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Checkley. Living at high altitude and COVID-19 mortality in Peru. High Alt Med Biol. 23:146–158, 2022.
Background: Previous studies have reported a lower severity of COVID-19 infections at higher altitudes;
however, this association may be confounded by various factors. We examined the association between living at
altitude and COVID-19 mortality in Peru adjusting for population density, prevalence of comorbidities, in-
dicators of socioeconomic status, and health care access.
Methods: Utilizing administrative data across 196 provinces located at varying altitudes (sea level to 4,373 m), we
conducted a two-stage analysis of COVID-19 deaths between March 19 and December 31, 2020, Peru’s first wave.
We first calculated cumulative daily mortality rate for each province and fit lognormal cumulative distribution
functions to estimate total mortality rate, and start, peak, and duration of the first wave. We then regressed province-
level total mortality rate, start, peak, and duration of the first wave as a function of altitude adjusted for confounders.
Results: There were 93,528 recorded deaths from COVID-19 (mean age 66.5 years, 64.5% male) for a cu-
mulative mortality of 272.5 per 100,000 population between March 19 and December 31, 2020. We did not find
a consistent monotonic trend between living at higher altitudes and estimated total mortality rate for provinces
at 500 - 1,000 m (-12.1 deaths per 100,000 population per 100 m, 95% familywise confidence interval -27.7 to
3.5) or > 1,000 m (-0.3, -2.7 to 2.0). We also did not find consistent monotonic trends for the start, peak, and
duration of the first wave beyond the first 500 m.
Conclusions: Our findings suggest that living at high altitude may not confer a lower risk of death from
COVID-19.

Keywords: high altitude; COVID-19; mortality

Introduction

Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) was first reported in the Hubei region of

China in December 2019 (Lu et al., 2020a) and has since
spread globally, causing over 220 million cases of the disease

known as COVID-19 and over 4.5 million deaths as of
September 04, 2021 (Dong et al., 2020). As a disease that
commonly manifests in respiratory distress and pneumonia
(Huang et al., 2020), risk factors for severe outcomes include
age (Zhang et al., 2020), comorbidities, poverty (Mena et al.,
2021), air pollution (Zhu et al., 2020), and high-altitude
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environments (Quevedo-Ramirez et al., 2020; Arias-Reyes
et al., 2021).

Studies have shown that SARS-CoV-2 infects the host cell
by binding to the angiotensin-converting enzyme 2 (ACE2)
receptor (Lu et al., 2020b; Ren et al., 2020). High-altitude
environments result in hypobaric hypoxia and have been
shown experimentally to lower ACE2 receptor levels (Hampl
et al., 2015; Dang et al., 2020). A lower expression of ACE2
receptors may, in turn, result in a lower viral burden, lower
likelihood of symptomatic infections, and lower transmission
(Bourgonje et al., 2020). This leaves the possibility that pop-
ulations living at high altitudes (>2,500 m) may have reduced
susceptibility to SARS-CoV-2 and less severe outcomes.

An observational study in Peru early during the pandemic
found that COVID-19 mortality decreased with higher alti-
tude (Quevedo-Ramirez et al., 2020). Additionally, across the
Americas, COVID-19 incidence and severity have been
found to decrease significantly starting at 1,000 m above sea
level (Arias-Reyes et al., 2021). Ecological data should be
approached with caution, however, as findings are mixed
(Woolcott and Bergman, 2020) and lower case rate and
mortality could be confounded by factors such as population
density, socioeconomic status, and availability or lack of
access to health care services, particularly tertiary, special-
ized care (Burtscher et al., 2020; Pun et al., 2020). Peru is
uniquely suited to study the association between COVID-19
mortality and high altitude given that it has communities that
span from sea level to over 4,000 m. We sought to examine
the association between altitude and COVID-19 mortality in
Peru adjusting for population density and indicators of so-
cioeconomic status and health care access.

