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Abstract

Background: The novel coronavirus SARS-CoV-2 caused the global COVID-19 pandemic. Emerging reports support lower
mortality and reduced case numbers in highland areas; however, comparative studies on the cumulative impact of environmental
factors and viral genetic diversity on COVID-19 infection rates have not been performed to date.

Objective: The aims of this study were to determine the difference in COVID-19 infection rates between high and low altitudes,
and to explore whether the difference in the pandemic trend in the high-altitude region of China compared to that of the lowlands
is influenced by environmental factors, population density, and biological mechanisms.

Methods: We examined the correlation between population density and COVID-19 cases through linear regression. A zero-shot
model was applied to identify possible factors correlated to COVID-19 infection. We further analyzed the correlation of
meteorological and air quality factors with infection cases using the Spearman correlation coefficient. Mixed-effects multiple
linear regression was applied to evaluate the associations between selected factors and COVID-19 cases adjusting for covariates.
Lastly, the relationship between environmental factors and mutation frequency was evaluated using the same correlation techniques
mentioned above.

Results: Among the 24,826 confirmed COVID-19 cases reported from 40 cities in China from January 23, 2020, to July 7,
2022, 98.4% (n=24,430) were found in the lowlands. Population density was positively correlated with COVID-19 cases in all
regions (ρ=0.641, P=.003). In high-altitude areas, the number of COVID-19 cases was negatively associated with temperature,
sunlight hours, and UV index (P=.003, P=.001, and P=.009, respectively) and was positively associated with wind speed (ρ=0.388,
P<.001), whereas no correlation was found between meteorological factors and COVID-19 cases in the lowlands. After controlling
for covariates, the mixed-effects model also showed positive associations of fine particulate matter (PM2.5) and carbon monoxide
(CO) with COVID-19 cases (P=.002 and P<.001, respectively). Sequence variant analysis showed lower genetic diversity among
nucleotides for each SARS-CoV-2 genome (P<.001) and three open reading frames (P<.001) in high altitudes compared to 300
sequences analyzed from low altitudes. Moreover, the frequencies of 44 nonsynonymous mutations and 32 synonymous mutations
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were significantly different between the high- and low-altitude groups (P<.001, mutation frequency>0.1). Key nonsynonymous
mutations showed positive correlations with altitude, wind speed, and air pressure and showed negative correlations with
temperature, UV index, and sunlight hours.

Conclusions: By comparison with the lowlands, the number of confirmed COVID-19 cases was substantially lower in high-altitude
regions of China, and the population density, temperature, sunlight hours, UV index, wind speed, PM2.5, and CO influenced the
cumulative pandemic trend in the highlands. The identified influence of environmental factors on SARS-CoV-2 sequence variants
adds knowledge of the impact of altitude on COVID-19 infection, offering novel suggestions for preventive intervention.

(Interact J Med Res 2024;13:e43585) doi: 10.2196/43585
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Introduction

Background
In recent years, the outbreak of COVID-19 has had substantial
impacts on human health, social life, and economic trends
worldwide. To comprehensively explore the impact of potential
factors on the strength and speed of viral infection, we first used
the zero-shot model to screen the literature related to broad
respiratory infectious diseases, including COVID-19, to identify
the major influencing factors through text mining [1]. A
significant ranking list of environmental factors was obtained
(Multimedia Appendix 1), in which temperature and atmospheric
pressure were highly correlated with respiratory viruses. Earlier
findings showed that the spread of COVID-19 was linked to
various factors, including the environment, sequence variants
of the virus, and government countermeasures to protect public
health in the face of outbreaks [2,3].

Previous studies also investigated the correlation between
COVID-19 and altitude. COVID-19 transmission in high-altitude
regions appears to differ from the global pattern, with a lower
number of cases reported at high altitudes [4-9]. Moreover,
population density was identified as a basic factor that
significantly catalyzed the spread of COVID-19 in numerous
countries, including India, the United States, China, and
Malaysia [10-13]. However, few studies have performed an
in-depth analysis of the effects of population density, altitude,
and environmental factors on the variation in the severity of the
COVID-19 pandemic among regions at different altitudes.

Moreover, virus mutation is another important factor in escaping
the immune protection derived from a previous infection or
vaccination [14-16]. Several studies have shown that people
living at high altitudes may be less susceptible to developing
severe adverse effects from COVID-19, along with reduced
case fatality rates [4,8]. Environmental factors have also been
shown to actively influence virus mutation and to play regulatory
roles in viral evolution [17-20]. Nevertheless, the underlying
physiological mechanism linking virus mutation and altitude
that could affect the rate of COVID-19 transmission remains
unclear.

Purpose
To fill this research gap, we aimed to explore the potential
factors contributing to the outcome of COVID-19 at high
altitudes in China in comparison to the lowlands. Toward this

end, we first assessed the contributions of altitude and
population density on the total number of COVID-19 cases at
different altitudes, and further explored the correlation between
COVID-19 cases and environmental factors.

In addition, a more detailed correlation analysis among regions
at different altitudes was performed at the city level using
mixed-effects multiple linear regression models controlling for
potential covariates, including meteorological and air quality
factors. Furthermore, we studied the genome diversity, mutation
frequency, and correlations with environmental factors in high-
and low-altitude regions. Overall, we aim to provide a better
understanding of the key factors that could influence the
cumulative infection and transmission rate of COVID-19 in
high-altitude regions of China, which can in turn help to inform
establishing improved policies for preventive interventions.

Methods

Study Area
We focused on the high-altitude southwestern regions of China
and several low-altitude regions from mainland China. A more
detailed description of each province included in the study area
along with city-level information is provided in Multimedia
Appendix 2.

Collection of Confirmed COVID-19 Cases
Data on COVID-19, including total confirmed cases at the
province level from January 23, 2020, to July 7, 2022, were
collected from the Dingxiangyuan (DXY-DX Doctor) website
[21]; historical cases at the city level over the same study period
were collected using the R package “nCovid2019.” The
population density for each region was calculated by the
following equation:

Population density = population size/area of the land

(km2) (1)

The normalized daily number of confirmed COVID-19 cases
was calculated using the following equation:

Normalized COVID-19 cases = total number of
confirmed cases/population density (2)

To reflect the COVID-19 infection situation in high-altitude
regions of China during the study period, descriptive statistics
were compiled for the daily average meteorological and air
quality parameters, as shown in Multimedia Appendix 3.
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Collection of Population, Meteorological, and Air
Quality Factors
To analyze the correlation between altitude and COVID-19
cases in China, altitude information of highland regions (>1500
m) and lowland regions (<1500 m) was collected from the
topographic map [22]. Meteorological factors were collected
from the World Weather Online site [23]. Air quality variables
were collected from the Statistical Yearbook for each
municipality or province, along with associated data on
population and land areas. Multimedia Appendix 4 provides a
more detailed description of all these variables.

Collection of SARS-CoV-2 Genome Data
SARS-CoV-2 whole-genome sequencing data were collected
from the GISAID (Global Initiative on Sharing All Influenza
Data) website [24], including 300 sequences from high-altitude
regions and 300 sequences randomly selected over the same
time period from low-altitude regions. The accession numbers
of the sequences included in this analysis are listed in
Multimedia Appendix 5.

