Region,
Ethiopia. 61 Amhara low-altitude native, lifelong residents were measured at 1200m near
Zarima town, Amhara Region, Ethiopia. Zarima was chosen to achieve a marked altitude
contrast and remove hypobaric hypoxia yet avoid endemic malaria infection. Seven people
with malaria diagnosed using a post-PCR/ligase detection reaction, fluorescent microsphere
assay (LDR-FMA) to detect all four human malarial parasites (McNamara and others, 2006)
were excluded. 46 U.S. low-altitude residents were measured at 282m in Cleveland, OH.
Their self-reported ancestries were European or Caucasian (61%), African or African-
American (11%), Middle Eastern (9%), and Hispanic or Asian (8%).

This research adheres to the principles of the Declaration of Helsinki and Title 45 of the
U.S. Code of Federal Regulations, Part 46 Protection of Human Subjects. The Institutional
Review Boards of University Hospitals of Case Western Reserve University, the Cleveland
Clinic, Addis Ababa University Faculty of Medicine, and the Ethiopian Science and
Technology Committee approved the protocol. All participants provided written informed
consent.

Data were collected in tents erected in the two rural agro-pastoral communities during April
and December 2005 and January 2006 and in the General Clinical Research Center of the
Cleveland Clinic during September 2006. Ambient conditions at the time of morning
calibrations averaged 498 mmHg, 6 °C and 36% relative humidity at the high-altitude site,
659 mmHg, 22 °C, and 36% relative humidity at the low-altitude Ethiopian site, and 754
mmHg, 23 °C, and 29% relatively humidity at the low-altitude U.S. site.

Doppler echocardiography (MyLab30CV, Biosound Esaote, Inc. (Indianapolis, IN, USA) in
Ethiopia and Sonos 5500, Philips Medical Systems (Andover, MA, USA) in the U.S)
conducted by an experienced echosonographer (ND) provided noninvasive measurement of
pulmonary arterial hemodynamics in 193 Amhara and 50 U.S. low-altitude adults. Studies
were evaluated blindly as to the source of individual recordings. Standard parasternal,
apical, and subcostal 2D views were obtained and color flow-directed pulsed wave Doppler
of transvalvular flows and continuous wave Doppler of the tricuspid regurgitant flow were
measured. The tricuspid regurgitant jet gradient (TR gradient) measures the backflow into
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the right atrium from the right ventricle through the tricuspid valve caused by blood pressure
in the pulmonary artery. An adequate TR gradient was obtained in 71% of Amhara and in
92% of U.S. low-altitude controls. The higher detection rate in the U.S. was likely due to
differences in Doppler sensitivity of the ultrasonographs. The TR gradient and the velocity-
time integral of right ventricular outflow to the lungs (RVOTvti) were used as estimators of
pulmonary artery pressure and pulmonary blood flow/stroke volume (Pai and others, 2004),
respectively. Pulmonary vascular resistance (PVR) was calculated in terms of blood pressure
relative to blood flow using the method validated by Abbas and colleagues (Abbas and
others, 2003). The interior diameter at the base of the right ventricle at end-diastole
(RVbase) was used as a 2D echo-estimator of right heart size (Lang and others, 2005). To
control for body size, pulmonary vascular resistance (PVR) and the size of the right ventricle
(RVbase) were indexed by body surface area (PVR is multiplied by BSA and RVbase is
divided by BSA). Pressure and flow velocity are independent of body size (Liu and Yin,
1987). Doppler echocardiography measurements have been validated by comparison with
cardiac catheterization at sea level and high altitude and found to correlate closely and differ
little in absolute value at low or high altitude (Allemann and others, 2000; Dorrington and
others, 1997; Grunig and others, 2000; McQuillan and others, 2001; Otto, 2004). Thus, non-
invasive Doppler-estimates are accurate and appropriate for population studies such as this
one.

