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Abstract 

Background

Coronavirus disease 2019 (COVID-19) impact varies substantially due 
to various factors, so it is critical to characterize its main differences to 
inform decision-makers about where to focus their interventions and 
differentiate mitigation strategies. Up to this date, little is known 
about the patterns and regional clustering of COVID-19 waves 
worldwide.

Methods

We assessed the patterns and regional clustering of COVID-19 waves 
in Peru by using the weekly mortality rates for each of the 25 regions 
as an outcome of interest. We obtained the death counts from the 
National Informatics System of Deaths and population estimates from 
the National Registry of Identification and Civil Status. In addition, we 
characterized each wave according to its duration, peak, and mortality 
rates by age group and gender. Additionally, we used polynomial 
regression models to compare them graphically and performed a 
cluster analysis to identify regional patterns.

Results

We estimated the average mortality rate at the first, second, and third 
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waves at 13.01, 14.12, and 9.82 per 100,000 inhabitants, respectively, 
with higher mortality rates among elders and men. The patterns of 
each wave varied substantially in terms of duration, peak, impact, and 
wave shapes. Based on our clustering analysis, during the first wave 
caused by the index virus, the 25 regions of Peru presented six 
different wave patterns. However, the regions were clustered in two 
different wave patterns during the second and third, caused by 
alpha/lambda/delta and omicron.

Conclusions

The propagation of severe acute respiratory syndrome coronavirus 2 
(SARS-COV-2) variants behaved in Peru with varying wave patterns and 
regional clustering. During the COVID-19 pandemic, the weekly 
mortality rates followed different spatiotemporal patterns with solid 
clustering, which might help project the impact of future waves of 
COVID-19.
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Introduction
Coronavirus disease 2019 (COVID-19) was first reported in  
Wuhan, China, in December 20191 and spread rapidly throughout  
the world. Its arrival in Latin America was registered on  
February 26, 2020, in Brazil2, and the first case in Peru was  
confirmed just nine days later, on March 63. Peru became one 
of the first Latin American countries to implement quarantine 
and other restrictive measures; however, the spread of the index 
virus did not stop across Peru4. One year later, Peru accumulated  
over 210,000 deaths due to COVID-19, leading the list of  
countries with the highest mortality rates worldwide in the first  
and second waves5.

Peru has registered three COVID-19 waves, dominated pri-
marily by the index virus and the lambda/gamma, and delta/ 
omicron SARS-CoV-2 variants, respectively6. During these 
waves, some regions suffered waves of catastrophic magni-
tudes, such as the first wave of the region of Loreto, with the 
capital city of Iquitos7 reporting the highest seroprevalence 
worldwide in July 20208. Peru reported the beginning of the  
second wave in November 2020, which soon became the deadli-
est wave in Latin America again, mainly because of the rapid 
spread of the gamma and lambda variants9, and the many les-
sons not learned during its first wave10. The third wave in Peru 
started slowly, with record case numbers increasing explosively 

in January 2022, reaching a peak over five times higher than  
the peak observed at the second wave. The third wave was  
characterized by the initial predominance of delta and the  
explosive increase of cases due to the introduction of omicron  
BA.1, but had significantly lower mortality than previous waves.

Now that the third wave is currently ending in Latin America,  
it is crucial to collect the many lessons learned from this  
experience to inform the decision-making in future waves.  
Like many low-middle-income countries, Peru has health  
systems with inequalities that disproportionately impact its  
different regions and provinces11. Certainly, we can take many 
lessons from previous waves and further understand how  
COVID-19 spread across countries’ regions. This informa-
tion may help adapt public health interventions, maximize their  
impact, and adjust to their common regional characteristics12  
and different demographics13. Unfortunately, very little has been 
described in the literature on this critical subject. This study 
seeks to fill this scientific knowledge gap by assessing the  
all-cause mortality per epidemiological week as the outcome 
of interest, since it has been reported consistently as the most  
reliable tracer of the impact of the COVID-19 pandemic in 
low-middle-income countries14. Thus, we analyzed the weekly  
mortality rate to characterize each of the three COVID-19  
waves that affected Peru at the regional level and assessed  
their patterns and regional clustering.

