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Abstract

Background Peru had the highest COVID-19 cumulative mortality rate worldwide. A greater disadvantage in the popula-
tion infected with COVID-19 living under chronic hypoxia would be expected. However, previous studies reported a lower
mortality at higher altitudes.

Aim The study assessed the relationship between altitude and COVID-19 mortality rate and case incidence in Peru at a
district level from March 6, 2020, to February 28, 2022, and in its three waves.

Subject and methods This was an ecological, analytical study examining open data for 1874 Peruvian districts, ranging from
3 t0 4675 m, with 3,372,962 COVID-19 cases and 212,017 deaths. Correlation statistics and a multivariate linear regression
model were used to assess this relationship in this period and in three arbitrarily defined waves.

Results A negative coefficient of —0.00012 (95% CI —0.00015 to —0.00008) between altitude and mortality rate during
the pandemic was obtained, corresponding to a 5.82% decrease in mortality for every 500 m. Similar findings for the three
waves were observed, the first one with —0.000142 (95% CI —0.000178 to —0.000106); the second one, —0.000071 (95%
CI —0.000101 to —0.000041); and the third one, —0.000017 (95% CI —0.000027 to —0.000006), equivalent to a decrease
in mortality of 6.85%, 3.5%, and 0.85% for every 500 m. A coefficient of —0.0000905 (95% CI —0.000134 to —0.000047)
between altitude and case incidence was observed, meaning a 4.42% decrease for every 500 m. In the first and third waves,

a5.06% and 3.92% decrease in incidence was found for every 500 m.
Conclusion Altitude had a protective effect against COVID-19 mortality and case incidence in Peru.
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Introduction

As of February 28, 2022, 3,548,559 confirmed cases and
212,299 deaths from COVID-19 had been reported in
Peru, making it the country with the highest mortality rate
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worldwide, with 646 deaths per 100,000 population (Our
World in Data 2022). Lima, Peru’s capital, was the city with
the highest number of cases and deaths from COVID-19
(MINSA 2022a, b). At that time, the country had faced three
waves: the first one from April 21, 2020, until November 20,
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2020; the second one from January 11, 2021, until August
31, 2021; and the third one from December 21, 2021, until
February 28, 2022 (World Health Organization 2022). The
distribution data for both the confirmed cases and deaths
from COVID-19 are shown in Fig. 1.

a

It is well known that acute respiratory distress syndrome
(ARDS) is a life-threatening condition and an important fac-
tor involved in mortality from COVID-19 (Boban 2021).
People living at high altitudes are exposed to chronic hypo-
baric hypoxic conditions, leading to very low resting partial
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Fig.1 (a) Distribution of COVID-19 confirmed cases throughout the pandemic (b) Distribution of COVID-19 deaths throughout the pandemic.
Graphic was made with information available in WHO Corona virus Disease
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pressure of oxygen (P,0,). The average P,O, in individuals
living in Bogota, Colombia (2640 m), was reported as 68.6
mmHg (Miranda-De la Torre and Ramirez-Ramirez 2011);
in Huancayo, Peru (3249 m), as 66.22 mmHg (Yumpo
2002); in Cusco, Peru (3350 m), 61.08 mmHg (Pereira-Vic-
torio et al. 2014); in La Paz, Bolivia (3600 m), 55.9 mmHg
(Vera 1991); and in Cerro de Pasco, Peru (4380 m), 54.18
mmHg (Tinoco Sol6rzano et al. 2017). Similar values were
observed in different places around the world located above
2500 m (Rojas-Camayo et al. 2017; Peacock 1998). A P,O,
value lower than 60 mmHg in individuals living at sea level
is considered type 1 respiratory failure, indicating the need
for supplementary oxygen (Mirabile et al. 2023). Therefore,
people residing at high altitudes would be expected to have
a greater disadvantage when infected with SARS-CoV-2,
leading to higher mortality. However, at the beginning of
the pandemic, a lower case fatality rate was observed at
high altitudes, suggesting high altitude as a protective fac-
tor against COVID-19 disease. Arias-Reyes et al. were the
first to describe this possible protective effect against SARS-
CoV-2 infection. A low prevalence and less severe forms of
COVID-19 were observed in high-altitude regions such as
Tibet, Bolivia, and Ecuador (Arias-Reyes et al. 2020).

Fewer cases, a lower mortality rate, and lower severity of
COVID-19 have also been reported within countries with high
infection rates in cities located above 2500 m (Arias-Reyes
et al. 2020). Aside from its cultural and ecological diversity,
Peru encompasses natural regions divided into altitudinal
floors, with the average altitude of its districts ranging from 3
to 4675 m. Even so, there are population centers within these
districts that are located even higher, such as La Rinconada
in the district of Ananea, Puno, located above 5000 m, with a
population of 16,907 (Goyzueta and Trigos 2009).