Intra-observer variability was estimated for TR gradient, RVOTvti, and RVbase using re-
measurements after ten days of five Amhara lowlanders and calculating the difference of the
two measurements divided by their average and multiplying the result by one hundred. The
TR gradient intra-observer variability of 2.7% was consistent with the published range of <4
– 5% (Schwab and others, 2008). The intra-observer variabilities for RVOTvti and RVbase
were 10.1 and 3.0%, respectively.

Interestingly, even those with the I allele had more than 50% higher ACE protein level than
the average of the US sample. Genotyping for the angiotensin converting enzyme insertion/
deletion polymorphism (ACE I/D) was conducted on genomic DNA extracted from blood
using primers flanking intron 16 and confirmed with insertion-specific primers (Lindpainter
and others, 1995; Rigat and others, 1992).

Hemoglobin concentration was determined in duplicate using the cyanmethemoglobin
technique (Hemocue Hemoglobinometer, Hemocue AB, Angelholm, Sweden), immediately
after drawing a venous blood sample. Percent oxygen saturation of hemoglobin was
determined by pulse oximetry (Masimo Radical, Irvine, CA, USA) as the average of six
readings taken ten seconds apart as in previous studies (Beall, 2000). Arterial oxygen
content (CaO2, mlO2/dL blood) was calculated as Hb in gm/dL multiplied by percent oxygen
saturation of hemoglobin multiplied by 1.39 and divided by 100 (West, 1985). Arterial
oxygen and carbon dioxide tensions (paO2, paCO2) were determined from blood gas
measurements (Radiometer NPT7, Copenhagen, Denmark) immediately after drawing a
blood sample from the radial artery. At high altitude, arterial blood gases were measured in
April and echocardiography in December 2005. At low altitude in Ethiopia, both were
collected in December.

Serum angiotensin converting enzyme protein level (ng/ml was measured with a solid phase
ELISA using the quantitative sandwich enzyme immunoassay technique (R & D Systems,
Minneapolis, MN). Urinary nitrite and nitrate (NOx, uM) was measured by placing samples
in a reaction chamber with vanadium (III) chloride in HCl and reduced at 95 °C. Released
NO-HCl gas was buffered through NaOH and red/infrared emissions were detectedusing
thermoelectrically cooled, red-sensitiviey photomultiplier tube (Sievers NOA, Boulder, CO).
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Samples were processed twice and run in duplicate. Values were standardized for urinary
creatinine to control for urine volume.

Pulmonary function was measured as forced vital capacity (FVC) and forced expiratory
volume at one second (FEV1) according to American Thoracic Society recommendations
(American Thoracic Society, 1995) (Hawk Comprehensive Pulmonary Laboratory, Collins
Pulmonary Diagnostics, Ferraris Respiratory, Louisville, CO).

One-way analyses of variance provided descriptive statistics and tested for the presence of
differences in mean values between any pair of the three samples. When the one-way
analysis of variance was significant, Scheffé’s tests identified which pair(s) differed
significantly (SPSS version 16, SPSS, Inc., Chicago, IL, USA). Means and standard
deviations are reported. Chi-square analyses compared ACE I/D genotypic frequencies. A
significance level of p < 0.05 was used.

Sample characteristics
Amhara highlanders were shorter and lighter than Amhara and U.S. lowlanders (Table 1).
Amhara highlander males, but not females, had larger Forced Vital Capacities (FVC) and
ratio of Forced Expiratory Volume at 1 second (FEV1) to Forced Vital Capacity (FEV1/
FVC) than lowland Amhara. Amhara had smaller FVC and FEV1 than the low-altitude U.S.
sample, consistent with shorter stature, but did not differ in FEV1/FVC (Table 1). Amhara
males had lower systolic blood pressure than U.S. low-altitude males while Amhara females
had higher diastolic blood pressures (Table 1).