Methods
Study design and population
We conducted a cross-sectional study to characterize and  
compare the first, second, and third waves of COVID-19 in 
each region of Peru. Peru’s territory encompassed 25 regions  
(“departamentos”), which are subdivided into 196 provinces 
(“provincias”) and 1,869 districts (“distritos”). For this study, 
we grouped all the provinces of Lima as the Lima region and  
included the constitutional province of Callao as an independ-
ent region. Consequently, we used the same classification of  
regions used by the study data sources in our analysis.

Study outcome and data sources
We used the weekly mortality rate as the study outcome.  
At the national and regional levels, we calculated the weekly 
mortality rate by multiplying the accumulated death counts per  
epidemiological week by 100,000 and dividing the product by 
the estimated annual population. We obtained the death counts,  
population estimates, variants distributions, and region’s  
geographical boundaries using open data curated from the  
government of Peru. We described the metadata and links 
from each of these sources in Table 1. We obtained the death 
counts from all causes from the National System of Deaths  
(SINADEF), which is updated daily at the Unique National 
Health Information Repository (REUNIS)15. We obtained the 
annual estimated population at the regional and national level 
from the National Institute of Statistics and Informatics (INEI)16,  
registering Peruvian citizens and accurately allocating their 
residence region. We obtained the weekly distribution of  
SARS-CoV-2 variants circulating in Peru from the Peruvian 
National Institute of Health (INS)17. Finally, we got the map  
shapefiles from the Peruvian Ministry of the Environment 
(MINAM)18.

          Amendments from Version 1
We have corrected several typos and introduced the following 
text to highlight the highest mortality rates: At the regional level, 
we observed that during the first waves, the three regions with 
the highest mortality overall were Callao (750 deaths per 100,000 
inhabitants), Lima (750 deaths per 100,000 inhabitants), and 
Moquegua (681 deaths per 100,000 inhabitants). During the 
second wave, the regions with the highest mortality overall were 
Ica (1035 deaths per 100,000 inhabitants), Arequipa (927 deaths 
per 100,000 inhabitants), and Lima (894 deaths per 100,000 
inhabitants). And during the third wave, the regions with the 
highest mortality overall were Madre de Dios (395 deaths per 
100,000 inhabitants), Ica (349 deaths per 100,000 inhabitants), 
and Arequipa (341 deaths per 100,000 inhabitants).

Also, we revised the description of our clustering analysis as 
follows: Finally, we characterized the pattern of each regional 
wave and performed a K-means clustering analysis to assess 
typical patterns during Peru’s first, second, and third waves 
separately, using the regional weekly mortality as the study 
outcome. During the K-means clustering analysis, we used the 
elbow method to determine how many clusters minimized the 
intra-cluster variance and maximized the inter-cluster variance. 
And, to confirm the findings of this analysis, we used the 
silhouette method, which measures the quality of clustering by 
calculating the average silhouette, which was used to graphically 
identify the optimal number of clusters by plotting the highest 
value of the average silhouettes.

Finally, we have specified the study’s limitations to highlight that 
the analysis was restricted to mortality data rather than COVID-19 
case incidence. Specifically, we have introduced the following 
sentence at the end of our discussion: “This is important because 
the analysis in our study was restricted to mortality data rather 
than COVID-19 case incidence.”

Any further responses from the reviewers can be found at 
the end of the article
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Table 1. Metadata for the datasets used in the research article.

Name Provider Year Format Variable Source

Peruvian Population 
2021

National Institute 
of Statistics and 
Informatics (INEI)

2021 Comma-
separated 
values (CSV)

Continuous https://www.datosabiertos.gob.pe/dataset/
poblaci%C3%B3n-peru

National Deaths 
Informatics System 
(SINADEF)

Ministry of Health 
(MINSA)

2022 Comma-
separated 
values (CSV)

Continuous https://www.datosabiertos.gob.pe/dataset/
informaci%C3%B3n-de-fallecidos-del-sistema-
inform%C3%A1tico-nacional-de-defunciones-sinadef-
ministerio

Genomic sequencing 
of the SARS-CoV-2 
virus in Peru

National Institute 
of Health (INS)

2022 Power Bi 
Dashboard

Continuous https://web.ins.gob.pe/es/covid19/secuenciamiento-
sars-cov2

Peru regional 
boundaries 

Ministry of the 
Environment 
(MINAM)

2007 Shapefile Continuous https://geoservidorperu.minam.gob.pe/geoservidor/
archivos/download/Limite_departamental.rar

Legend: The “Format” column indicates the extension of the data. The “Variable” column reports the variable type of the data. Finally, the “Source” column 
presents the links to each of the datasets used in our study.