Methods

Study setting

We conducted an analysis of administrative data in Peru
between March 19 and December 31, 2020, roughly the first
wave of the COVID-19 pandemic. Peru is divided into 24
departments and the Constitutional Province of Callao, which
in turn are divided into 196 provinces (Fig. 1A). The country
has a wide altitude range, with departments located between 9
and 4,373 m above sea level. Of the 25 departments (196
provinces), 12 (71 provinces) are at <1,000 m, 4 (29 prov-
inces) are between 1,000 and 2,500 m, and 9 (96 provinces)
are ‡2,500 m. Population density is highest in the coastal
region, especially in Callao and Lima Province, and de-
creases with distance from the coast, from the highland re-
gion (Andes), which occupies the center of the country to the
sparsely populated jungle regions (Amazon) in the east
(Fig. 1B).

Data sources

We obtained sociodemographic and geographic data
(population, population density, human development index
[HDI], percent of population in total poverty, altitude) from
Peru’s National Center of Strategic Planning (CEPLAN for
its acronym in Spanish), which aggregated data by depart-
ment and by province from multiple sources. We used the
population data for 2019, obtained from the National Reg-
istry of Identification and Civil Status (RENIEC, 2019). The
HDI for 2019 was obtained from the United National De-
velopment Program (Yufra and Huerta, 2019). The HDI

ranges between 0 and 1 and is composed of three main in-
dicators for health (life expectancy at birth), education
(percentage of the population over 18 years of age with
secondary education and mean years of schooling), and
standard of living (household income per capita). The per-
centage of population in total poverty and altitude was ob-
tained from the National Institute of Statistics and
Information (INEI) using data from 2019 at department level
(INEI, 2020a) and from 2018 at province level (INEI, 2020b).
Department and province altitudes correspond to the altitude
of the department and province capitals, respectively.

The prevalence of overweight (body mass index [BMI] >1
standard deviation above the median for children 15–17 years
of age, ‡25 kg/m2 in adults 18–59 years of age, and BMI
‡28 kg/m2 in adults ‡60 years of age, and excluded pregnant
women) and the percentage of current smokers ‡15 years of
age were available at department level only and were ob-
tained from INEI for 2019 (INEI, 2019). The percentage of
current smokers was determined as the proportion of the
population ‡15 years who smoked at least one cigarette in the
last 30 days.

We computed the percentage of population over 60 years
of age using the 2019 modeled population based on 2017
census data (Ministerio de Salud, 2019); and the mean per-
sons per room as a measure of crowding using the average
number of persons per household by the average number of
rooms per household from 2017 census data (INEI, 2017).
We determined total number of hospital beds and adult in-
tensive care unit (ICU) ventilators by department and by
province from daily data provided by the National Super-
intendence of Health of the Peruvian Ministry of Health
(SUSALUD for its acronym in Spanish) for all health facil-
ities in Peru since April 8, 2020 (Plataforma Nacional de
Datos Abiertos, 2021a). Since the reported number of beds
and ventilators in many of the health facilities varied during
this time period as they expanded their capacity to manage
the increase in hospitalizations due to COVID-19, we com-
puted total numbers at each health facility based on the
modes.

Outcomes

We obtained death counts from the daily registry of
COVID-19 deaths published by the Peruvian Ministry of
Health (MINSA for its acronym in Spanish) (Plataforma
Nacional de Datos Abiertos, 2021b). The criteria used to
define COVID-19 as the cause of death are listed in the
Supplementary Data S1. We used data between March 19 and
December 31, 2020, and aggregated deaths by day at both
department and province. We excluded the 20 deaths that
were registered before March 19, 2020, the date of the first
confirmed death due to COVID-19 in Peru (Plataforma Di-
gital Única del Estado Peruano, 2020). Daily mortality rate
(DMR) was computed as the daily number of deaths per
100,000 inhabitants. Cumulative daily mortality rate
(CDMR) was determined as the total number of deaths up to
and including that day, per 100,000 inhabitants. We used
regression models outlined below to fit these data and esti-
mate our four primary outcomes: total mortality rate, and
start, end, and peak of the first wave of COVID-19 deaths. We
hypothesized that altitude does not only reduce total mor-
tality but may also result in a lower peak of deaths, later start,
and shorter duration of the wave.
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Biostatistical methods

We conducted our analysis in two stages. First, we mod-
eled CDMR by department and by province as a lognormal
cumulative distribution function with three parameters (A, l,
and r):