Average hemoglobin concentration among Amhara highlander men was 0.8 gm/dL higher
than the lowlanders; average percent oxygen saturation was 5–7% lower. Average
hemoglobin concentration among Amhara highlander women was 1.6–1.9 gm/dL higher
than the lowlanders; average percent oxygen saturation was 6–7% percent lower (Table 1).
Elevated hemoglobin concentration offset lower oxygen saturation at high altitude resulting
in average calculated arterial oxygen content that did not vary with altitude or population.
The hemoglobin concentration was slightly higher (0.3 – 0.4 gm/dL) and the oxygen
saturation slightly lower (2–3%) than the values reported for an Amhara sample at the
slightly lower altitude of 3530m (Beall and others, 2002). The sample at 3530m was
noteworthy for its similarity with normal low-altitude values. The present sample at 3700m
differs from low-altitude and indicates that a slightly greater hypoxic stress elicits responses.
The average arterial oxygen tension (paO2) was 53.9 ± 4.7 mm Hg (n=29) among Amhara
highlanders as compared with 82.5 ± 4.7 (n=27) among Amhara lowlanders. The average
arterial carbon dioxide tension (paCO2) was 36.2 ± 3.7 mm Hg (n=29) among highlanders as
compared with 37.3 ± 2.8 mm Hg (n=27) among lowlanders. Those values correspond to
alveolar oxygen tensions (pAO2) (Crapo and others, 1999) of 60 and 93 mm Hg at 3700 and
1200m respectively.

Results
Pulmonary hemodynamics

The average TR gradient (Doppler estimator of pulmonary artery systolic pressure) was 27.9
± 8.4 mm Hg for the sample of Amhara highlanders as compared with 21.9 ± 4.0 among the
Amhara lowlanders and 16.5 ± 3.6 for the U.S. sample (Figure 1, Table 2, F (2, 174)=50, p <
0.05). TR gradient did not vary with age or sex. Amhara men at 3700 showed a trend toward
an association of higher TR gradient with higher hemoglobin concentration while women
showed the opposite (r=+0.27, p = 0.05 and r=−0.45, p < 0.05, respectively).
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The higher pulmonary artery pressure could result from increased blood flow through the
lungs or increased vascular resistance. The RVOTvti (Doppler estimator of pulmonary blood
flow/stroke volume) did not vary with altitude while both Amhara samples had 17–20%
greater RVOTvti than the U.S. low-altitude sample (Figure 2, Table 2; F (2, 173) = 18, p <
0.05). RVOTvti did not vary with sex; it decreased with age in the Amhara samples (r =
−0.44 at 3700m and r = −0.36 at 1200m, both p < 0.05). Higher pressure and blood flow
among Amhara suggest lower vascular resistance.

The Amhara samples had about ten percent lower pulmonary vascular resistance index than
the U.S. sample (Table 2; F (2, 173) = 7, p < 0.05). There were neither altitude nor sex
differences; pulmonary vascular resistance increased with age in the low-altitude Amhara
sample (r=+0.48, p < 0.05). The combination of higher pressure and flow with lower
resistance suggests a larger volume of moving blood.

That volume was estimated with the right ventricle index, the diameter at the base of the
right ventricle divided by body surface area. The Amhara highlanders had one-third larger
right ventricle index than either low-altitude group (Figure 3, Table 2, F (2,173) = 34, p <
0.05). There were no sex differences. Older age was associated with relatively smaller right
ventricle index among Amhara at 3700m and a similar trend occurred at 1200m (r = −0.28, p
< 0.05 and r = −0.26, p = 0.06, respectively).

Higher flow could result from relatively low concentrations of vasoconstrictors or high
concentrations of vasodilators. With respect to potential vasoconstrictors, the two Amhara
samples had ACE protein levels markedly higher than the U.S. low-altitude sample. The
average serum ACE protein level among the Amhara at 3700m was 202.8 ± 57.5 pg/mL
(n=58) while Amhara at 1200m was 181.2 ± 55.0 (n=39) as compared with 106.4 ± 28.9
(n=34) in the U.S. low-altitude sample (F(2,128) = 39.6, p < 0.05). ACE levels did not
correlate with measures of pulmonary hemodynamics in any of the three samples. The high
and low-altitude Amhara samples had similar ACE I/D genotype and allele frequencies
(Table 3, Chi-square = 0.2, p > 0.5). The average ACE protein levels for the II, ID and DD
genotypes at 3700m were 183 ± 30, 182 ± 62, 220 ± 45 pg/mL (F(2,50) = 3.3, p < 0.05). At
1200m the values were 161 ± 40, 160 ± 54 and 212 ± 63 pg/ml, respectively 1200m (F (2,
28) = 3.0, p = 0.07). Because ACE converts some vasodilators to vasoconstrictors, these
findings suggest that there may be higher concentrations of those vasoconstrictors among
the Amhara.