Statistical Analysis
The Kolmogorow-Smirnov test was performed for each variable
(see Multimedia Appendix 6) with the null hypothesis of a
normal distribution; since the P value of each variable was less
than .05, the null hypothesis was rejected, indicating that the
test distribution was not normally distributed. Therefore, we
used the nonparametric Spearman correlation coefficient for
the correlation analysis of environmental factors and mutation
frequency with COVID-19 cases using SPSS software.

After taking into account the correlations for each of the
independent variables, a mixed-effects multiple linear regression
was used for an adjusted correlation analysis, with the model
defined as follows:

Y = Xβ + Zµ + ∈ (3)

where Xβ represents the fixed-effects set in this study, including
the covariates meteorological and air quality, and Zµ represents
an N×M design matrix containing each individual group (N)
for each covariate (M) of the random effects. Four sets of
mixed-effects models were analyzed using R software (version
4.2.1). Separate models were first run for each of the 12 random
effects (environmental covariates), followed by two separate
models that included all 6 meteorological indicators or air
quality indicators as fixed effects simultaneously. The final
model included all 12 indicators simultaneously.

Genome Analysis
The nucleotide sequences of the whole genome of SARS-CoV-2
were aligned to the reference sequence Wuhan-1 (NC_045512.2)
using minimap2 2.17-r974. All mapped sequences were merged
back with all others in a single alignment bam file. Variant
calling was performed using bcftools mpileup v1.91. Gene
sequences of SARS-CoV-2 were extracted and translated into
amino acid sequences, which were aligned to the reference
sequence by ClustalW. Variant calling was computed using an
in-house–developed R script.

Sequence Diversity Calculation
Sequence diversity was calculated using the Shannon entropy
(Sn) index in R software (version 4.2.1), which measures the
diversity of nucleotides, amino acids, and their respective variant
frequencies. The diversity of each nucleotide position
(nucleotide 1 to 29,903) was calculated as the Sn according to
the following formula [25]:

Sn = i∑(pilnpi)/lnN (4)

where pi represents the relative frequency of nucleotides or
deletion at this position and N represents the total number of
sequences. All high-altitude samples were compared with the
low-altitude samples to identify differential sequence variations
at both the nucleotide and amino acid levels.

Ethical Considerations
This study is based on an analysis of existing data and therefore
received exemption from ethical approval (reference number
041797). Some data sets were slightly modified after the study
received exemption from ethical approval; however, the updated
data were collected from the same publicly available database.
According to the University Research Ethics Policy, “the project
does not involve human participants which will only use publicly
available anonymized data; a project which will only use
existing clinical or research data that has been robustly
anonymized such that it no longer constitutes personal data”
[26] (pp. 3.1.10, p. 20-21); therefore, ethical approval was not
required for the above circumstance. In addition, Article 32 of
the Ethical Review Measures for Human Life Science and
Medical Research of the People’s Republic of China declares
that “research involving human life science and medicine under
the circumstances of using anonymized information data, legally
obtained publicly available data, or data generated through
observation without interference with public behavior, which
do not cause harm to the human body and do not involve
sensitive personal information or commercial interests, can be
exempt from ethical review to reduce unnecessary burdens on
researchers and promote the development of human life science
and medical research” [27] (chapter 3). Therefore, this study
falls within the exempt category from the institutional review
board. Further ethical approval by a review committee was not
required since the data utilized in this study have been sourced
from a publicly accessible database, ensuring full
anonymization, and the research process involved no direct
interaction with human subjects, solely relying on the analysis
of pre-existing and publicly available data, as mentioned in the
above legislation.

Results

Correlation Between Altitude and COVID-19 Cases
During the study period from January 23, 2020, to June 7, 2022,
a total of 732 COVID-19 cases were officially reported in the
high-altitude region of China, which excluded one imported
case in Tibet. The total numbers of confirmed COVID-19 cases
were lower in the high-altitude regions, including Tibet, Qinghai,
and Gansu, than in the low-altitude regions (Figure 1A); despite
variation among regions, 98.4% (24,430/24,826) of the total
COVID-19 cases were found in the lowland regions (Figure
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1B). Taking into account the hidden factors of the dimension
of population size (Multimedia Appendix 2) in different areas,
a significant positive correlation between confirmed COVID-19

cases and population density (Figure 1C) was found during the
study period.

Figure 1. Pattern of confirmed COVID-19 cases at high altitudes within the study period. (A) Geographic patterns of confirmed COVID-19 cases in
China as of July 7, 2022. (B) Comparison of confirmed COVID-19 cases reported in different cities at different altitudes. (C) Linear regression analysis
between population density and confirmed COVID-19 cases in China.

Correlation Between Meteorological Factors and
Confirmed COVID-19 Cases in High- and
Low-Altitude Regions
To gain a better understanding of the correlation of
meteorological factors with the spread of COVID-19 in
high-altitude regions when compared with that in the lowlands,

we performed a comparative correlation analysis of each
variable (Figure 2); the detailed numeric results are provided
in Multimedia Appendix 7. In the highlands of China, average
temperature (P=.003), sunlight hours (P<.001), and UV index
(P=.009) were negatively correlated with the number of
confirmed COVID-19 cases, whereas the wind speed (ρ=0.388,
P<.001) was positively correlated with confirmed cases.
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Figure 2. Spearman correlation analysis of confirmed COVID-19 cases and meteorological factors in high-altitude and low-altitude regions in China.
The color represents each region group. Area charts represent frequencies and the scatterplots with lines represent the correlation. P values are based
on 2-tailed tests; also see Multimedia Appendix 7.

Correlation Between Air Quality Factors and
Confirmed COVID-19 Cases in High- and
Low-Altitude Regions
As shown in Figure 3, we found significant correlations between
air quality factors and COVID-19 cases at high and low
altitudes. In the highlands, COVID-19 cases were positively
correlated with fine particulate matter (PM2.5; P=.002), coarse
particulate matter (PM10; P<.001), nitrogen dioxide (NO2;

P=.02), and ozone (O3; P<.001). In the lowlands, a negative
correlation was found between confirmed COVID-19 cases and
air quality index (AQI; P=.01), whereas positive correlations
were found for PM2.5 (P<.001), NO2 (P<.001), and carbon
monoxide (CO; P<.001); in contrast to the pattern in the
highlands, the average daily concentrations of PM10 and O3
were not significantly correlated with COVID-19 cases in
lowland regions of China. The detailed results are shown in
Multimedia Appendix 7.
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Figure 3. Spearman correlation analysis of confirmed COVID-19 cases and air quality factors in high- and low-altitude regions in China. The color
represents each region group. Area charts represent frequencies and the scatterplot with lines represent correlations. AQI: air quality index; CO: carbon
monoxide; NO2: nitrogen dioxide; O3: ozone; PM2.5: fine particulate matter; PM10: coarse particulate matter; SO2: sulfur dioxide. P values are based
on 2-tailed tests; also see Multimedia Appendix 7.

Correlations of Meteorological and Air Quality Factors
With Normalized Confirmed COVID-19 Cases After
Covariate Adjustment
The results of the mixed-effects multiple linear regression
among the 12 provinces (Multimedia Appendix 2) at different
altitudes are summarized in Table 1. In model 1, including each
of the fixed-effect indicators in 12 separate models, a lower
number of confirmed COVID-19 cases was significantly
associated with average temperature, sunlight hours, UV index,
air pressure, and air quality factors, including PM2.5, O3, and

CO. However, in model 2, including all of the meteorological
covariates considered simultaneously, only average temperature,
UV index, and air pressure were significantly associated with
the normalized confirmed COVID-19 cases. In model 3,
including all of the air quality covariates considered
simultaneously, only the average concentrations of O3 and CO
were significantly correlated with confirmed COVID-19 cases.
Finally, in model 4, including all 12 environmental indicators
considered simultaneously, only average temperature, wind
speed, and CO were significantly associated with confirmed
COVID-19 cases.
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Table 1. Mixed-effects multiple linear regression of the associations of normalized COVID-19 cases with meteorological and air quality factors including
adjustment for covariates.