CDMR¼ A

2
erfc � log t � lffiffiffi

2
p

r

� �
,

where t is time in calendar days, A represents the total mor-
tality rate, and l and r are the mean and standard deviation
of the DMR, respectively, both on the log scale. We fitted this
distribution using nonlinear least-squares to estimate model
parameters. We estimated parameters separately for each of
the 196 provinces and 25 departments. From these parame-
ters we then estimated the days at which the start, end, and
peak of deaths occurred. Peak of deaths was calculated as
e l� r2ð Þ. The start and end of the first wave were approxi-
mated by the 2.5th and 97.5th percentiles, respectively:
Start¼ e l� 1:96rð Þ, End¼ e lþ 1:96rð Þ, and the duration of the
first wave was computed as the time between these two
values, Duration¼ End� Start.

Provinces where the difference between estimated and
observed total mortality rate was more than 50% (n = 11)
were merged with the neighboring province with the most
similar altitude within the same department (Huacaybamba
with Marañon, Antonio Raymondi with Huari, Asunción
with Carlos F. Fitzcarrald, San Pablo with San Miguel, Bo-
livar with Pataz, Castrovirreyna with Huancavelica,
Chincheros with Andahuaylas, Condesuyos with La Unión,
Huamalies with Dos de Mayo, Paucar del Sara Sara with
Parinacochas, Santa Cruz with Chota) and a new fit was
obtained for the CDMR across the two provinces.

In a second stage, we used linear regression models for the
total mortality rate, start, peak, and duration of the first wave
as a function of altitude separately for all provinces/merged
provinces (n = 192) adjusted for the following a priori se-
lected confounders: log-transformed population, log-
transformed population density, HDI, percent of the popu-
lation in total poverty, mean number of people per room,
prevalence of overweight >15 years of age by department,
percent of current smokers >15 years by department, percent
of the population >60 years of age, total number of hospital
beds per 100,000 inhabitants, and total number of adult ICU
ventilators per 100,000 inhabitants. For the merged prov-
inces, we used the mean altitude between the two provinces
and population-weighted averages for the HDI, percent of the
population in total poverty, mean number of people per room,
and percent >60 years. We assumed equal weights for all
provinces/merged provinces.

We generated two models for each of our four outcomes:
one with altitude included as a piecewise linear spline with
knots at 500 and 1,000 m, and another with altitude catego-
rized into the following bins: 0–250 m, 250–500 m, 500–
1,000 m, 1,000–1,500 m, 1,500–2,500 m, 2,500–3,500 m, and
>3,500 m. We calculated Bonferroni-adjusted p-values and
95% familywise confidence intervals (CIs) given that our
four primary outcomes are interrelated. To verify the ro-
bustness of our results against outliers, we performed two
sensitivity analyses. First, we used rank-based regression
(Hettmansperger and McKean, 2011) to model our four
outcomes as a function of altitude adjusting for the same

potential confounders. Second, we used linear regression but
excluded the 50 provinces where CDMR did not fully plateau
in 2020, and our model predicted the end of the first wave
beyond the end of 2020 (Supplementary Fig. S1). All statis-
tical analyses were conducted in R28. The analyses were
approved by the Institutional Review Board of Universidad
Peruana Cayetano Heredia (SIDISI code 205876).

Results

Regional characteristics

We summarize the cumulative mortality rate in 2020 and
the date of the first recorded death due to COVID-19 along
with sociodemographic variables and health risk factors in
the 25 departments (Table 1). The number of COVID-19
deaths per 100,000 population in 2020 ranged from 82.6 in
Apurimac to 392.8 in Callao, the dates of the first death
ranged between March 19, 2020 (Lima) and April 25, 2020
(Madre de Dios). Population density varied from 2 inhabi-
tants per km2 in Madre de Dios to 7,859 inhabitants per km2

in Callao. The HDI was highest in Lima (0.71), Moquegua
(0.66), Callao (0.64), and Arequipa (0.64), and lowest in
Huancavelica (0.38), Apurimac (0.41), and Amazonas (0.42).
Prevalence of overweight in individuals >15 years of age
ranged from 30.6% (Huancavelica) to 40.9% (Moquegua),
smoking prevalence from 5.6% (Puno) to 19.1% (Madre de
Dios), and percent of population >60 years from 6.5%
(Madre de Dios) to 12.5% (Moquegua). The total number of
beds per 100,000 population varied between 29.9 (Tumbes)
and 125.6 (Callao) and number of adult ICU ventilators per
100,000 population ranged from 0.0 (Moquegua) to 5.2
(Pasco).