High-altitude cities in Bolivia such as La Paz (2400 m),
Oruro (3735 m), Potosi (4090 m), and Sucre (2810 m) were
found to have a low infection rate and without the expected
exponential growth described by the World Health Organiza-
tion (WHO) (Arias-Reyes et al. 2020). Similar findings were
observed in Ecuador, where the altitude seemed to be a pro-
tective factor against COVID-19 mortality, with a correlation
factor of —0.45 (p=0.03) (Campos et al. 2021). Similarly, cit-
ies located below 200 m in Colombia had a fatality rate six
times greater when compared with cities above 2000 m (Cano-
Pérez et al. 2020). In Peru, the region of Pasco (4338 m) had a
COVID-19 infection rate of 174 cases per 100,000 population,
whereas in the region of Callao (7 m), the infection rate was
6.4 times higher (Accinelli and Leon-Abarca 2020).

As shown at the beginning of the pandemic, UV radia-
tion and temperature might also play a role in COVID-19
case incidence (Ratnesar-Shumate et al. 2020; Gunthe et al.
2022). A negative correlation was observed between cases
and temperature along with UV radiation, which could be
partially attributed to the higher vitamin D concentrations in

populations living at high altitude (Mukherjee et al. 2022).
Other environmental factors, such as the ambient tempera-
ture, absolute humidity, SO,, and CO values could also play
a role in the relationship between altitude and COVID-19
infection (Song et al. 2022).

In altitude-simulated conditions at 4500 m, lower expres-
sion of the angiotensin-converting enzyme 2 (ACE2) was
described along with an increase in ACE1. People living
at higher altitudes under chronic hypoxic conditions would
have higher expression of ACE1, which counter-regulates
ACE2, a key enzyme for COVID-19 entry into the cell, all
through hypoxia-inducible factor 1 (HIF-1) (Hall 2015).
This could explain why, at higher altitudes, lower dissemi-
nation and mortality from COVID-19 would be expected.

As the country with the highest cumulative mortality
worldwide and a great number of cases, as well as the dif-
ferent range of altitudes in the country, Peru provides an
ideal setting to assess whether residing at higher altitudes
is a protective factor against COVID-19 case incidence and
mortality. Compared to previous provincial and/or regional
studies where altitude has been found to be a protective fac-
tor against infection and death from SARS-CoV-2, this is
the first study to analyze this relationship at a district level.
The district altitudes vary significantly within a province and
even more within a region, which could be a confounding
factor, altering the results. Our study aims to assess the asso-
ciation of altitude effects with COVID-19 mortality, taking
into account other variables that have not been studied previ-
ously, including population density, age, latitude, poverty,
gender, and access to drinking water, among others. This
will allow us to gain a better understanding of the behavior
of the virus in different environments, making the results rel-
evant to the epidemiology of the disease and public health.

Methods
Study design

We conducted an ecological analytical study to assess the
relationship between altitude and COVID-19 mortality at
a district level in Peru. The average altitudes of all 1874
districts in Peru were included, as well as relevant variables
for the transmission and mortality from COVID-19. The
three COVID-19 waves that the country has overcome from
March 6, 2020, until February 28, 2022, were also evaluated.
The period of these waves was defined arbitrarily, with the
first wave from April 21, 2020, to November 20, 2020; the
second from January 11, 2021, to August 31, 2021; and the
third from December 21, 2021, to February 28, 2022.

The obtained data were exported into Excel through
Macro and analyzed with STATA 16.
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Main outcomes

The three main COVID-19 altitude-related outcomes
included in the study were mortality rate, fatality rate, and
case incidence. The relationship of latitude and population
density with the mortality rate, fatality rate, and case inci-
dence of COVID-19 was also evaluated. The information
used in this study was obtained from publicly available data-
bases. COVID-19 deaths and cases per district divided by
gender and age were obtained from “Datos Abiertos” pub-
lished by the Health Ministry of Peru (Ministerio de Salud,
MINSA). Mortality rate was defined as the estimated num-
ber of deaths in the population due to COVID-19, divided
by the total number of this population, expressed per 1000
population, for a given period. The fatality rate was calcu-
lated by dividing the number of deaths from COVID-19 over
a defined period by the number of COVID-19 cases during
that time, multiplying the result by 100 to obtain a percent-
age. Finally, the case incidence was calculated as the total
number of COVID-19 cases, divided by the total popula-
tion in each period, multiplied by 100. Our final multiple
linear regression model included the following variables at
a district level: altitude, latitude, poverty rate, extreme pov-
erty rate, population density, percentage of male population,
percentage of population with access to drinking water, per-
centage of population living in non-collective housing, and
percentage of population with certain sanitation facilities,
all calculated per district.