Model 4dModel 3cModel 2bModel 1aFixed effects

P valueEstimate (SE)P valueEstimate (SE)P valueEstimate (SE)P valueEstimate (SE)

.001–27.90 (7.72)——e.004–21.44 (7.47).001–15.41 (2.55)Average temperature
(°C)

.56–8.86 (15.31)——.40–12.55 (15.04).001–45.31 (9.50)Sunlight hours

.05249.03 (71.84)——.001–257.41 (71.06).001–201.24 (27.53)UV index

.0216.71 (12.00)——.1316.72 (11.27).467.934 (10.81)Wind speed

.311.9 8 (1.94)——.27–1.99 (1.81).96–0.071 (1.42)Humidity

.0524.32 (5.58)——.00120.35 (5.51).00117.64 (2.51)Pressure

.900.11 (0.89).94–0.05 (0.88)——.03–1.45 (0.67)AQIf

.052.96 (1.36).154.28 (1.35)——.0014.71 (0.99)PM2.5g

.360.52 (0.58).390.49 (0.58)——.430.36 (0.47)PM10h

.1422.06 (6.94).6418.41 (6.75)——.246.93 (6.01)SO2i

.0710.21 (2.07).148.69 (1.97)——.241.88 (1.612)NO2j

.510.56 (0.86).0082.09 (0.8)——.0022.29 (0.77)O3k

.001564.31 (107.99).001471.52
(101.55)

——.001375.4 (75.5)COl

aModel 1 includes each of the fixed effects run in 12 separate models.
bModel 2 includes all meteorological covariates considered simultaneously.
cModel 3 includes all air quality covariates considered simultaneously.
dModel 4 includes all 12 environmental indicators considered simultaneously.
eExcluded from model.
fAQI: air quality index.
gPM2.5: fine particulate matter.
hPM10: coarse particulate matter.
iSO2: sulfur dioxide.
jNO2: nitrogen dioxide.
kO3: ozone.
lCO: carbon monoxide.

Diversity of SARS-CoV-2 Sequences in High- and
Low-Altitude Groups
Comparable sequence diversity was found among the full-length
SARS-CoV-2 genomes and 12 genes of SARS-CoV-2 in the
high- and low-altitude groups (Figure 4). In the high-altitude
group, the Sn values of nucleotides for each site were

significantly lower than those in the low-altitude group (Figure
4A; P<.001). Likewise, the Sn values of amino acids for three
open reading frames (ORFs; ORF1b, ORF7a, and ORF7b) in
the high-altitude group were lower than those in the low-altitude
group (Figure 4B; P<.001). Compared to those of the
low-altitude group, the Sn values of the S and N genes were
higher in the high-altitude group.
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Figure 4. Mean sequence diversity across high-altitude (red) and low-altitude (blue) groups identified by Shannon entropy in nucleotides and different
amino acids of the SARS-CoV-2 genome. (A) Mean sequence diversity identified by Shannon entropy in nucleotides of the whole SARS-CoV-2 genome.
(B) Mean sequence diversity identified by Shannon entropy in different amino acids. Error bars indicate SEM. P values are based on the Wilcoxon
signed rank test.

Comparison of SARS-CoV-2 Gene Variant Frequencies
in the High- and Low-Altitude Groups
To determine the gene variant frequency difference between
the high- and low-altitude groups, the Wilcoxon signed rank
test was used to evaluate the significance of variant frequency
in each of the ORFs (Figure 5A). The amino acid mutation
frequencies for the three ORFs (ORF1b, ORF7a, and ORF7b)
were significantly lower in the high-altitude group than in the
low-altitude group (P<.001) but were higher for the S and N
genes (P<.001). Among these, 44 nonsynonymous mutations

and 32 synonymous mutations were found between the high-
and low-altitude groups (Figure 5B; P<.001; mutation
frequency>0.1). There was a greater proportion of
nonsynonymous mutations in the low-altitude group than in the
high-altitude group, whereas the opposite pattern was found for
synonymous mutations. The –log10 P values for the differences
in nonsynonymous and synonymous mutations for each ORF
between the high- and low-altitude groups are shown in Figure
5C. Compared to the result in Figure 5A, the synonymous
mutations of the S genes and N genes had relatively higher
significance scores in the high-altitude group.

Figure 5. Distribution of mutations of SARS-CoV-2 in the high- and low-altitude groups. (A) Mean mutation frequency of open reading frames (ORFs)
in the high- and low-altitude groups. (B) Comparison of frequencies of nonsynonymous and synonymous mutations between the high- and low-altitude
groups. (C) Significance scores of nonsynonymous and synonymous mutations in each ORF. ***P<.001.
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Correlation Analysis Between Mutation Frequency
and Environmental Factors
The impact of 7 environmental factors on the nonsynonymous
mutation frequency was analyzed for all sequences (Figure 6
and Multimedia Appendix 8). Most of the nonsynonymous
mutations had a positive correlation with altitude, wind speed,
and atmospheric pressure, but had negative correlations with
UV index, relative humidity, and sunlight hours. The highest
correlation between mutation frequency and environmental
factors was found for altitude with N_G29427A,
ORF1b_C20320T, and ORF1a_C1191T (ρ=0.53, P<.001);
followed by UV index with ORF8_C28093T and S_A23063T
(ρ=–0.42, P<.001); and temperature with ORF8_C28093T,
S_C23604A, S_A23063T, and ORF1a_G6671A. Some

significant nonsynonymous mutational events were also
discovered in this study, including C22323T in the
receptor-binding domain (RBD) of the S gene, which had a
positive correlation with altitude (ρ=0.32, P<.001), indicating
higher frequencies at high altitude. S gene mutations A23063T
in the RBD region and C23604A in the fusion peptide (FP)
region had higher frequencies at low altitude, and demonstrated
a significant positive correlation with atmospheric pressure
(ρ=0.34 and ρ=0.31, respectively; both P<.001) and a significant
negative correlation with temperature and UV index (ρ=–0.42
and ρ=–0.41, respectively; both P<.001). Furthermore,
co-occurring point mutations in the N gene, specifically
G28881A, G28882A, and G28883C (R203K and G204R), had
a higher mutation frequency at low altitude and were positively
related to altitude (ρ=0.43, P<.001).

Figure 6. Spearman correlation coefficients of environmental factors and mutation frequencies among different sites in the high- and low-altitude
groups. The color represents the strength of the Spearman correlation. Also see Multimedia Appendix 8.

Discussion

Principal Findings
This study found that the lower number of confirmed COVID-19
cases in high-altitude regions of China may be related to
population density and environmental factors. By further
exploring SARS-CoV-2 sequences, we found different mutation
frequencies in the high- and low-altitude regions, which were
also correlated with environmental factors.