The percentage of population in poverty increased with
altitude, while prevalence of overweight, smoking preva-
lence, and percentage of the population >60 years was lower
at higher altitudes. Excluding Lima and Callao, the number of
people living in each department was similar. Population
density, on the other hand, was lower at higher altitudes.

COVID-19 mortality by department and by province

We display observed CDMR for COVID-19 per 100,000
population in 2020 for all provinces and the mean and stan-
dard deviation by department ordered by ascending altitude
(Fig. 2). Mean CDMR is highest in Callao (27 m), Ica
(432 m), and Moquegua (1,428 m), and lowest in Cusco
(3,439 m), Huanuco (1,921 m), and Cajamarca (2,731 m).
There does not appear to be a consistent monotonic trend in
CDMR means by altitude, especially when the department
with the highest population density (Callao) is ignored. In
Figure 3, we show the observed CDMR and DMR by de-
partment along with the modeled CDMR and the predicted
start, end, and peak of the first wave. There is excellent
agreement between observed and modeled CDMRs. Our
predictions of the peak of deaths and the start and end of the
first wave, computed from the model parameters, also show
good agreement with the observed data.

We display maps of the total mortality rate, and the start,
peak, and duration of the first wave by province in Figure 4.
Mortality rates were highest in provinces along the northern
(Tumbes, Piura, Lambayeque) and central (La Libertad,
Ancash, Lima, Callao) coast, and in the capital provinces of
Amazon Basin regions near the borders with Colombia to the
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northeast (Maynas in Loreto), Brazil to the east (Coronel
Portillo in Ucayali), and Bolivia to the southeast (Tambopata
in Madre de Dios) (Fig. 4A). The start of the first wave
presented in Figure 4B suggests how COVID-19 could have
spread through the major ports of entry and the borders with
neighboring countries in the north and east (Ecuador,
Colombia and Brazil), with the first wave starting first in
provinces in Lima, Tumbes, Loreto, and Ucayali. Peak
mortality rate occurred earliest in the northeast Amazon
region (provinces in Loreto, and neighboring province
Coronel Portillo in Ucayali), in two of the least populated
departments in the country (Fig. 4C). The low population
density is a likely contributing factor to the shorter duration
of the first wave in these regions (Fig. 4D), as there is evi-
dence to suggest that contact rates are associated with pop-
ulation density.

Associations between COVID-19 mortality and altitude

We plot the total mortality rate, and the start, peak, and
duration of the first wave as a function of altitude in Figure 5.
The results include both the unadjusted estimates obtained
from our CDMR models by province, and the adjusted esti-
mates from our linear regression models with altitude as a
continuous variable and with altitude discretized into bins.
Both adjusted models show that there is no consistent asso-
ciation between altitude and any of our outcomes beyond the
first 500 m. There is a change of -12.1 deaths per 100,000
population per 100 m (95% familywise CI -27.7 to 3.5) be-
tween 500 and 1,000 m, and -0.3 (95% familywise CI -2.7
to 2.0) above 1,000 m. The start of the first wave appears to
increase by 1.3 days per 100 m (95% familywise CI -4.0 to
6.6) between 500 and 1,000 m, and remains the same above
1,000 m (change of 0.1 days per 100 m; 95% familywise CI
-0.9 to 0.7), while the peak increases by 5.9 days per 100 m

between 500 and 1,000 m (95% familywise CI 1.4 to 10.4)
but decreases by 0.7 days per 100 m above 1,000 m (95%
familywise CI -1.3 to 0.0).