Statistical analysis
We performed a descriptive analysis to characterize the  
COVID-19 waves by calculating the weekly mortality rates at 
the national and regional levels. We used the epidemiological  
week in which the Peruvian Ministry of Health confirmed the 
first COVID-19 death to set the beginning of each first wave, 
and the end of the third wave as the point at which the weekly  
mortality rate returned to pre-pandemic levels. We per-
formed a graphical analysis of the weekly mortality rates at the  
national and regional levels by using the “ggplot2” package19.  
We fit a segmented regression model with unknown break- 
points to assess the end of the first and second waves, which 
we defined as the point where the trend in the weekly mortal-
ity rates changed from negative to positive. For this purpose, we  
used the methodology developed by Muggeo VM20 and the 
package “segmented” designed by the same author. Next, we 
calculated and described the mortality variability between  
women and men and among the age groups of 0 to 19, 20 to  
59, and 60 years old and older to assess whether the demo-
graphics affected the comparability of the mortality among 
regions. After this verification, we compared the unstandardized  
mortalities instead of the standardized mortalities adjusted  
by age and gender. To compare the duration of each wave, we 
quantified the “time from the beginning to the peak” and the 
“total duration” of each wave, both in epidemiological weeks.  
Also, we compared the peak of each wave (measured as the 
higher weekly mortality rate), the wave onset week, and the  
wave last week, which we tabulated as a heat map. Finally, we 
characterized the pattern of each regional wave and performed 
a K-means clustering analysis to assess typical patterns during  
Peru’s first, second, and third waves separately using the  
regional weekly mortality as the study outcome. During the  
K-means clustering analysis, we used the elbow method to 
determine how many clusters minimized the intra-cluster vari-
ance and maximized the inter-cluster variance. And, to confirm  
the findings of this analysis, we used the silhouette method, 
which measures the quality of clustering by calculating the  
average silhouette, which was used to graphically identify  
the optimal number of clusters by plotting the highest value  

of the average silhouettes. We used R 3.6.1 (R Foundation  
for Statistical Computing, Vienna, Austria) and R Studio  
1.2.5001 (Free Software Foundation, Inc., Boston, MA) for 
the statistical analysis and the QGIS program 3.22 to elaborate  
the maps with the clustering analysis results.

Results
Duration of the first, second, and third COVID-19 waves 
in Peru
The Ministry of Health confirmed the first death by COVID-19  
at the epidemiological week 10 of 2020, and up to the  
epidemiological 13-2022, Peru suffered three COVID-19 waves 
(Figure 1A). Based on our segmented regression analysis  
(Figure 1B), this first wave most likely lasted 39 weeks ending 
at the epidemiological week 48 of 2020, which consequently  
was the epidemiological week with the lowest weekly mortality 
rate before the second wave started. On the other hand, we found 
that the second wave was the deathlier and the longest among  
the three waves, with 41 weeks from the epidemiological 
week 49-2020 until the epidemiological 36-2021. The end of 
the second wave coincides with the epidemiological week in  
which delta became the predominant SARS-CoV-2 variant  
in Peru, representing over 50% of them (Figure 2). However, the 
weekly mortality rate increment was minimal until it became  
explosive when omicron displaced delta and became the  
predominant variant in the epidemiological week 52-2022.  
Regardless, the third wave was the less deathly and the  
shortest one, with an overall duration of 29 weeks from the  
epidemiological week 37-2021 to the 13-2022. Consequently, the 
epidemiological week 13-2022 was when the weekly mortality 
rates returned to pre-pandemic levels.