Independent variables

Our main independent variable in this study is the aver-
age altitude per each Peruvian district. Since there are sev-
eral other factors involved in increased risk of dying from
COVID-19, variables including latitude, population density,
age, sex, poverty rate, extreme poverty rate, percentage of
the population with access to drinking water, percentage of
the population living in non-collective housing, and percent-
age of the population with certain sanitation facilities are
also included. Data regarding altitude, latitude, population
density, and poverty and extreme poverty rate were obtained
from “Informacion Departamental, Provincial y Distrital de
Poblacion que Requiere Atencion Adicional y Devengado
Per Cdpita 2017 published by the National Center of Stra-
tegic Planning (Centro Nacional de Planeamiento Estra-
tégico, CEPLAN). Population data divided by gender, age,
access to drinking water, home type, and sanitation facili-
ties were obtained from “Resultados Definitivos del Censo
Nacional 2017 published by the National Institute of Sta-
tistics and Informatics (Instituto Nacional de Estadistica e
Informdtica, INEI).
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Dependent variables

Our main dependent variable in this study was the mortal-
ity rate. The case fatality rate and case incidence were also
included. At the beginning and throughout the pandemic, due
to Peruvian reporting standards, a great number of deaths in
the country were attributed to COVID-19 and reported as
such, independently of a previous positive test. As a result,
some districts had a calculated fatality rate greater than 100%,
implying a greater number of deaths than confirmed cases.

For this reason, the mortality rate was taken as the most
reliable metric to evaluate the effect of the altitude on
COVID-19.

Statistical analysis

A descriptive statistic was first examined with the districts
as the unit of analysis. Since data came from population
censuses, weighted linear regression (weight = total popu-
lation) was used to reduce the residual standard error and
obtain accurate estimates. The three waves were included in
the regression model. Values of p <0.01 and p <0.05 were
considered highly significant and significant, respectively.
Linear regression assumptions were evaluated, and the log
transformation of the dependent variables was used, specifi-
cally In(x+1), because of data containing values of 0. All of
this was undertaken to meet the linear regression assumptions
with a less skewed distribution (Wooldridge 2015). Heter-
oscedasticity-robust standard errors were used, justified by
the large sample size so the estimated variance was fixed to
the degrees of freedom. An inverse log transformation of the
correlation coefficients was carried out for the interpretation
of the results. A list of abbreviations can be found in Table 1.

Results

A total of 3,372,962 confirmed cases of COVID-19 were
registered. Of these, 894,507 were from the first wave,
1,050,444 from the second wave, and 1,193,794 from the
third wave. The district of Lima, Lima, Lima (161 m) had
the highest numbers of confirmed cases throughout the
pandemic and in the second and third waves, with 142,097,
37,819, and 62,973 cases, respectively. San Juan de Lurigan-
cho (205 m), Lima, Lima, was the district with the highest
number of cases during the first wave, with 35,329.

A total of 212,017 COVID-19 deaths were registered.
Of these, 87,697 deaths occurred during the first wave,
102,596 during the second wave, and 7699 during the third.
The district with the highest numbers of deaths throughout
the pandemic and during the second wave was Lima, Lima,
Lima, with 8532 and 4228 deaths, respectively. During the
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Table 1 List of Abbreviations

Ln_T_CI Total case incidence normal logarithm

Antiln_T_CI Total case incidence inverse normal logarithm

%_T_CI Total case incidence percentage change

Ln. T MR Total mortality rate normal logarithm

Antiln. T MR Total mortality rate inverse normal logarithm
%_T_MR Total mortality rate percentage change

Ln T FR Total fatality rate normal logarithm

Antiln T FR Total fatality rate inverse normal logarithm

%_T_FR Total fatality rate percentage change

Ln_W1/2/3 First, second or third wave (W1/2/3) normal logarithm
Antiln_W1/2/3 First, second or third wave (W1/2/3) inverse normal logarithm
%W 1/2/3 First, second or third wave (W1/2/3) percentage change
% male Percentage of the male population in a district

% pov Population percentage in a district in poverty

% ext_pov Population percentage in a district in extreme poverty

Pop_density
% acc_H20

The population density of a district

Population percentage in a district with access to drinking water

% n-collective

Population percentage in a district that lives in non-collective households

% SF Population percentage in a district with sanitation facilities

%<1/1-4/.../>80yo

Population percentage in a district that is part of an age group (younger than 1/1 to 4/.../older than 80 years old)

% SF_SSIH Population percentage in a district with the subtype sewer system inside household of the sanitation facilities
% SF_SSOH Population percentage in a district with the subtype sewer system outside household of the sanitation facilities
% SF_OF Population percentage in a district with the subtype open field of the sanitation facilities

% SF_SP Population percentage in a district with the subtype septic pit of the sanitation facilities

% SF_RG Population percentage in a district with the subtype river and gutter of the sanitation facilities

% SF_C Population percentage in a district with the subtype cesspool of the sanitation facilities

% SF_L Population percentage in a district with the subtype latrine of the sanitation facilities

first and third waves, San Juan de Lurigancho had the high-
est numbers of deaths reported, with 3917 and 219, respec-
tively. There were districts where no cases or deaths were
reported, the majority above 2500 m.