Population density is one of the most effective predictors related
to the regional pandemic; a larger population greatly increases
the infection and transmission rates of COVID-19 [28].
Therefore, our results suggest that when analyzing the
correlation between COVID-19 cases in regions with different
population dimensions and other possible factors, it is important
to take into account the normalized number of COVID-19 cases
to study the pandemic trend.

Meteorological factors may also influence COVID-19
transmission and cumulative infection in high-altitude regions.
Previous studies indicated that higher temperature and UV
radiation could contribute to a decrease in new cases of
COVID-19 infection at high altitude [29-31]. This is supported

by our Spearman correlation analysis showing that the average
daily temperature, sunlight hours, and UV index were negatively
related to the normalized COVID-19 cases in high-altitude
regions. A high-altitude environment is distinguished by lower
temperatures compared with those of low-altitude regions, along
with significant differences between daylight hours, air dryness,
and levels of UV light radiation [32-34]. Importantly, our study
further found that the wind speed in the high-altitude region of
China was significantly associated with the reducing trend of
COVID-19 cases, which is consistent with earlier studies
conducted in Italy, New York, and Singapore [2,35]. Analyzing
the correlation between covariates in regions at different
altitudes with different population dimensions showed positive
correlations of average temperature and wind speed with
normalized confirmed COVID-19 cases, in line with previous
research.

Air pollution is widely recognized as a major risk factor for
respiratory infection in humans, which has also played a
significant role in the spread of COVID-19. Previous research
suggested that the concentrations of NO2, PM2.5, PM10, and
O3 are positively correlated with the number of confirmed
COVID-19 cases [33,34,36-38]. Our Spearman correlation
results align with these previous findings. NO2 is often linked
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with vehicle emissions and energy production [39], which is
also an irritant of human respiratory diseases. Early research
findings [40] support the results of this study, suggesting that
travel restrictions should be among the specific actions
implemented to reduce the spread of COVID-19. Previous
studies indicated that PM2.5 and PM10 levels were positively
correlated to the number of new daily confirmed COVID-19
cases in mainland China [41-43]. Consistently, our findings
showed that lower average concentrations of PM2.5 and PM10
were related to a lower number of confirmed COVID-19 cases
in the highlands.

It is clear that all of the above correlated factors may have
influenced the cumulative infection trends of the pandemic in
the highlands of China. The main sources of CO are motor
vehicles and industrial source emissions; consequently, CO is
closely related to population density and human activity.
Therefore, taking into account the mixed correlations between
all the covariates of focus in this study by including the related
factors into a single mixed-effects model, among the air quality
factors, only the average concentration of CO was positively
associated with the normalized number of confirmed COVID-19
cases during the study period. This result also aligns with
previous research conducted in China [43,44].

In terms of variations in the SARS-CoV-2 genome at high and
low altitudes, the whole-genome sequences at high altitude
showed lower diversity based on the mean Sn values of
nucleotides and different amino acids compared to those in the
low-altitude sites. Previous studies have suggested an impact
of high altitude on the pathophysiology of COVID-19 [44,45],
implying improved tolerance to SARS-CoV-2 infection for
residents of high-altitude regions. Our study identified
differences in the frequencies of SARS-CoV-2 sequence variants
in various ORFs between high- and low-altitude regions, along
with correlations between mutation frequency and environmental
factors. Most of the nonsynonymous mutations identified have
been reported previously and have important biological
implications. We found that only the C22323T variant of the S
gene had a positive correlation with altitude, with a greater
frequency in the high-altitude group. Sivasubramanian et al [46]
found that the S255F (C22323T) variant could reduce the
affinity between the S protein and antibodies. We also identified
the variant A23063T in the RBD region and the variant
C23604A in the FP region of the S gene, with higher mutation
frequencies detected at low altitude, showing a significantly
positive correlation with atmospheric pressure and a strongly
negative correlation with temperature and UV index. Previous
studies found that the N501Y (A23063T) and Q493H variants
enhanced the binding affinity to the human angiotensin
converting-enzyme 2 receptor, thereby increasing infectivity
[47], and that the Omicron peptide with variants N679K and
P681H (C23604A) might increase viral infectivity and
transmissibility [48]. These results suggest that atmospheric
pressure, UV index, and temperature may affect the infectivity
of COVID-19 driven by specific mutations of the S gene in
low-altitude regions. In addition, three co-occurring variants
(G28881A, G28882A, G28883C) in the N gene had higher
mutation frequencies in the low-altitude group and were
positively related to altitude; these mutations were previously

reported to destabilize and decrease the overall structural
flexibility of the SARS-CoV-2 genome [48].

Notably, the potential impact of the strategy implemented by
the government in response to the pandemic in high-altitude
regions on the observed differences should not be ignored. This
study only included data collected from January 22, 2020, to
March 19, 2021, during which time there was only one imported
COVID-19 case in Tibet that was excluded from the analysis.
However, after several consecutive months of no new cases, a
newly confirmed case was reported in Tibet on August 7, 2022.
Since then, eight new cases have been added with a total of
1437 confirmed cases reported to date [21]. Several reasons for
this new outbreak are worth discussing. First, the virus
underlying the epidemic in Tibet is Omicron BA.2.76, which
has characteristics of strong, fast transmission ability and the
potential to more readily escape from immune protection.
Second, the first discovered infection on August 7 was a close
contact of a family, with suspected transmission occurring at a
family gathering, and August is the peak tourist season in Tibet.
Thus, under the conditions of relatively relaxed travel
restrictions, the close contact and population flow greatly
increased the spread of the virus. Third, the lack of epidemic
prevention and medical appliances in high-altitude regions
limited access to health care systems, and the limited capacity
for viral testing and contact tracing worsened the situation of
the pandemic in Tibet. Therefore, effective and accurate
government policies have played an important role in preventing
Tibet from being affected by the epidemic, and the government
policy in response to the pandemic must be considered; indeed,
the response needs to be strengthened, although China indicated
that they had ceased counting COVID-19 cases on December
23, 2022, and stated that the COVID-19 pandemic is effectively
now over [49].

Limitations
Our study has some limitations. First, among the data available
for confirmed COVID-19 cases, we only excluded the one
known imported case in Tibet during the study period as of
March 19, 2021, whereas the collected COVID-19 data from
the other four areas may include both local and imported cases.
This is mainly due to a lack of accurate publicly available
COVID-19 data at the city level. Similarly, the incompleteness
of some city-level information of genome sequences also led
to difficulties in studying the differences in genetic variants
among cities in the same province. Second, we aimed to evaluate
whether virus mutations are associated with particular viral
lineages. The sequences of SARS-CoV-2 in the high- and
low-altitude groups represented 33 different virus lineages
(Multimedia Appendix 9); B.1.617.2, AY.122, and B.1.36.16
were the major lineages, and the mutations of each lineage in
which the mutation frequency was greater than 0.5 are listed in
Multimedia Appendix 10. The number of different lineages
between high- and low-altitude groups is also unbalanced. Third,
we lacked the clinical information to study the potential
relationships between mutations and clinical outcomes of
infection at high and low altitudes. Therefore, future studies
should focus on exploring the underlying mechanisms
contributing to the links between patterns of SARS-CoV-2
mutation and case numbers at different altitudes.