Mortality during the first, second, and third COVID-19 
waves in Peru
In the first three waves of the COVID-19 pandemic and for  
109 weeks, Peru accumulated 514,006 deaths from all causes.  
Given that the pandemic started in the 10th epidemiological  
week and the first epidemiological week included the last  
three days of 2019, we calculated the weekly baseline mortality 
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Figure 1. Evolution of the COVID-19 weekly mortality rates* during Peru’s first, second, and third COVID-19 waves. The figure 
shows the evolution of the weekly mortality deaths (death counts per week /100,000 inhabitants of Peru) along the pandemic in Peru 
(Figure 1A) contrasted with the baseline mortality pre-pandemic (continuous yellow line) and the beginning epidemiological week of the 
first, second, and third COVID-19 waves in Peru (red dot lines). Also, it shows the trends estimated in our segmented regression analysis 
(continuous red line), which we used to determine when each wave started (Figure 1B).
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Figure 2. SARS-CoV-2 variants percentages distribution by epidemiological week during Peru’s first, second, and third waves of 
COVID-19. Weekly mortality rates are expressed in death counts per week /100,000 inhabitants of Peru.

before the first wave as the mean mortality per week during  
epidemiological weeks two to nine, which was 7.21 ± 0.22 deaths 
per 100,000 people. Consequently, we calculated the excess  
deaths during the first three waves as 258,106 deaths, including  
88,273 in the first wave, 145,401 in the second wave, and  
24,432 in the third one. Based on these counts, we calculated 
that the excess deaths represented 49%, 60%, and 26% of all  
the deaths in the first, second, and third waves, respectively. On 
the contrary, we observed that the mortality ratio between the 
adults 60 years old and older and the adults 20 to 59 years-old 
progressed from 13.1 to 13.4 and 16.2 in the first, second, and 
third waves. Overall, the second wave was deathlier than the first  
one, and the first wave was deathlier than the third one (Table 2).

Variability of the mortality rate across regions by wave, 
age, and gender
Overall, at the national level, higher mortality was recorded  
during the second wave (743 deaths per 100,000 inhabitants),  
followed by the first wave (553 deaths per 100,000 inhabit-
ants) and the third wave (284 deaths/per 100,000 inhabitants).  
At the regional level, we observed that during the first waves, 
the three regions with the highest mortality overall were Callao  
(750 deaths per 100,000 inhabitants), Lima (750 deaths per 
100,000 inhabitants), and Moquegua (681 deaths per 100,000 
inhabitants). During the second wave, the regions with the high-
est mortality overall were Ica (1035 deaths per 100,000 inhabit-
ants), Arequipa (927 deaths per 100,000 inhabitants), and Lima 
(894 deaths per 100,000 inhabitants). And during the third 
wave, the regions with the highest mortality overall were Madre 
de Dios (395 deaths per 100,000 inhabitants), Ica (349 deaths  

per 100,000 inhabitants), and Arequipa (341 deaths per 100,000 
inhabitants). Furthermore, we observed high variability of the 
weekly mortality weeks among waves and, within each wave, 
across regions (Figure 3). Nevertheless, it was consistently 
higher among men than women and adults 60 years old and 
older compared to other age groups (Table 3). At the regional 
level, we observed that during the first, second, and third  
waves, the mortality rate among men was higher than among 
women in all regions except for Arequipa during the third 
wave. Likewise, the mortality among the people 60 years old 
and older was higher than those aged 20 to 59 years old and  
0 to 19 years old in all three waves, with the elders’ age group 
consistently having the highest mortality rates. During the 
first wave, the region of Huancavelica had the most increased  
mortality among people 60 years old and older, with 4,413 
deaths per 100,000 inhabitants. During the second wave,  
Ica was the region with a higher mortality rate, with 6,131 
deaths per 100,000 inhabitants. And during the third wave,  
Huancavelica was again the region with a higher mortality rate,  
with 2,673 deaths per 100,000 inhabitants. Madre de Dios 
had a higher mortality rate among the people 20 to 59 years 
old age group, with 361 deaths per 100,000 inhabitants dur-
ing the first wave. During the second wave, Ica registered the 
higher mortality, with 544 deaths per 100,000 inhabitants, 
and during the third wave, Madre de Dios reported the higher  
mortality, with 313 deaths per 100,000 inhabitants. Among 
people in the 0 to 19 years old age group, Madre de Dios had 
the higher mortality rate during the first, second, and third 
wave, with 161,226, and 161 deaths per 100,000 inhabitants,  
respectively.
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Table 2. National mortality variability during the COVID-19 pandemic in Peru.