Similarly, there is no significant trend with altitude for the
duration of the wave between 500–1,000 m (change of 15.2
days per 100 m, 95% familywise CI -9.5 to 40.0) and
>1,000 m (-1.8 days per 100 m, 95% familywise CI -5.5 to
2.0). In Table 2, we summarize the mean differences in
CDMR, start, peak, and duration of the first wave across al-
titude bins. The results show that CDMRs are lower above
500 m when compared with CDMRs below 500 m. However,
this trend is not consistently linear with altitude. Above
500 m, all comparisons of CDMR are not significant. Like-
wise, there are no significant differences in the start, peak, or
duration of the first wave across any altitude bins above
500 m. Altogether, these findings suggest that high altitude
does not offer a protective effect against COVID-19 mortality.

Sensitivity analyses

We show the results from both sensitivity analyses in
Supplementary Figures S2 and S3, and summarize mean
changes and 95% familywise CIs for our four outcomes in
Supplementary Table S1. Except for the change in the peak of
the first wave between 500 and 1,000 m (change of 5.2 deaths
per 100,000 population per 100 m; 95% familywise CI 1.0–
9.5) when using rank-based regression, all other results from
both analyses are consistent with those from the main anal-
ysis and show no evidence of a monotonic trend with altitude
beyond 500 m.

Discussion

In this analysis of administrative data of COVID-19 deaths
in Peru for 2020, we did not observe a consistent monotonic

FIG. 2. 2020 total COVID-19 deaths per 100,000 inhabitants in all provinces and mean and standard deviation by
department ordered by ascending altitude.
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trend in mortality with altitude. Specifically, we did not find
significant differences with altitude in the CDMRs or the
start, peak, or duration of the first wave of COVID-19 deaths
above 500 m. The monotonic trends observed between sea
level and 500 m are likely due to residual confounding, given
that there is no evidence of an association with altitude above
500 m. Since Peru has provinces at altitudes ranging from sea
level to 4,373 m and an overall high COVID-19 mortality
rate, our analysis provides compelling evidence that living at
higher altitudes does not offer a protective effect against
death from COVID-19.

Evidence for a relationship between COVID-19 mortality
outcomes and altitude remains mixed (Burtscher et al., 2020;
Cano-Pérez et al., 2020; Pun et al., 2020; Seclén et al., 2020;

Segovia-Juarez et al., 2020; Woolcott and Bergman, 2020;
Arias-Reyes et al., 2021; Stephens et al., 2021; Thomson
et al., 2021). One potential explanation for heterogeneity in
findings is that some of the analyses used early COVID-19
mortality data before the end of the first wave. Two analyses
of mortality data in Peru between March and July 2020 found
a lower rate of deaths at higher altitudes when analyzed at the
department (Seclén et al., 2020) and district levels (Thomson
et al., 2021). However, there are some potential shortcomings
with these analyses. First, they included data for a short pe-
riod of time and missed the bulk of data from the first wave in
many departments. Therefore, these analyses may suffer
from a period time bias. Our analysis identified that the peak
of deaths did not occur until after July 2020 in many prov-

FIG. 4. Maps by province: (A) 2020 COVID-19 deaths per 100,000 population; (B) start of first wave; (C) peak of first
wave; (D) duration of first wave.
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inces, especially those located at a high altitude. Second,
neither Seclén et al. nor Thomson et al. used time-series
analyses, which are the best methodological approach to
account for temporal trends.

Finally, Seclén et al. only adjusted for age and sex and did
not account for other important potential confounders such as
population density, socioeconomic status, and availability of
health services. In contrast, another analysis of data in Peru
between March and June 2020 found that while COVID-19
infection rates were lower with altitude, case fatality rate was
not affected (Segovia-Juarez et al., 2020). This analysis did
not account for potential confounders other that sex. Another
study utilizing administrative data from 70 municipalities in
Colombia, another Andean country with a similar range of
altitudes as Peru, also found lower unadjusted death rates
with altitude; however, this study also used data early in the
pandemic between March and July 2020 and authors reported
that their findings were better explained by population den-
sity (Cano-Pérez et al., 2020). A subsequent analysis of
mortality data in the United States between January and
August 2020 also found a similar relationship of lower death
rates with higher altitude comparing counties with an average
elevation greater than 2,133 m against counties with an av-
erage elevation less than 914 m in a matched death count
analysis (Stephens et al., 2021).