Interact J Med Res 2024 | vol. 13 | e43585 | p. 10https://www.i-jmr.org/2024/1/e43585
(page number not for citation purposes)

Deji et alINTERACTIVE JOURNAL OF MEDICAL RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Conclusions
Compared to that in the lowland area of China, the total number
of confirmed COVID-19 cases in the highland was substantially
lower. Population density and environmental factors, including
average temperature, sunlight hours, UV index, wind speed,
NO2, O3, PM2.5, and CO, were identified as indicators with a
significant influence on the cumulative pandemic trend in the
highlands. Among these factors, average temperature and CO

were identified as the major meteorological and air quality
factors associated with the spread of COVID-19 infection in
China. Furthermore, we identified different mutations from
SARS-CoV-2 isolates between high- and low-altitude regions,
and there was a significant impact of environmental factors on
virus mutation. Overall, this study adds important knowledge
of the impact of altitude and related environmental factors on
the cumulative infection rate of COVID-19, providing novel
suggestions for preventive interventions.

Acknowledgments
This work was supported by the National Natural Science Foundation of China (81972914, 81573023), Innovation Group Project
of Shanghai Municipal Health Commission (2019CXJQ03), Fundamental Research Funds for the Central Universities
(22120200014), and Shanghai “Rising Stars of Medical Talent” Youth Development Program (2019-72).

Data Availability
The data sets generated and analyzed during the study are provided in the Multimedia Appendix files.

Authors' Contributions
YW and XZ supervised the study and reviewed the draft of the paper. ZD and YT performed the data collection, main statistical
analysis, and manuscript writing. HH, MF, and MJCC participated in manuscript verification, revisions, and editing. All authors
had full access to all the data in the study and accept the responsibility to submit it for publication.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Key environmental factors associated with respiratory infectious diseases reported in the literature.
[DOCX File , 52 KB-Multimedia Appendix 1]

Multimedia Appendix 2
Detailed characteristics of the regions included in the study area in the high- and low-altitude groups.
[DOCX File , 19 KB-Multimedia Appendix 2]

Multimedia Appendix 3
Descriptive statistics of all variables collected during the study period.
[DOCX File , 14 KB-Multimedia Appendix 3]

Multimedia Appendix 4
Description of all variables analyzed in this study.
[DOCX File , 14 KB-Multimedia Appendix 4]

Multimedia Appendix 5
SARS-CoV-2 sequences downloaded from the GISAID database for analysis in this study.
[XLSX File (Microsoft Excel File), 86 KB-Multimedia Appendix 5]

Multimedia Appendix 6
One-sample Kolmogorov-Smirnov test of normality for each variable.
[XLSX File (Microsoft Excel File), 11 KB-Multimedia Appendix 6]

Multimedia Appendix 7
Spearman correlation analysis of meteorological factors and air quality factors with confirmed COVID-19 cases in high-altitude
and low-altitude regions.

Interact J Med Res 2024 | vol. 13 | e43585 | p. 11https://www.i-jmr.org/2024/1/e43585
(page number not for citation purposes)

Deji et alINTERACTIVE JOURNAL OF MEDICAL RESEARCH

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app1.docx&filename=d983bf39fd41e30177a56be83b499d2b.docx
https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app1.docx&filename=d983bf39fd41e30177a56be83b499d2b.docx
https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app2.docx&filename=c463ce5dab83a46d4610e0e7a5483214.docx
https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app2.docx&filename=c463ce5dab83a46d4610e0e7a5483214.docx
https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app3.docx&filename=60d8012f4b4bb5508be88d2db3782dfd.docx
https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app3.docx&filename=60d8012f4b4bb5508be88d2db3782dfd.docx
https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app4.docx&filename=15ea2eb217b89b736a66947416b14cc6.docx
https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app4.docx&filename=15ea2eb217b89b736a66947416b14cc6.docx
https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app5.xlsx&filename=2ea3afced6c8a4ec1d22baba871fc49c.xlsx
https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app5.xlsx&filename=2ea3afced6c8a4ec1d22baba871fc49c.xlsx
https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app6.xlsx&filename=32015e3579988989a0f733ae2172ef6d.xlsx
https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app6.xlsx&filename=32015e3579988989a0f733ae2172ef6d.xlsx
http://www.w3.org/Style/XSL
http://www.renderx.com/


[XLSX File (Microsoft Excel File), 33 KB-Multimedia Appendix 7]

Multimedia Appendix 8
Spearman correlation analysis of environmental factors and mutation frequency in the high- and low-altitude groups.
[XLSX File (Microsoft Excel File), 17 KB-Multimedia Appendix 8]

Multimedia Appendix 9
Frequencies of nonsynonymous and synonymous mutations of the main lineages of SARS-CoV-2 in the high- and low-altitude
groups.
[XLSX File (Microsoft Excel File), 10 KB-Multimedia Appendix 9]

Multimedia Appendix 10
Number of samples of different SARS-CoV-2 lineages in the high-altitude (red) and low-altitude (blue) regions.
[DOCX File , 64 KB-Multimedia Appendix 10]

References

1. Zhang Z, Fang M, Wu R, Zong H, Huang H, Tong Y, et al. Large-scale biomedical relation extraction across diverse relation
types: model development and usability study on COVID-19. J Med Internet Res. Sep 20, 2023;25:e48115. [FREE Full
text] [doi: 10.2196/48115] [Medline: 37632414]

2. Bashir MF, Ma B, Bilal, Komal B, Bashir MA, Tan D, et al. Correlation between climate indicators and COVID-19 pandemic
in New York, USA. Sci Total Environ. Aug 01, 2020;728:138835. [FREE Full text] [doi: 10.1016/j.scitotenv.2020.138835]
[Medline: 32334162]

3. Yao Y, Pan J, Liu Z, Meng X, Wang W, Kan H, et al. No association of COVID-19 transmission with temperature or UV
radiation in Chinese cities. Eur Respir J. May 2020;55(5):55. [FREE Full text] [doi: 10.1183/13993003.00517-2020]
[Medline: 32269084]

4. Cano-Pérez E, Torres-Pacheco J, Fragozo-Ramos MC, García-Díaz G, Montalvo-Varela E, Pozo-Palacios JC. Negative
correlation between altitude and COVID-19 pandemic in Colombia: a preliminary report. Am J Trop Med Hyg. Dec
2020;103(6):2347-2349. [FREE Full text] [doi: 10.4269/ajtmh.20-1027] [Medline: 33124543]

5. Chen H, Qin L, Wu S, Xu W, Gao R, Zhang X. Clinical characteristics and laboratory features of COVID-19 in high altitude
areas: a retrospective cohort study. PLoS One. 2021;16(5):e0249964. [FREE Full text] [doi: 10.1371/journal.pone.0249964]
[Medline: 34003821]

6. Hakami AR, Dobie G. Studying the effect of particulate matter as SARS-CoV-2 transmitters. J Public Health Res. Oct 21,
2021;11(1):2521. [FREE Full text] [doi: 10.4081/jphr.2021.2521] [Medline: 34674518]

7. Segovia-Juarez J, Castagnetto JM, Gonzales GF. High altitude reduces infection rate of COVID-19 but not case-fatality
rate. Respir Physiol Neurobiol. Oct 2020;281:103494. [FREE Full text] [doi: 10.1016/j.resp.2020.103494] [Medline:
32679369]

8. Arias-Reyes C, Zubieta-DeUrioste N, Poma-Machicao L, Aliaga-Raduan F, Carvajal-Rodriguez F, Dutschmann M, et al.
Does the pathogenesis of SARS-CoV-2 virus decrease at high-altitude? Respir Physiol Neurobiol. Jun 2020;277:103443.
[FREE Full text] [doi: 10.1016/j.resp.2020.103443] [Medline: 32333993]