Deaths counts Mortality

1st Wave 2nd Wave 3rd Wave 1st Wave 2nd Wave 3rd Wave

Total deaths 180 014 241 551 92 441 553.45 742.64 284.21

Excess deaths 88 273 145 401 24 432

By gender

  Women 70 337 103 703 43 207 427.97 647.59 269.81

  Men 109 677 137 848 49 234 677.40 834.81 298.16

By age groups

  0 to 19 y. o. 5658 8553 5263 53.43 74.65 45.94

  20 to 59 y. o. 43 249 64 079 20 808 241.68 364.07 118.22

  60 or over y. o. 131 022 168 864 66 370 3164.45 4869.22 1913.36
Legend: Mortality is expressed in death counts per wave/100,000 inhabitants of Peru.

Figure 3. Heat map of the weekly mortality rates by region during Peru’s first, second, and third waves of COVID-19. Weekly 
mortality rates are expressed in death counts per week /100,000 inhabitants of Peru.

Regional cluster analysis
In our cluster analysis, we observed that the spread of  
COVID-19 across the regions of Peru followed different wave 
patterns (Figure 4) in both mortality (Table 4) and duration 

(Table 5). We found six clusters of regions with varying wave 
patterns in the first wave, either by using the Elbow method  
(Figure 4A) or the Silhouette method (Figure 4B). During  
the first wave, the regions of Lima and Callao had two of the 
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Figure 4. Elbow (A) and Silhouette (B) analysis according to the weekly mortality rate during the first, second, and third waves of COVID-19 
in Peru. Elbow (A) and Silhouette (B) clustering analysis during the first wave; Elbow (C) and Silhouette (D) clustering analysis during the 
second wave; and Elbow (E) and Silhouette (F) clustering analysis during the first wave.
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Figure 5. Regional clustering according to the weekly mortality rate during Peru’s first, second, and third waves of COVID-19. 
Clusters of regions based on the weekly mortality rates (death counts per week /100,000 inhabitants) during the first (A), second (B), and 
third (C) waves of COVID-19 in Peru.

deathlier and early waves, both beginning in epidemiological  
week 10. In contrast, Moquegua was the region with the  
latest onset with a first wave that started at the epidemiologi-
cal week 16. During the second wave, we characterized two  
clusters with different region wave patterns (Figure 4C and  
Figure 4D). As for the third wave, we also found that the 
regions of Peru could be classified into two different clusters  
(Figure 4E and Figure 4F). 

Regional patterns during the first wave caused by the 
index virus
The first wave of Peru started in Lima, the region that reported 
the first COVID-19 cases and the first COVID-19 death in the  
country. Lima showed a similar wave pattern to its surround-
ing regions, including Ancash in the North, Callao in the East, 
and Ica in the South. Another region that showed a similar  
wave pattern to Lima was Tumbes on the northern border  
of Peru, frontier with Ecuador, which implies that COVID-19  
cases may also have entered Peru from Ecuador at the begin-
ning of its first wave (Figure 5A). During the first wave, the 
regions of Peru exhibited six different wave patterns (Figure 6).  
Overall, all the regions from “cluster one” exhibited a first 
wave characterized as the earliest and longer lasting, with a  
mortality rate that did not exceed 40 deaths per 100,000  
inhabitants. The first wave spread from Tumbes to Piura,  
Piura to Lambayeque by the Panamericana highway, and from 
Lima to Loreto and Ucayali by air traffic. All from “cluster  
two,” these regions exhibited an early and short duration first  
wave, with a peak weekly mortality rate of 39 deaths per  
100,000 inhabitants. Then, the first wave seems to have  
spread to the nearby regions, including Arequipa from Ica, 
La Libertad from Ancash, and Madre de Dios from Ucayali.  
All the regions from “cluster three” exhibited a short duration  