With respect to vasodilators, the average ratio of urinary nitrite and nitrate (NOx) to
creatinine levels was 0.03 ± 0.03 uM/uM at 3700m and 0.03 ± 0.04 uM/uM at 1200m as
compared with 0.01 ± 0.01 uM/uM in the U.S. low-altitude sample. Urinary NOx/creatinine
ratio did not correlate with measures of pulmonary hemodynamics in any of these samples.

Discussion
The major finding was elevated Doppler-estimated pulmonary artery systolic pressure
among Amhara at 3700m and 1200m. Approximately 73% of Amhara highlanders at 3700m
had Doppler-estimated pulmonary artery systolic pressure above the reference range of
variation in the US low-altitude sample while approximately 40% of the Amhara lowlanders
at 1200m did so (Figure 1). Regardless of altitude, Amhara also had elevated Doppler-
estimated blood flow. Approximately 40% of the Amhara had RVOTvti above the normal
range of low-altitude variation in the US low-altitude sample (Figure 2). However, the
higher pressures and flow were not associated with higher pulmonary vascular resistance:
none of the Amhara had pulmonary vascular resistance above the US low-altitude normal
range. This pattern of pulmonary vascular response to high altitude differs from the classic
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model that couples pulmonary artery pressure and vascular resistance (Penaloza and Arias-
Stella, 2007). The larger body size of the U.S. reference sample is unlikely to explain these
results. The Amhara – U.S. population differences occurred among both males and females
even though the size difference was larger for males than females. Furthermore, the
relatively high U.S. pulmonary vascular resistance and small diameter of the right
ventricular base occur whether or not the correction for body size is applied (data not
shown). This is consistent with other findings that pressure and blood flow velocity are little
affected by body size (Liu and Yin, 1987).

The modestly higher mean pulmonary artery pressure among the low-altitude Amhara at
1200m relative to the U.S. low-altitude sample was unexpected based on the common
convention that 2500m is a threshold for detectable hypoxic stress and response. The
Amhara at 1200m had alveolar and arterial oxygen tensions consistent with reports from the
US at 1400m (Crapo and others, 1999). The calculated alveolar oxygen tension (pAO2) of 93
mm Hg was well above the 50–60 mm Hg range associated with hypoxic pulmonary
vasoconstriction (Moudgil and others, 2005). We are unaware of comparable pulmonary
hemodynamic data from other samples at similar altitudes. Future studies of Amhara at very
low altitude and Europeans at intermediate altitude are necessaty to establish whether these
findings reflect a response to an unexpectedly low altitude or a general characteristic of
Amhara.

These results suggest that the elevated pulmonary artery pressure was not due to
vasoconstriction across the pulmonary bed (classic model), but rather was due to relative
increase of blood volume. The high pulmonary blood flow measured by RVOTvti – the
distance a unit of blood travels as it enters the pulmonary artery, and a surrogate measure for
stroke volume (Pai and others, 2004) – of both Amhara samples, together with the larger
right ventricle at high altitude, implies a larger cross-sectional area for blood flow, perhaps
owing to more dilation, more arterioles in the lung, or recruitment of more pulmonary
arterioles (Wagner and others, 1979). Approximately 65% of the Amhara at 3700m had right
ventricle diameter indices more than two standard deviations above the mean (Figure 3), a
finding that classically was attributed to high workload on heart muscle owing to high
resistance found among Andean highlanders. The present context suggests that a high
workload may result from high blood volume, although that was not measured in this study.
(Hemoglobin concentration was not a major contributor to pulmonary hemodynamics.)