9. Ortiz-Prado E, Simbaña-Rivera K, Fernandez-Naranjo R, Vásconez JE, Henriquez-Trujillo AR, Vallejo-Janeta AP, et al.
UDLA-COVID-19 Team. SARS-CoV-2 viral load analysis at low and high altitude: a case study from Ecuador. Int J
Environ Res Public Health. Jun 28, 2022;19(13):7945. [FREE Full text] [doi: 10.3390/ijerph19137945] [Medline: 35805606]

10. Bhadra A, Mukherjee A, Sarkar K. Impact of population density on Covid-19 infected and mortality rate in India. Model
Earth Syst Environ. 2021;7(1):623-629. [FREE Full text] [doi: 10.1007/s40808-020-00984-7] [Medline: 33072850]

11. Ganasegeran K, Jamil MFA, Ch'ng ASH, Looi I, Peariasamy KM. Influence of population density for COVID-19 spread
in Malaysia: an ecological study. Int J Environ Res Public Health. Sep 18, 2021;18(18):9866. [FREE Full text] [doi:
10.3390/ijerph18189866] [Medline: 34574790]

12. Sun Z, Zhang H, Yang Y, Wan H, Wang Y. Impacts of geographic factors and population density on the COVID-19
spreading under the lockdown policies of China. Sci Total Environ. Dec 01, 2020;746:141347. [FREE Full text] [doi:
10.1016/j.scitotenv.2020.141347] [Medline: 32755746]

13. Sy KTL, White LF, Nichols BE. Population density and basic reproductive number of COVID-19 across United States
counties. PLoS One. Apr 21, 2021;16(4):e0249271. [FREE Full text] [doi: 10.1371/journal.pone.0249271] [Medline:
33882054]

14. Mengist HM, Kombe Kombe AJ, Mekonnen D, Abebaw A, Getachew M, Jin T. Mutations of SARS-CoV-2 spike protein:
implications on immune evasion and vaccine-induced immunity. Semin Immunol. Jun 2021;55:101533. [FREE Full text]
[doi: 10.1016/j.smim.2021.101533] [Medline: 34836774]

Interact J Med Res 2024 | vol. 13 | e43585 | p. 12https://www.i-jmr.org/2024/1/e43585
(page number not for citation purposes)

Deji et alINTERACTIVE JOURNAL OF MEDICAL RESEARCH

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app7.xlsx&filename=972ed930f970247643a6d04e727b5970.xlsx
https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app7.xlsx&filename=972ed930f970247643a6d04e727b5970.xlsx
https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app8.xlsx&filename=3bdb2f45b607c6d93747187d2bdc0565.xlsx
https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app8.xlsx&filename=3bdb2f45b607c6d93747187d2bdc0565.xlsx
https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app9.xlsx&filename=3eedc29bffef608a0082608486d960aa.xlsx
https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app9.xlsx&filename=3eedc29bffef608a0082608486d960aa.xlsx
https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app10.docx&filename=92bfa8cd46845c0d33be5c66e0941c98.docx
https://jmir.org/api/download?alt_name=ijmr_v13i1e43585_app10.docx&filename=92bfa8cd46845c0d33be5c66e0941c98.docx
https://www.jmir.org/2023//e48115/
https://www.jmir.org/2023//e48115/
http://dx.doi.org/10.2196/48115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37632414&dopt=Abstract
https://europepmc.org/abstract/MED/32334162
http://dx.doi.org/10.1016/j.scitotenv.2020.138835
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32334162&dopt=Abstract
http://erj.ersjournals.com/lookup/pmidlookup?view=long&pmid=32269084
http://dx.doi.org/10.1183/13993003.00517-2020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32269084&dopt=Abstract
https://europepmc.org/abstract/MED/33124543
http://dx.doi.org/10.4269/ajtmh.20-1027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33124543&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0249964
http://dx.doi.org/10.1371/journal.pone.0249964
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34003821&dopt=Abstract
https://journals.sagepub.com/doi/abs/10.4081/jphr.2021.2521?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.4081/jphr.2021.2521
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34674518&dopt=Abstract
https://europepmc.org/abstract/MED/32679369
http://dx.doi.org/10.1016/j.resp.2020.103494
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32679369&dopt=Abstract
https://europepmc.org/abstract/MED/32333993
http://dx.doi.org/10.1016/j.resp.2020.103443
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32333993&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph19137945
http://dx.doi.org/10.3390/ijerph19137945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35805606&dopt=Abstract
https://europepmc.org/abstract/MED/33072850
http://dx.doi.org/10.1007/s40808-020-00984-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33072850&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph18189866
http://dx.doi.org/10.3390/ijerph18189866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34574790&dopt=Abstract
https://europepmc.org/abstract/MED/32755746
http://dx.doi.org/10.1016/j.scitotenv.2020.141347
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32755746&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0249271
http://dx.doi.org/10.1371/journal.pone.0249271
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33882054&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1044-5323(21)00064-6
http://dx.doi.org/10.1016/j.smim.2021.101533
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34836774&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


15. Ramesh S, Govindarajulu M, Parise RS, Neel L, Shankar T, Patel S, et al. Emerging SARS-CoV-2 variants: a review of
its mutations, its implications and vaccine efficacy. Vaccines. Oct 18, 2021;9(10):1195. [FREE Full text] [doi:
10.3390/vaccines9101195] [Medline: 34696303]

16. Tong Y, Tan F, Huang H, Zhang Z, Zong H, Xie Y, et al. ViMRT: a text-mining tool and search engine for automated virus
mutation recognition. Bioinformatics. Jan 01, 2023;39(1):btac721. [FREE Full text] [doi: 10.1093/bioinformatics/btac721]
[Medline: 36342236]

17. Hao Z, Li R, Hao C, Zhao H, Wan X, Guo D. Global evidence of temperature acclimation of COVID-19 D614G linage.
Glob Chall. Jun 2021;5(6):2000132. [FREE Full text] [doi: 10.1002/gch2.202000132] [Medline: 33786200]

18. Sharif N, Dey SK. Impact of population density and weather on COVID-19 pandemic and SARS-CoV-2 mutation frequency
in Bangladesh. Epidemiol Infect. Jan 07, 2021;149:e16. [FREE Full text] [doi: 10.1017/S0950268821000029] [Medline:
33407987]

19. Sharif N, Sarkar MK, Ahmed SN, Ferdous RN, Nobel NU, Parvez AK, et al. Environmental correlation and epidemiologic
analysis of COVID-19 pandemic in ten regions in five continents. Heliyon. Mar 2021;7(3):e06576. [FREE Full text] [doi:
10.1016/j.heliyon.2021.e06576] [Medline: 33817387]

20. Yang T, Yu P, Chang Y, Hsu SD. D614G mutation in the SARS-CoV-2 spike protein enhances viral fitness by desensitizing
it to temperature-dependent denaturation. J Biol Chem. Oct 2021;297(4):101238. [FREE Full text] [doi:
10.1016/j.jbc.2021.101238] [Medline: 34563540]

21. COVID-19 Global Pandemic Real-time Report. DXY-DX Doctor. URL: https://ncov.dxy.cn/ncovh5/view/
en_pneumonia?from=dxy&source=&link=&share= [accessed 2024-03-13]

22. Topographic map. URL: https://en-gb.topographic-map.com/map-d821h/China/ [accessed 2024-03-13]
23. World Weather API and Weather Forecast. World Weather Online. URL: https://www.worldweatheronline.com/ [accessed

2024-03-13]
24. Global Initiative on Sharing All Influenza Data (GISAID). URL: https://www.gisaid.org/ [accessed 2024-03-13]
25. Zagordi O, Däumer M, Beisel C, Beerenwinkel N. Read length versus depth of coverage for viral quasispecies reconstruction.