and intermediate first wave, with a maximum mortality rate  
of 43 deaths per 100,000 inhabitants. Then, the first wave 
moved to the highlands, impacting the regions of Amazonas,  
Apurímac, Ayacucho, Cajamarca, Huánuco, Pasco, and San  
Martín. The “cluster four” showed a moderate first wave with 
peaks that did not exceed a mortality rate of 23 deaths per  
100,000 inhabitants. Finally, the first wave spread to the 
southern regions of Peru, impacting the regions of Cusco, 
Huancavelica, Junín, Puno, and Tacna; all these regions from 
cluster three had the latest and shorter first waves, with a maxi-
mum mortality rate of 37 deaths per 100,000 inhabitants. Among 
the southern regions of Peru, Moquegua behaves as a stand-
alone cluster (cluster six). Despite having one of the latest first  
waves, Moquegua had the higher peak among all the regions of 
Peru, with a weekly mortality rate of 78 deaths per 100,000  
inhabitants. Moquegua’s peak during the first wave was also  
the highest across all regions and the three waves.

Regional patterns during the second wave, a wave 
that shifted from alpha to lambda and gamma 
predominance
During the second wave, the regions of Peru exhibited two  
different wave patterns (Figure 5B and Figure 7). The first  
cluster was composed by the regions of Ancash, Arequipa,  
Callao, Ica, Junín, La Libertad, Lima, and Tumbes. During the 
second wave, these regions had deathlier second waves with 
higher weekly mortality rates (peak mortality range: 27 to 40 
deaths per 100,000 inhabitants). Callao and Ancash had the  
earliest onset (epidemiological weeks 46 and 47 of 2020, respec-
tively) and Ica the deathlier second wave, with a peak of 40 
deaths per 100,000 inhabitants. The second cluster included the 
regions of Amazonas, Apurimac, Ayacucho, Cajamarca, Cusco,  
Huancavelica, Huánuco, Lambayeque, Loreto, Madre de Dios, 
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Figure 6. Regional wave patterns of the weekly mortality rate during the first wave of COVID-19 in Peru. Mortality is expressed 
as the total death counts from all causes per 100,000 inhabitants.

Moquegua, Pasco, Piura, Puno, San Martin, Tacna, and Ucayali. 
Overall, this cluster had some regions with the faster peak sec-
ond waves (Pasco, Tacna, Loreto Huánuco, and Moquegua, all  
with a time to peak below 10 weeks) and some regions with the 
lower mortality (Amazonas, Pasco, Loreto, and Cajamarca,  
all with mortalities at the wave peak bellow 20 deaths per  
100,000 inhabitants).

Regional patterns during the third wave, a wave that 
shifted from delta to omicron predominance
The third wave started when delta became the most predominant 
variant in Peru. However, during the third wave, omicron dis-
placed delta and spread violently across the country, starting in 
most regions simultaneously. Overall, we differentiate two wave  
patterns (Figure 5C and Figure 8). The first cluster included 
all the regions from the coast of Peru except for Lambayeque  
and Cajamarca, and all the regions with highlands, except for  
Pasco, plus the southern regions of the jungle Ucayali and Madre 
de Dios. Among them, Arequipa, Ancash, and Ucayali were the 
regions with the faster peak (4, 5, and 5 weeks, respectively); 
Ancash, Huánuco, La Libertad, and Tumbes were the regions  
with the longest waves (23, 20, 20, and 20 weeks of durations, 

respectively). At the same time, Madre de Dios, Ucayali, and  
Puno were the regions with the higher peak mortality (23, 
23, and 21 deaths per 100,000 inhabitants at the wave peak, 
respectively). The second cluster included the regions of  
Amazonas, Cajamarca, Lambayeque, Loreto, Pasco, and San 
Martín. These waves were significantly less mortal than clus-
ter one (mean peak mortality: 9.5 ± 2.8 vs. 16.2 ± 3.5 deaths  
per 100,000 inhabitants; p <0.05).

Geographical distribution and statistical correlation 
between wave clusters
Geographically speaking, the spread of COVID-19 during each 
of Peru’s waves had Lima as the epidemic epicenter and fol-
lowed the coastal roads (trough the Panamericana highway) to 
spread to the nearby regions. During the first wave, the epidemic 
was reported as exported from Lima to Iquitos by over 100 
Chinese tourists that traveled early in the wave, including the 
first case confirmed in Iquitos city21. On the other side, pretty 
much all the regions along the Andes had the latest first waves in 
the country (Figure 5A). However, with the introduction of more  
transmissible and infectious variants, such as alpha, gamma, 
and lambda, the second wave spread from the coastal regions 
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Figure 8. Regional wave patterns of the weekly mortality rate during the third wave of COVID-19 in Peru. Mortality is expressed 
as the total death counts from all causes per 100,000 inhabitants.