Considering that the characteristics of the lowland Amhara likely represent those of the first
colonizers of the highland areas, a plausible hypothesis reasons that the high flow-low
resistance pattern was augmented under high-altitude hypoxia with an increase in blood
volume resulting in the observed elevated pressure.

Despite the enhanced pulmonary blood flow, the Amhara avoid raised vascular resistance
although the mechanism is not known. The ACE polymorphism and ACE levels were not
influential. A predominance of the ACE I allele might have been expected because it is
associated with relatively less vasoconstriction, however it accounted for only about 30% of
the alleles at both altitudes. This was consistent with findings in other parts of the world
(Rupert and Hochachka, 2001). The effect of the I allele is variable at high altitude. Some
studies report an association of the I allele with low and others an association of the I allele
with high pulmonary artery pressure at high altitude (Aldashev and others, 2002; Kumar and
others, 2003; Morrell and others, 1999). The present study found no association. The
Amhara had average ACE protein levels 70-90% higher than the US sample. The I allele
was associated with significantly lower levels at 3700m and there was a similar trend at
1200m. The ACE I/D polymorphism is not associated with variation in ACE protein level in
some East and South African samples, suggesting that the phenotypic effects of the I/D
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polymorphism may differ depending on genetic background (Payne and others, 2007; Scott
and others, 2005). Interestingly, even those with the I allele had more than 50% higher ACE
protein level than the average of the US sample.

Total body synthesis of the vasodilator nitric oxide was quantified as the ratio of urinary
nitrite and nitrate (NOx) to creatinine. The Amhara, regardless of residence altitude, had
systemic NOx ratios three times higher than the US reference sample. Perhaps this
contributes to vasodilation and enables the high flow of the Amhara. Future studies should
evaluate a wide array of vasodilators and constrictors.

In global perspective, comparing the Amhara highlanders at 3700m with a sample of
Tibetans residing at 4200m evaluated by the same echosonographer found the Amhara had
higher Doppler-estimated pulmonary artery pressures and blood flow, and a trend toward
higher pulmonary vascular resistance index The Tibetan average TR grad was 25.0 ± 6.6
(SD) mm Hg (n=65) (t=2.25, df=138, p < 0.05); average RVOTvti was 17.0 cm ± 2.5 (n=78)
(t=2.80, df=150, p < 0.05) and average pulmonary vascular resistance index was 2.3 ±
0.3(n=64) Wood units/m2 (t=1.76, df=138, p=0.08). At the same time all three contrasted
with the low altitude U.S> sample that had markedly lower pulmonary blood pressure and
higher pulmonary vascular resistance index (Figures 4a and 4b). These comparisons
illustrate that there is no simple association of pulmonary hemodynamics with altitude.

To address this relationship in greater detail, Figure 5 summarizes published data on
Doppler-estimated pulmonary artery pressure across a range of altitudes. The range of
variation at low altitude is large and actually encompasses the present sample at 1200m.
Unexpectedly, based on earlier comparisons (Groves and others, 1993; Penaloza and Arias-
Stella, 2007) the Andean samples and the Tibetan resemble one another and have lower TR
gradients than the present Amhara sample. The wide range of variation at low altitudes
suggests the need to increase the number of samples at high altitude before reaching firm
conclusions about population differences or secular trends. The high-altitude Amhara
sample of the present study stands out with a particularly high pulmonary artery pressure.
One possible mechanism is suggested by measurements across the lifespan. Andean infants
and children at 4500m retain high neonatal pulmonary pressures and finally attain relatively
low ‘adult’ pressures after 11 years of age or later that remain above low-altitude pressures
throughout adulthood. That contrasts with low-altitude Andean infants and children whose
pressures achieve ‘adult’ levels by 1–4 years of age (Penaloza and Arias-Stella, 2007).
Additional work is required to test the alternative hypotheses that the high pressures of
highland Amhara are a function of high blood volume, represents hypoxic pulmonary
vasoconstriction or is an outcome of very delayed fall from neonatal to low adult pressures.