The overall mortality rate in Peru was 7.22 deaths per
1000 population, with a fatality rate of 6.29%. The mortal-
ity rate was 2.98 deaths per 1000 population during the first
wave, 3.49 deaths per 1000 during the second wave, and
0.26 deaths per 1000 in the third wave. The fatality rate was
9.8% in the first wave, 9.77% in the second wave, and 0.64%
in the third wave. San Antonio, Huarochiri, Lima (3457 m)
reported the highest mortality rate during the pandemic and
in each of the waves. with 150, 46, 83, and 7 deaths per
1000 population, respectively. There were districts where no
deaths from COVID-19 were reported, most of them located
above 2500 m. Fourteen districts reported a 100% fatality
rate and 74 districts 0%, all above 2500 m.

Altitude

La Brea district in Talara, Piura and the districts of Callao
and La Punta, both in the Constitutional Province of Callao,
Callao had the lowest altitude (3 m) and a mortality and
fatality rate of 5 deaths per 1000 population and 6%, 13
deaths per 1000 population and 10%, 11 deaths per 1000
population and 8%, respectively. The district of Condoroma,
Espinar, Cusco had the highest altitude (4675 m) with a
mortality and fatality rate throughout the pandemic of 1.15
deaths per 1000 population and 9%, respectively. The district
of Condoroma had no reported cases nor deaths during the
first and third waves.

As part of the descriptive analysis, the districts were
grouped every 500 m and the average of the number of
cases, deaths and mortality rate were calculated for each
group throughout the pandemic and in each of its waves.
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The highest average number of cases, deaths as well as the
highest mortality rate during the pandemic and in each of its
waves were found in the districts below 500 m. The highest
mortality rate was observed in the districts below 500 m with
8.82 deaths per 1000 population and the lowest above 4500 m
with 2.04 deaths per 1000 population. The highest mortality
rate throughout the pandemic was observed in the second
wave and the lowest in the third one (Figs. 2, 3 and 4).

In the bivariate analysis, the altitude correlated negatively
with the case incidence, mortality and fatality rate with highly
significant values. For every increase of 500 m in altitude,
the case incidence, mortality, and fatality rates decreased by
8.06%, 9.83%, and 2.07%, respectively (Table 2).

Similarly, for every altitude increase of 500 m, mortal-
ity decreased by 11.35%, 6.2%, and 0.85% in the first, sec-
ond, and third waves, respectively, in the bivariate model
(Table 3).

Regarding the case incidence and mortality rate in the
final linear regression model, highly significant negative
coefficients were obtained, with a decrease of 4.42% and
5.82%, respectively, for every increase of 500 m in altitude.
The greatest decrease in case incidence, mortality, and fatal-
ity rates was seen during the first wave, where for every
increase of 500 m in altitude, these variables decreased
5.06%, 6.85%, and 3.61%, respectively (Tables 4, 5, and 6).
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During the second and third waves, a highly significant
inverse relationship between altitude and mortality rate was
observed (Table 5). Throughout the second wave, the mor-
tality and fatality rates decreased by 3.5% and 2.79%, respec-
tively, for every increase of 500 m in altitude, with no statis-
tically significant results for the case incidence. Within the
third wave, for every increase of 500 m in altitude, a highly
significant percentage decrease of 3.92% and 0.83% in the
case incidence and mortality rate was obtained, without sta-
tistically significant results for the fatality rate (Tables 4, 5,
and 6). The altitude, mortality rate, and case incidence distri-
bution by district is shown in Fig. 5a, b, and c, respectively.
The relationship between altitude and mortality rate together
with case incidence throughout the pandemic is shown in the
scatter diagrams in Figs. 6 and 7.

Latitude

The district of Teniente Manuel Clavero, Putumayo, Loreto
(199 m) is the closest to the equator, at —0.38° latitude, with
mortality and fatality rates of 0.86 deaths per 1000 popula-
tion and 1.74%, respectively. The district of La Yarada Los
Palos, Tacna, Tacna (73 m) is the furthest from the equator,
at —18.23°, with mortality and fatality rates of 5.58 deaths
per 1000 population and 3.92%, respectively.
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Fig.2 Average number of COVID-19 confirmed cases in the districts grouped every 500 meters
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Fig.4 COVID-19 mortality rate in the districts grouped every 500 meters
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Fig.5 Altitude, COVID-19 mortality rate and case incidence by districts. (a) Altitude distribution by districts in Peru. (b) COVID-19 mortality
rate distribution by districts in Peru. (¢) COVID-19 case incidence distribution by districts in Peru