PLoS One. Oct 3, 2012;7(10):e47046. [FREE Full text] [doi: 10.1371/journal.pone.0047046] [Medline: 23056573]
26. Ethic policy governing research involving human participants personal data and human tissue: general principles and

statements. The University of Sheffield. URL: https://www.sheffield.ac.uk/rpi/ethics-integrity/policy [accessed 2024-03-13]
27. Ethical review measures for human life science and medical research, Chapter 3, Article 32. People's Republic of China.

URL: https://www.gov.cn/zhengce/zhengceku/2023-02/28/content_5743658.htm [accessed 2024-03-13]
28. Rocklöv J, Sjödin H. High population densities catalyse the spread of COVID-19. J Travel Med. May 18, 2020;27(3):taaa038.

[FREE Full text] [doi: 10.1093/jtm/taaa038] [Medline: 32227186]
29. Li H, Xu X, Dai D, Huang Z, Ma Z, Guan Y. Air pollution and temperature are associated with increased COVID-19

incidence: a time series study. Int J Infect Dis. Aug 2020;97:278-282. [FREE Full text] [doi: 10.1016/j.ijid.2020.05.076]
[Medline: 32502664]

30. Pirouz B, Shaffiee Haghshenas S, Pirouz B, Shaffiee Haghshenas S, Piro P. Development of an assessment method for
investigating the impact of climate and urban parameters in confirmed cases of COVID-19: a new challenge in sustainable
development. Int J Environ Res Public Health. Apr 18, 2020;17(8):2801. [FREE Full text] [doi: 10.3390/ijerph17082801]
[Medline: 32325763]

31. Ujiie M, Tsuzuki S, Ohmagari N. Effect of temperature on the infectivity of COVID-19. Int J Infect Dis. Jun 2020;95:301-303.
[FREE Full text] [doi: 10.1016/j.ijid.2020.04.068] [Medline: 32360939]

32. Song P, Han H, Feng H, Hui Y, Zhou T, Meng W, et al. High altitude relieves transmission risks of COVID-19 through
meteorological and environmental factors: evidence from China. Environ Res. Sep 2022;212(Pt B):113214. [FREE Full
text] [doi: 10.1016/j.envres.2022.113214] [Medline: 35405128]

33. Carleton T, Cornetet J, Huybers P, Meng KC, Proctor J. Global evidence for ultraviolet radiation decreasing COVID-19
growth rates. Proc Natl Acad Sci U S A. Jan 07, 2021;118(1):e2012370118. [FREE Full text] [doi: 10.1073/pnas.2012370118]
[Medline: 33323525]

34. Ratnesar-Shumate S, Williams G, Green B, Krause M, Holland B, Wood S, et al. Simulated sunlight rapidly inactivates
SARS-CoV-2 on surfaces. J Infect Dis. Jun 29, 2020;222(2):214-222. [FREE Full text] [doi: 10.1093/infdis/jiaa274]
[Medline: 32432672]

35. Pani SK, Lin N, RavindraBabu S. Association of COVID-19 pandemic with meteorological parameters over Singapore.
Sci Total Environ. Oct 20, 2020;740:140112. [FREE Full text] [doi: 10.1016/j.scitotenv.2020.140112] [Medline: 32544735]

36. Fiasca F, Minelli M, Maio D, Minelli M, Vergallo I, Necozione S, et al. Associations between COVID-19 incidence rates
and the exposure to PM2.5 and NO: a nationwide observational study in Italy. Int J Environ Res Public Health. Dec 13,
2020;17(24):9318. [FREE Full text] [doi: 10.3390/ijerph17249318] [Medline: 33322089]

37. Isaia G, Diémoz H, Maluta F, Fountoulakis I, Ceccon D, di Sarra A, et al. Does solar ultraviolet radiation play a role in
COVID-19 infection and deaths? An environmental ecological study in Italy. Sci Total Environ. Feb 25, 2021;757:143757.
[FREE Full text] [doi: 10.1016/j.scitotenv.2020.143757] [Medline: 33272604]

38. Pansini R, Fornacca D. COVID-19 higher mortality in Chinese regions with chronic exposure to lower air quality. Front
Public Health. 2020;8:597753. [FREE Full text] [doi: 10.3389/fpubh.2020.597753] [Medline: 33585383]

Interact J Med Res 2024 | vol. 13 | e43585 | p. 13https://www.i-jmr.org/2024/1/e43585
(page number not for citation purposes)

Deji et alINTERACTIVE JOURNAL OF MEDICAL RESEARCH

XSL•FO
RenderX

https://www.mdpi.com/resolver?pii=vaccines9101195
http://dx.doi.org/10.3390/vaccines9101195
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34696303&dopt=Abstract
https://europepmc.org/abstract/MED/36342236
http://dx.doi.org/10.1093/bioinformatics/btac721
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36342236&dopt=Abstract
https://europepmc.org/abstract/MED/33786200
http://dx.doi.org/10.1002/gch2.202000132
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33786200&dopt=Abstract
https://europepmc.org/abstract/MED/33407987
http://dx.doi.org/10.1017/S0950268821000029
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33407987&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2405-8440(21)00679-4
http://dx.doi.org/10.1016/j.heliyon.2021.e06576
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33817387&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0021-9258(21)01041-3
http://dx.doi.org/10.1016/j.jbc.2021.101238
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34563540&dopt=Abstract
https://ncov.dxy.cn/ncovh5/view/en_pneumonia?from=dxy&source=&link=&share=
https://ncov.dxy.cn/ncovh5/view/en_pneumonia?from=dxy&source=&link=&share=
https://en-gb.topographic-map.com/map-d821h/China/
https://www.worldweatheronline.com/
https://www.gisaid.org/
https://dx.plos.org/10.1371/journal.pone.0047046
http://dx.doi.org/10.1371/journal.pone.0047046
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23056573&dopt=Abstract
https://www.sheffield.ac.uk/rpi/ethics-integrity/policy
https://www.gov.cn/zhengce/zhengceku/2023-02/28/content_5743658.htm
https://europepmc.org/abstract/MED/32227186
http://dx.doi.org/10.1093/jtm/taaa038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32227186&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1201-9712(20)30383-0
http://dx.doi.org/10.1016/j.ijid.2020.05.076
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32502664&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph17082801
http://dx.doi.org/10.3390/ijerph17082801
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32325763&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1201-9712(20)30284-8
http://dx.doi.org/10.1016/j.ijid.2020.04.068
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32360939&dopt=Abstract
https://europepmc.org/abstract/MED/35405128
https://europepmc.org/abstract/MED/35405128
http://dx.doi.org/10.1016/j.envres.2022.113214
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35405128&dopt=Abstract
https://www.pnas.org/doi/abs/10.1073/pnas.2012370118?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1073/pnas.2012370118
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33323525&dopt=Abstract
https://europepmc.org/abstract/MED/32432672
http://dx.doi.org/10.1093/infdis/jiaa274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32432672&dopt=Abstract
https://europepmc.org/abstract/MED/32544735
http://dx.doi.org/10.1016/j.scitotenv.2020.140112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32544735&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph17249318
http://dx.doi.org/10.3390/ijerph17249318
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33322089&dopt=Abstract
https://europepmc.org/abstract/MED/33272604
http://dx.doi.org/10.1016/j.scitotenv.2020.143757
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33272604&dopt=Abstract
https://europepmc.org/abstract/MED/33585383
http://dx.doi.org/10.3389/fpubh.2020.597753
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33585383&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