In summary, these findings suggest a need for revising, at least for some indigenous high-
altitude populations, the classic model of hypoxic pulmonary vasoconstriction, elevated
pulmonary artery pressure and pulmonary vascular resistance. The effect of Amhara
ancestry inferred by comparing low-altitude Amhara and U.S. residents is a pattern of
elevated pulmonary artery pressure and high flow without elevated pulmonary vascular
resistance. The effect of residence altitude on Amhara inferred by comparing samples at
3700m and 1200m is a pattern of high pulmonary artery pressure without elevated
pulmonary vascular resistance.
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Figure 1.
Tricuspid regurgitant gradient estimate of pulmonary artery systolic pressure in samples of
Amhara at 3700m and 1200m and a U.S. low-altitude sample. All pairwise differences in
means were significant. Dashed lines indicate the sea-level mean plus two standard
deviations.
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Figure 2.
Right ventricular outflow velocity-time integral estimate of pulmonary blood flow in
samples of Amhara at 3700m and 1200m and a U.S. low-altitude sample. Amhara samples
had significantly higher flow. Dashed lines indicate the sea-level mean plus two standard
deviations.
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Figure 3.
Right ventricle size estimated as the diameter of the ventricle base relative to body surface
area in samples of Amhara at 3700m and 1200m and a U.S. low-altitude sample. Amhara
highlanders had significantly larger right ventricles. Dashed lines indicate the sea-level
mean plus two standard deviations.
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Figure 4.
Amhara and Tibetan samples both have higher mean Doppler-estimated pulmonary artery
systolic pressure (TR gradient, mm Hg) and Doppler-estimated pulmonary blood flow
(RVOTvti, cm) compared with a U.S. low-altitude sample (left panel) yet lower pulmonary
vascular resistance (right panel). Means and standard deviations are plotted.
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Figure 5.
Doppler-estimated average pulmonary artery systolic pressure (TR gradient, mm Hg) of
populations with low and high residence altitude illustrates a wide range of variation at low
altitude and a distinctively high mean for the Amhara highlanders of the present study.
(Aessopos and others, 2000; Grunig and others, 2000; Grünig and others, 2009; Hoit and
others, 2006; Huez and others, 2009; Maignan and others, 2009; McQuillan and others,
2001; Schwab and others, 2008; Stuber and others, 2010).
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Table 2

Pulmonary blood flow characteristics of Amhara samples at high and low altitudes and a U.S. low altitude
sample. Values are mean and standard deviation.

Trait 3700m Amhara 1200m Amhara 282m U.S.

TR gradient, mm Hg * 27.9 ± 8.4 (75) 21.9 ± 4.0 (54) 16.5 ± 3.6 (46)

RVOT vti, cm † 18.3 ± 3.1 (75) 17.8 ± 2.8 (54) 15.3± 1.8 (46)

Pulmonary Vascular Resistance Index, Wood units/m2,† 2.5 ± 0.5 (74) 2.5 ± 0.4 (54) 2.8 ± 0.6 (46)

Right Ventricle Base Index, cm/m2,§ 2.0 ± 0.3 (74) 1.5 ±0.2 (54) 1.5± 0.2 (46)

*
All pairwise differences significant

†
Amhara no altitude difference, both significantly different than U.S.

‡
Females: Amhara no altitude difference, Amhara high altitude significantly different from U.S. Low altitude

§
Amhara high altitude significantly different from others
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Table 3

Angiotensin converting enzyme (ACE) genotypes and allele frequencies of Amhara samples at high and low
altitudes.

3700m Amhara 1200m Amhara

Genotype Frequency * N (%) N (%)

II 7 (11) 5 (14)

ID 23 (36) 12 (33)

DD 34 (953) 19 (53)

Total 64 36

Allele Frequency *

I 29% 31%

D 71% 69%

*
Genotype frequencies do not differ from Hardy-Weinberg Equilibrium frequencies; genotype frequencies do not differ between altitudes by test of

comparison of genotype distribution by Chi-square test (3 × 2 contingency table with 2 df); allele frequencies do not differ between altitudes by test
of comparison of allele distribution by Chi-square test (2 × 2 contingency table with 1 df).
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