Fig.6 Linear distribution of 5.
total mortality rate and altitude

Total mortality rate normal logarithm

5% CI
—— Fitted values
®  InT_MR
r= 00207

The bivariate analysis showed highly statistically signifi-
cant values, where for each degree closer to the equator, the
case incidence and mortality rate throughout the pandemic
decreased by 4.9% and 2.89%, respectively. Highly statisti-
cally significant values were also obtained in the final linear
model, where the proximity to the equator was related to a
decrease of 1.54% and 0.63% in the mortality rate during
the second and third waves, respectively (Table 5). Dur-
ing the third wave, the case incidence decreased by 2.26%
for each degree of proximity to the equator (Table 4). The

Allitude:

relationship between latitude and mortality rate together
with case incidence throughout the pandemic is shown in
the scatter diagrams in Figs. 8 and 9.

Population density
The district of Surquillo, Lima, Lima (122 m) had the
highest population density, with 30,341 people (ppl)/km?>

and mortality and fatality rates of 11.43 deaths per 1000
population and 5.22%, respectively. The lowest population

@ Springer
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Fig.7 Linear distribution of 5
total case incidence and altitude .

Total case incidence normal logarithm

Fig.8 Linear distribution of
total mortality rate and latitude

Total mortality rate nomal logarthm
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— Fitted values
s Ln_TCl
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1
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L]
-
.
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95% Cl
— Fitted values
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density was reported in the district of Yaguas, Putumayo,
Loreto (107 m), with 0.072 ppl/km? and mortality and
fatality rates of 0.78 deaths per 1000 population and 0.68%.

In the bivariate analysis, for every 1000 ppl/km? increase,
an increase of 5.02% and 4.98% was found in the case inci-
dence and mortality rate throughout the pandemic (Table 2).
In the final linear regression model, the mortality rate
increased by 1.07%, 1.57%, and 0.7% for every 1000 ppl/km?>
throughout the pandemic and in the first and second waves,
respectively (Table 5). The fatality rate increased by 0.72%
for every 1000 ppl/km? during the first wave (Tables 4 and 6).
The relationship between population density and mortality

@ Springer

Latituda

rate together with case incidence throughout the pandemic is
shown in the scatter diagrams in Figs. 10 and 11.

Other variables

There were other variables (age, sex, poverty and extreme
poverty rate, percentage population with access to drinking
water, etc.) included in the bivariate analysis (Table 2), and
some were also included in the final linear regression model
(Tables 4, 5, and 6). This information was used to increase the
significance of our main variables (altitude, latitude, and popu-
lation density) and adjust our final model as close to reality as
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Fig.9 Linear distribution of

5 . L
total case incidence and latitude o
4 " s
E
§ 3|
'_E 95% CI
2 Fitted values
-g L] Ln T CI
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3
E
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Fig. 10 Linear distribution of B Lo
total mortality rate and popula-
tion density
4
E
8
= 95% CI
E
£ Fitted values
§ e LnT MR
g r= 00051
g
0 10000 20000 30000
Pop_density
possible. This study did not find a significant correlation trend  Discussion
between case incidence, mortality, and fatality rate, and the
other variables described above. During the COVID-19 pandemic in Peru, between March
The linear regression formula for the mortality rate canbe 6, 2020, and February 28, 2022, a negative correlation
expressed as follows: was found between altitude and mortality rate at a district

log(total mortality rate + 1)
= 10.37 — 0.012001(altitude) — 0.761887706(latitude) — 0.5414606(%pov)
—1.055532(%ext_pov) + 0.00108(Pop_density) + 0.2803924(%acc_H20)
—6.641227(%male) — 2.798441(%n — collective) — 2.52125941(%SF)
—0.076128963(%SF_SSOH) — 0.47412(%SF_OF) — 1.318618(%SF_SP)
—0.145105176(%SF_RG) — 0.10454099(%SF _L)
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Fig. 11 Linear distribution of 5
total case incidence and popula-
tion density

Total case incidence nommal logarithm

level, where in our bivariate analysis, for every increase
of 500 m in altitude, the mortality rate from COVID-19
decreased by 9.83%.

In our final regression model, the mortality rate dropped
by 5.82% for every increase of 500 m in altitude. A simi-
lar correlation was found with the case incidence, where a
decrease of 4.42% for every 500 m was observed.