While the authors adjusted for potential confounders, in-
cluding degree of urbanization and number of persons per
household, they did not include population density or access
to health services by country. This study also suffers from the
same limitations as the previous studies in Peru in that 19
states had not yet completed the first wave by August 2020
( James and Menzies, 2020). In contrast, another analysis
utilizing administrative data in the United States between
January and April 2020 found the opposite effect: counties
located at 2,000 m or above had higher mortality rates than
those located below 1,500 m (Woolcott and Bergman, 2020).
The same authors also analyzed data from Mexico between
March and May 2020 and found that mortality rate was also
higher with altitude. These analyses also identified that the
association between altitude and COVID-19 mortality rates
was significant only in men and those younger than 65 years
of age.

The evidence of an association between altitude and
COVID-19 mortality remains mixed with some studies sug-
gesting a positive correlation, others a negative correlation,
and a handful reporting null results. Our work expands on this
body of research, by covering a longer period of time, ac-
counting for several confounders and examining not only the
association of altitude with cumulative mortality rate, but
also the start, peak, and duration of the first wave.

The geographical distribution of the start of the COVID-19
epidemic in Peru follows a similar pattern to previous pan-
demics such as that of cholera in 1991 (Smirnova et al., 2020)
and H1N1 influenza in 2009 (Chowell et al., 2011). Specifi-
cally, the onset of COVID-19 deaths happened earliest pri-
marily in the main ports of entry, such as Lima and Callao,
and the northern borders of Tumbes, Piura, and Loreto. One
salient difference with other epidemics, however, was the
high CDMR observed in Moquegua, specifically in the Pro-
vinces of Ilo and Mariscal Nieto. Since 2011, the city of Ilo
has become the terminus for the Interoceanic Highway, a
2,600 km passageway that connects provinces in Moquegua
with departments in southeastern Peru and with Brazil. In-

creased trade and travel through the Interoceanic Highway
may explain the high mortality rates in this region.

Our analysis has several strengths. First, the range of al-
titudes in Peruvian provinces from sea level to 4,337 m pro-
vides a natural experiment to study the association between
altitude and COVID-19 mortality. There are few countries in
the world that have high population density at an altitude.
Indeed, 23% of the population of Peru lives at altitudes
‡2,500 m, only second to Bolivia and Ecuador (Tremblay and
Ainslie, 2021). In contrast, <1% of the population in the
United States lives at ‡2,000 m above sea level (Woolcott and
Bergman, 2020). Second, we utilized time series models to
characterize not only total mortality rates but also the start,
peak, and duration of the first wave of COVID-19 by prov-
ince. Such modeling approach allowed us to provide a
comprehensive characterization of the relationship between
COVID-19 mortality outcomes and altitude. Third, we uti-
lized data for all of 2020 and most provinces (*75%) had
already experienced the end of the first wave.

Our analyses also have some potential shortcomings. First,
we utilized administrative data, which can be affected by un-
derreporting especially in lower resource areas. However,
deaths are less prone to underreporting and unlike cases, do not
depend on availability of COVID-19 testing. Second, we can-
not exclude confounding. We utilized data on potential con-
founders available at the province or department level, but it is
possible that our adjusted analyses did not comprehensively
capture all potential confounders and there may still be residual
confounding when using province- or department-level aver-
ages. For example, we assigned the altitude of the province
capital to the entire province; however, we acknowledge that
altitudes may vary widely even within a province (e.g., alti-
tudes by district in Arequipa province range from 9 to 4,470 m).

While district data were available, many districts had
sparse time series of death data that complicated analysis.
Finally, we cannot rule out that this study may suffer from
ecological fallacy as it utilized population-level data.
Therefore, a well-designed cohort study that includes
individual-level data may be the best epidemiological design
to ultimately address whether altitude confers protection
against mortality from COVID-19 infection.

In conclusion, our analyses do not provide evidence of a
relationship between living at higher altitudes and lower risk
of death from COVID-19.
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