Figure 7. Regional wave patterns of the weekly mortality rate during the second wave of COVID-19 in Peru. Mortality is expressed 
as the total death counts from all causes per 100,000 inhabitants.
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to the highlands and jungle at once (Figure 5B). Finally, the  
introduction of delta started the third wave, which spread  
violently with the introduction of omicron across the country, 
and only a few regions of the eastern jungle and northern  
highlands had late waves (Figure 5C). Statistically, the first  
and second wave’s clusters distribution correlates significantly 
(Spearman rho = 0.5468; p = 0.0047), but the second and third  
wave’s clusters do not (Spearman rho = 0.3430; p = 0.0932).

Discussion
The propagation of SARS-COV-2 variants in Peru followed  
different wave patterns that could be clustered in two to six  
wave patterns. Since the COVID-19 pandemic started in  
December 2019 to March 2022, Peru has been hit by three  
pandemic waves with different mortality rates, wave patterns, 
and regional clustering. The first wave was caused mainly by 
the index virus and spread across the 25 regions of Peru with  
six different wave patterns. The first wave started almost in  
parallel in Lima and Tumbes, supporting the hypothesis of  
two entry points of COVID-19 cases in Peru. Comparatively, 
the mortality during the first wave was nearly as high as the mor-
tality reached during the second wave, being two of the death-
lier first and second waves worldwide. The second wave was 
caused predominantly by the alpha and lambda variants, which 
were more contagious than the index virus. Both waves were  
substantially deathlier than the third wave, which was sparked 
by delta and then exploded with the predominance of omi-
cron. The patterns of each wave varied considerably in terms of  
duration, peak mortality, overall mortality, and wave shapes.  
Still, we could identify six, two, and two different clusters 
of regional wave patterns during the first, second, and third  
waves, respectively. However, we observed some correlation 
between the first and second waves, which impacted the coast 
first and the highlands last. On the contrary, the third wave  
spread violently across the country, only recently hitting the  
remote regions of Peru with significantly lower mortality.

The Peruvian government reported ending its second wave 
of COVID-19 with 200,000 COVID-19 deaths22; however, a 
recent statistical analysis estimated that by that time, Peru had  
accumulated around 301,000 COVID-19 deaths (95% confi-
dence interval: 217,000–420,000) and estimated mortality of 
885.6 deaths per 100,000 population (95% CI: 639.2–1234.9)23.  
Furthermore, based on these estimates, by the end of the sec-
ond wave, the COVID-19 prevalence was around 71.8%, which  
implied that Peru was nearly triple the prevalence estimated at 
the peak of the first wave (25.2%, CI95%: 22.5%–28.2%)24.  
In our study, we calculated that during the first three waves 
of the COVID-19 pandemic, Peru accumulated nearly a  
half-million deaths from all causes and 258,106 excess deaths.  
We believe that all the excess deaths registered at SINADEF  
during the first three waves were secondary to COVID-19. 
The primary evidence to support that hypothesis is the perfect  
match between the baseline mortality and the lower weekly 
mortality rates after the first and third waves. This was initially 
observed by the Prospective Task Force (“Prospectiva”), a  
group of experts convened by the Peruvian government to advise 
and provide analytic information to the government authori-

ties. The task force made such a hypothesis during the first 
wave after quantifying the excess deaths in Peru for the first 
time, and after, the hypothesis was validated by other gov-
ernment working groups during the second and third  
waves25,26.