Until now, the relationship between altitude and COVID-
19 mortality rate has not been fully established. Most studies
carried out in Peru and in other Andean regions have shown
that altitude exerts a protective effect against COVID-19
(Campos et al. 2021; Cano-Pérez et al. 2020; Accinelli and
Leon-Abarca 2020; Seclén et al. 2020); however, Nicolaou
et al. concluded that living at high altitudes in Peru may
not confer a lower risk of death from COVID-19 (Nicolaou
et al. 2022). Although their study showed a lower cumulative
daily mortality rate (CDMR) in provinces located above 500
m when compared with those located below 500 m, the trend
was not consistently linear with altitude (Nicolaou et al.
2022). In addition, that study was carried out at a provincial
level, including 196 provinces, thus possibly overlooking
that the altitude between districts varies greatly within each
province. In contrast, our study included the 1874 districts in
Peru and a greater range of altitudes. A clear example of this
is the province of Huarochiri, where, although its altitude
according to its capital Matucana is 2380 m, its districts vary
from 953 m to 3825 m, all of which increases the power of
our analysis even more.

Thomson et al. found a significant association between
living at high altitudes and a lower risk of infection and
death from COVID-19, also providing evidence that a late
surge in cases and deaths in high-altitude regions could be
explained by internal migration following a specific land
route used in the study, negating the overall protection
against COVID-19 conferred by high altitude (Thomson

@ Springer

45% CI
—— Fitted values
La_T.Cl

r= 0.0052""

10000 20000 30000
Paop_densiy

et al. 2021). In a Peruvian study conducted from March 6
to June 13, 2020, an inverse relationship between infection
and high altitude was found, but according to this study, the
case fatality rate was not dependent on altitude (Segovia-
Juarez et al. 2020). It is worth mentioning that it was not
until May 31, 2021, that the actual extent of the mortality
from COVID-19 in the country was reported and the total
number of deaths was updated (BBC News Mundo 2021),
with the revised total deaths resulting in around a 2.5-fold
increase from the previous numbers, all of which could have
potentially affected the results in this study, and a protective
effect of altitude against the case fatality rate could have
been found using these new values. The protective quali-
ties of high altitude would not be limited to South America,
since a study conducted in Saudi Arabia also showed a less
severe form of COVID-19 disease and a lower mortality rate
in individuals at high altitude when compared to those living
at sea level (Abdelsalam et al. 2021).

In our study, an association between living at high alti-
tudes and a lower COVID-19 case incidence, mortality, and
fatality rate was found in all three waves. At high altitudes,
chronic hypobaric hypoxia is common, and it has been
reported that hypoxia might regulate the replication of cer-
tain viruses (Kalter and Tepperman 1952; Berry et al. 1955;
Zhuang et al. 2020). This was seen in mice that were accli-
matized to 9100 m and exhibited a smaller viral load and a
slightly better survival rate when inoculated with influenza
virus and kept at high altitudes when compared with mice
inoculated with the virus and kept at sea level (Kalter and
Tepperman 1952; Berry et al. 1955). In 2020, it was dem-
onstrated that a deficiency of HIF-1a, a transcription fac-
tor activated by reduced oxygen concentrations, in alveolar
type II epithelial cells decelerates glycolysis and enhances
AMPKa-ULK1-mediated autophagy (AMP-activated pro-
tein kinase and Unc-51-like autophagy-activating kinase),
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facilitating influenza virus replication in the mice inoculated
at sea levels (Zhao et al. 2020). In human pulmonary artery
smooth muscle cells (lPASMC) exposed to chronic hypoxic
conditions (O, 2% for 12 days), it was found that ACE1 was
upregulated by HIF-1, whereas ACE2 expression was mark-
edly decreased (Zhang et al. 2009). Similarly, increased lev-
els of ACEI and decreased expression of ACE2 was found
in heart cells of rats exposed to 4500 m for 28 days (Dang
et al. 2020).

Therefore, the spike (S) protein from SARS-CoV-2 would
have a lower number of ACE2 receptors to join to in the
population residing at high altitudes due to overexpression
of hypoxia-induced HIF-1 (Arias-Reyes et al. 2020; Zhang
et al. 2009). Hypoxia, via an HIF-1a-dependent pathway,
would not only reduce ACE2 but also decrease transmem-
brane protease serine 2 (TMPRSS2) expression, inhibit-
ing SARS-CoV-2 entry and replication in lung epithelial
cells (Wing et al. 2021). Both TMPRSS2 and neuropilin-1
(NRP1) contribute to SARS-CoV-2 entry into the host cells.
At least two mechanisms are involved in the effect of hypoxia
on the decreased binding of protein S to the epithelial cells.
Hypoxia decreases the expression of ACE2 receptors and
NRP1 and reduces the total amount of an attachment factor
called cellular heparan sulfate (HS) and syndecan-1 (HS-
containing proteoglycan), resulting in reduced receptor-bind-
ing domain (RBD) binding to the surface of epithelial cells
(Prieto-Fernandez et al. 2021). Furthermore, under hypo-
baric hypoxic conditions, the reno-protective effects of the
erythropoietin hormone (EPO) would be increased (Suresh
et al. 2020; Basu et al. 2007), allowing better tissue oxygena-
tion while preventing renal microvascular injury and inflam-
matory response seen in COVID-19 (Stoyanoft et al. 2018).
Lower EPO concentrations were found in critical, ventilated,
and deceased patients with SARS-CoV-2 compared to those
with mild disease (Yagc et al. 2021). In El Alto, Bolivia
(4150 m), and COVID-19 infected patients admitted to the
intensive care unit (ICU) who survived had 2.5 times the
levels of EPO levels as patients who died (Viruez-Soto et al.
2021). The antiapoptotic, anti-inflammatory, and cytopro-
tective effects of EPO might be a safe therapeutic choice
for COVID-19 patients at the early stages (Begemann et al.
2021; Sahebnasagh et al. 2020), as EPO would act on brain-
stem centers and the phrenic nerve to improve respiration,
counteract the inflammatory response caused by the cytokine
storm, and play a neuroprotective role in the central and
peripheral nervous systems (Ehrenreich et al. 2020). The
EPO anti-inflammatory effects come into play by impeding
inflammasome activation, which manifests as a response of
elevated angiotensin II and aldosterone after SARS-CoV-
2-induced downregulation of ACE2 expression together with
reduced nitric oxide (NO) bioavailability (Papadopoulos
et al. 2022). All of these factors provide a possible explana-
tion of why COVID-19 is less severe at higher altitudes.