39. Ismail IN, Jalaludin J, Bakar SA, Hisamuddin NH, Suhaimi NF. Association of traffic-related air pollution (TRAP) with
DNA damage and respiratory health symptoms among primary school children in Selangor. Asian J Atmosph Sci. Jun 30,
2019;13(2):106-116. [doi: 10.5572/ajae.2019.13.2.106]

40. Pansini R, Fornacca D. Early spread of COVID-19 in the air-polluted regions of eight severely affected countries. Atmosphere.
Jun 21, 2021;12(6):795. [doi: 10.3390/atmos12060795]

41. Wu Z, McGoogan JM. Characteristics of and important lessons from the coronavirus disease 2019 (COVID-19) outbreak
in China: summary of a report of 72 314 cases from the Chinese Center for Disease Control and Prevention. JAMA. Apr
07, 2020;323(13):1239-1242. [doi: 10.1001/jama.2020.2648] [Medline: 32091533]

42. Xie J, Zhu Y. Association between ambient temperature and COVID-19 infection in 122 cities from China. Sci Total
Environ. Jul 01, 2020;724:138201. [FREE Full text] [doi: 10.1016/j.scitotenv.2020.138201] [Medline: 32408450]

43. Zhu Y, Xie J, Huang F, Cao L. Association between short-term exposure to air pollution and COVID-19 infection: evidence
from China. Sci Total Environ. Jul 20, 2020;727:138704. [FREE Full text] [doi: 10.1016/j.scitotenv.2020.138704] [Medline:
32315904]

44. Srivastava S, Garg I, Bansal A, Kumar B. SARS-CoV-2 infection: physiological and environmental gift factors at high
altitude. Virusdisease. Dec 2020;31(4):450-452. [FREE Full text] [doi: 10.1007/s13337-020-00626-7] [Medline: 32953947]

45. Stephens KE, Chernyavskiy P, Bruns DR. Impact of altitude on COVID-19 infection and death in the United States: a
modeling and observational study. PLoS One. 2021;16(1):e0245055. [FREE Full text] [doi: 10.1371/journal.pone.0245055]
[Medline: 33444357]

46. Sivasubramanian S, Gopalan V, Ramesh K, Padmanabhan P, Mone K, Govindan K, et al. Phylodynamic pattern of genetic
clusters, paradigm shift on spatio-temporal distribution of clades, and impact of spike glycoprotein mutations of SARS-CoV-2
isolates from India. J Glob Infect Dis. 2021;13(4):164-171. [FREE Full text] [doi: 10.4103/jgid.jgid_97_21] [Medline:
35017872]

47. Sun S, Gu H, Cao L, Chen Q, Ye Q, Yang G, et al. Characterization and structural basis of a lethal mouse-adapted
SARS-CoV-2. Nat Commun. Sep 27, 2021;12(1):5654. [doi: 10.1038/s41467-021-25903-x] [Medline: 34580297]

48. Mustafa Z, Kalbacher H, Burster T. Occurrence of a novel cleavage site for cathepsin G adjacent to the polybasic sequence
within the proteolytically sensitive activation loop of the SARS-CoV-2 Omicron variant: The amino acid substitution
N679K and P681H of the spike protein. PLoS One. 2022;17(4):e0264723. [FREE Full text] [doi:
10.1371/journal.pone.0264723] [Medline: 35436320]

49. Dyer O. Covid-19: China stops counting cases as models predict a million or more deaths. BMJ. Jan 03, 2023;380:2. [doi:
10.1136/bmj.p2] [Medline: 36596574]

Abbreviations
AQI: air quality index
CO: carbon monoxide
FP: fusion peptide
GISAID: Global Initiative on Sharing All Influenza Data
NO2: nitrogen dioxide
O3: ozone
ORF: open reading frame
PM2.5: fine particulate matter
PM10: coarse particulate matter
RBD: receptor-binding domain
Sn: Shannon entropy

Edited by T de Azevedo Cardoso; submitted 18.10.22; peer-reviewed by M Kapsetaki, R Menhas, Y Zhu, D Pala; comments to author
17.05.23; revised version received 20.07.23; accepted 06.03.24; published 25.03.24

Please cite as:
Deji Z, Tong Y, Huang H, Zhang Z, Fang M, Crabbe MJC, Zhang X, Wang Y
Influence of Environmental Factors and Genome Diversity on Cumulative COVID-19 Cases in the Highland Region of China:
Comparative Correlational Study
Interact J Med Res 2024;13:e43585
URL: https://www.i-jmr.org/2024/1/e43585
doi: 10.2196/43585
PMID: 38526532

Interact J Med Res 2024 | vol. 13 | e43585 | p. 14https://www.i-jmr.org/2024/1/e43585
(page number not for citation purposes)

Deji et alINTERACTIVE JOURNAL OF MEDICAL RESEARCH

XSL•FO
RenderX

http://dx.doi.org/10.5572/ajae.2019.13.2.106
http://dx.doi.org/10.3390/atmos12060795
http://dx.doi.org/10.1001/jama.2020.2648
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32091533&dopt=Abstract
https://europepmc.org/abstract/MED/32408450
http://dx.doi.org/10.1016/j.scitotenv.2020.138201
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32408450&dopt=Abstract
https://europepmc.org/abstract/MED/32315904
http://dx.doi.org/10.1016/j.scitotenv.2020.138704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32315904&dopt=Abstract
https://europepmc.org/abstract/MED/32953947
http://dx.doi.org/10.1007/s13337-020-00626-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32953947&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0245055
http://dx.doi.org/10.1371/journal.pone.0245055
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33444357&dopt=Abstract
https://europepmc.org/abstract/MED/35017872
http://dx.doi.org/10.4103/jgid.jgid_97_21
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35017872&dopt=Abstract
http://dx.doi.org/10.1038/s41467-021-25903-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34580297&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0264723
http://dx.doi.org/10.1371/journal.pone.0264723
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35436320&dopt=Abstract
http://dx.doi.org/10.1136/bmj.p2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36596574&dopt=Abstract
https://www.i-jmr.org/2024/1/e43585
http://dx.doi.org/10.2196/43585
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38526532&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


©Zhuoga Deji, Yuantao Tong, Honglian Huang, Zeyu Zhang, Meng Fang, M James C Crabbe, Xiaoyan Zhang, Ying Wang.
Originally published in the Interactive Journal of Medical Research (https://www.i-jmr.org/), 25.03.2024. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work, first published in the
Interactive Journal of Medical Research, is properly cited. The complete bibliographic information, a link to the original publication
on https://www.i-jmr.org/, as well as this copyright and license information must be included.

Interact J Med Res 2024 | vol. 13 | e43585 | p. 15https://www.i-jmr.org/2024/1/e43585
(page number not for citation purposes)

Deji et alINTERACTIVE JOURNAL OF MEDICAL RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/