This paradoxical situation of fewer confirmed COVID-
19 cases and a lower mortality rate at high altitudes can
be explained not only by the important role of hypoxia in
virus entry and replication, but also by the possible effects
of hypoxia on the immune system of high-altitude inhab-
itants, stimulating innate and adaptive immune responses.
An enhanced immunological response to an innate immune
challenge via lipopolysaccharide (LPS) in the form of higher
antibody titers and tumor necrosis factor alpha (TNF-a)
expression was reported in mice over the course of 36 days of
hypoxic exposure (Baze et al. 2011). Differentiated immune
activation was also seen in healthy individuals exposed to an
altitude of 3200 m and a yearlong isolation and confinement
in Antarctica (Feuerecker et al. 2018). Moreover, women
exposed to altitude of 5050 m for 21 days had increased
white blood cells, as well as reduced CD3* and CD4" T
cells, increased natural killer cells, and decreased interferon
gamma (IFN-y) expression (Facco et al. 2005). This better
infection response at higher altitudes could also explain why
individuals from Tafi del Valle, Argentina (2014 m) showed
increased and long-lasting antibodies against RBD compared
with individuals from San Miguel de Tucuman, Argentina
(431 m) (Tomas-Grau et al. 2021). In Ecuador, ICU patients
admitted at high altitude had a substantial survival improve-
ment, especially in patients with no comorbidities, compared
with patients admitted at sea level (Simbafia-Rivera et al.
2022), which once again would prove the protective effect
of altitude against COVID-19 infection and death.

This is the first study to include latitude as part of the
analysis, where it was found that each degree of proximity
to the equator was associated with a decrease in mortality
of 1.54% and 0.63% in the second and third waves, respec-
tively, while the case incidence was decreased 2.26% during
the third wave. According to our study, 22% of the Peruvian
population reside at altitudes above 2500 m. The country’s
proximity to the equator associated with warmer climates
allows human and animal survival at high altitudes under
such hypobaric hypoxic conditions (Accinelli and Leon-
Abarca 2020). Because of the curved surface of the earth,
the proximity to the equator results in higher temperatures,
rainfall, and UV radiation, which was associated in our study
with lower COVID-19 case incidence and mortality rates.

In Spain, it was found that provinces with an average tem-
perature lower than 10 °C had almost twice the cumulative
incidence when compared with provinces with an average
temperature higher than 16 °C. Similarly, provinces with
higher rainfall amounts (mm) had the lowest cumulative
incidence, which was also seen in Italy (Valero et al. 2022;
Agapito et al. 2020).

UV radiation is higher at high altitudes and air density
is lower. The disinfectant effects of UVA and UVB rays,
because of the ability to modify molecular DNA and RNA
bonds, together with the effects of low air density, result in
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a reduced half-life of organisms, time they remain in the
environment, and viral inoculum size. UV radiation also
favors the production of vitamin D, which appears to have
an immunoregulatory role against viral infections, and its
deficiency has been linked to the progression of severe
COVID-19 presentation (Whittemore 2020; Grant et al.
2020; MacLaughlin and Holick 1985).

The case incidence and mortality from COVID-19 increased
5.02% and 4.98% for each 1000 ppl/km? in our bivariate analy-
sis, and when adjusted for the rest of the variables, an increase
in mortality of only 1.57% per 1000 ppl/km?* was found in
the first wave, and the overall increase in the mortality rate
was 1.07%. The probability of infection increases as the viral
exposure increases, which is associated with the people whom
one is in contact with, and the latter would be represented by
the population density (Martins-Filho 2021).

In Ecuador, a protective effect of altitude was found, with
population density being the only variable with a positive
correlation (Campos et al. 2021). In Colombia, a country
with Andean regions like Peru, data for 70 municipali-
ties with average altitudes ranging from 1 to 3180 m were
used, revealing a negative correlation between altitude and
COVID-109 fatality rate, but it was better explained by the
population density (Cano-Pérez et al. 2020). In India, high
population density was associated with a higher number of
COVID-19 cases and deaths (Bhadra et al. 2021).

It is also worth mentioning that a great difference was
observed between the number of confirmed cases and mor-
tality rates in the first two waves when compared with the
third, with the third wave having 1.33 and 1.14 times as
many cases as the first and second waves, but 11.46 and
13.42 times lower mortality, respectively. In Peru, Omicron
was the predominant variant during this wave, with the
lowest number of deaths, hospitalizations, and ICU admis-
sions when compared with the other variants, and Omicron
accounted for around a quarter of the number of deaths from
the Gamma and Lambda variants (Fano-Sizgorich et al.
2022). Omicron contains the highest number of mutations,
which gives it greater replication and reinfection potential
than the Delta variant, and when compared with the original
strain, its infectivity rate is up to 10 times as great (Tian
et al. 2022). Despite Omicron’s high affinity for ACE2 recep-
tors, this variant does not affect lung cells in the same way
as upper respiratory tract cells, which were found to have a
higher viral load than cells infected with the Wuhan variant
in hamsters (McMahan et al. 2022).

Before Omicron, its predecessor variants had to carry out
proteolytic degradation of transmembrane serine protease
type II (TMPRSS2), followed by protein S activation, to
enter cells (Al-kuraishy et al. 2021). However, Omicron’s
new entry pathway permits the virus to enter the cell directly
through cell fusion independently of the proteolytic deg-
radation of TMPRSS2, which would confer this variant a
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greater predilection towards cells that do not express this
protease, found predominantly in the upper respiratory air-
way, altering the pathogenesis and severity of the disease
(Peacock et al. 2021). Likewise, the great antigenic distance
of protein S between Omicron and Wuhan would explain
the low efficacy of the current vaccines as well as the high
reinfection rates. The mutations found in Omicron also alter
the different epitopes in RBD, conferring this variant with
increased immune evasion capacity, showing a greater resist-
ance against the neutralizing antibodies from convalescent
plasma and against the current available vaccines (Peacock
et al. 2021).

This is the first Peruvian ecological analytical study to
assess the relationship between altitude and COVID-19 mor-
tality at a district level during the pandemic and for each of
its waves considering multiple variables to control for con-
founding factors. This allowed us to evaluate the association
between the most relevant independent variables seen during
the pandemic regarding the case incidence, mortality, and
fatality rates, working with an extensive population. Using
the districts instead of the provinces or departments for the
analysis allowed us to obtain more precise results to assess
the relationship between COVID-19 and altitude. The dura-
tion considered for the study constitutes an advantage, since
it also allowed us to evaluate this relationship from the first
confirmed case reported in Peru up to February 28, 2022,
including each of the three waves the country has faced,
whose behavior was seen to change over time in respect to
our dependent variables.

This study has several limitations due to its ecological
nature, which makes it impossible to extrapolate the asso-
ciations found to an individual level and increases sensitiv-
ity to certain biases, such as confounding, migration, and
effect modification. Moreover, the databases used in the cur-
rent study only considered confirmed cases as those with a
positive diagnostic test, which could have resulted in fewer
confirmed cases registered in the database because of the
possibility of false negatives or positive cases where access
to these tests was not possible. It is also worth mentioning
that there could have been more COVID-19 deaths regis-
tered on the database since the operational definition for it
did not require a positive test. There was no publicly avail-
able information for overcrowding in housing at a district
level, which is a crucial variable when evaluating infectious
diseases. Our results also suggest a nonlinear relationship;
therefore, a nonlinear regression analysis should be carried
out for additional associations.

Would these findings suggest a protective effect of alti-
tude against other infectious diseases? Tuberculosis (TB) is
an infectious disease that is still prevalent around the world
and remains a major health threat. A lower TB notifica-
tion rate has been reported at higher altitudes (Gelaw et al.
2019), suggesting a negative correlation between these two
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(Mansoer et al. 1999; Vargas et al. 2004). This was also
observed as early as 1814, where sanatoriums were estab-
lished in Davos, Switzerland (1560 m), aiming to help in the
recovery of TB-infected patients (Rogers 1969).

In conclusion, a negative correlation was found for both
COVID-19 mortality and case incidence with respect to resi-
dence altitude at a district level in Peru along the pandemic
and in each of its three waves. The population density, espe-
cially in the first wave, demonstrated a positive correlation
with the mortality rate. In all the Peruvian districts, the sec-
ond wave was the deadliest and the third the most infectious.
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