The third wave in Peru seems to have started much earlier  
than previously reported by the Peruvian Ministry of Health27.  
Based on our segmented regression analysis, which is a novel 
mathematical solution to the problem of assessing break-points  
in continuous data distributions20, the third COVID-19 wave  
in Peru started in the epidemiological week 37-2021. This start  
date is plausible because it is the same epidemiological week  
where the deathlier variant delta became predominant in Peru 
when it surpassed the 50% threshold in the distribution of  
SARS-CoV-2 variants circulating in Peru (as shown in  
Figure 2). Also, it is plausible that the successful Peruvian  
COVID-19 immunization campaign mitigated the impact  
of delta. For context purposes, Peru started vaccinating their  
first-line workers and the adults 60 years old and older in  
February 2021, then included their high-risk adults, and 
then expanded the program to all adults 18 years old or over  
as the target population28. Transition President Sagasti  
passed the torch to President Castillo in June 2021, with 13% 
of the target population covered with two doses. Soon after, in  
preparation for a third wave, Peru decided to accelerate the  
immunization campaign and set the immunization program goal 
to cover at least 80% of the adult population with two doses  
by December 202129. To do so, Peru deployed a massive  
communication campaign named “I put my shoulder for Peru”  
(“Pongo el Hombro por el Perú”), tripled the program budget 
to multiply their vaccinator’s brigades, and implemented the  
home-delivered vaccination strategy called “Let’s meet you” 
(“Vamos a tu encuentro”) with a territorial and community  
approach focused on targeting the neighborhoods with the 
lower vaccination coverage rates30. Therefore, it is possible that,  
despite the predominance of delta, Peru controlled its impact 
by accelerating its COVID-19 immunization campaign and  
progressively achieving its programmatic goal of a 50%  
coverage in October 202131 and 80% in December 202132,  
before omicron became the predominant variant (as shown  
in Figure 2).

Another important observation from our study is that the third  
wave not only registered a substantially reduced mortality 
compared to previous waves, but also registered a substantial 
reduction in the fraction that excess deaths represent from the  
total death count from all causes, compared to the first and sec-
ond wave (47% vs. 60% and 65%, respectively). Furthermore, 
we also observed an increased mortality ratio among adults  
60 years old and older and the mortality among adults  
20- to 59-year-old in the third wave relative to the first and  
second wave (to 16.9 from 13.1 to 13.4, respectively).  
These results add to the evidence that highlights the impact 
of COVID-19 vaccination in reducing COVID-19 mortality,  
but at the same time the increased mortality due to  
non-COVID-19 causes in the latest months. With most efforts 
focused on responding to the COVID-19 pandemic, low-middle  
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income countries like Peru have neglected their resources  
to prevent common non-COVID-19 causes of death, such as 
those caused by cancer or other preexisting chronic diseases.  
Scientists from the US33, Germany34 and Italy35 reported 
increased mortality in older people during the pandemic and  
underlying conditions such as heart, kidney, liver, and lung  
chronic diseases, diabetes, hypertension, dementia, and  
immunological diseases with and without COVID-19.  
Hence, in a scenario where the effect of the vaccine reduces 
COVID-19 mortality, it is expected that non-COVID-19  
causes of death became the leading causes of death if it is  
true that most of the excess deaths were, in fact, secondary to 
COVID-19 in Peru.

In context, Peru shifted from a first wave caused by the  
ancestor variant, with a basic reproductive number estimated  
for the country as 2.97 and in Lima, the capital and only  
megacity of Peru, as 2.8836. This means that the average  
number of infected contacts per infected individual was close  
to three, but more importantly three contacts without previous  
exposure to SARS-CoV-2. Hence, COVID-19 spread quickly 
across urban areas, hitting clustered cities like Iquitos hardly, 
where 70% of its total population got COVID-19 with a  
considerable cost in lives8. Then, Peru faced its most deathly  
wave caused by different and more contagious SARS-CoV-2 
variants, including lambda, gamma, and delta, with anecdotic  
cases of alpha and mu37. In the timeline, during the second 
wave, the SARS-CoV-2 variants predominance shifted from  
Lambda predominance, which competed with gamma and  
displaced the ancestor variant completely38, towards delta  
predominance, which was first reported downhill in the sec-
ond wave and along its end completely displaced Lambda and  
the other SARS-CoV-2 variants prior. In the third wave,  
omicron violently spread across the country, completely  
displacing delta in one month, starting and predominating  
along with the whole wave.

The key strength of our study is that we analyzed big data from 
a very reliable death registration system and contrasted three 
very different COVID-19 waves with a good sense of which  
SARS-CoV-2 variants dominated each wave. Furthermore,  
the study might be overpowered because the high mortality  
observed across each wave allowed us to characterize each  
pattern properly. Another critical observation that allowed us to 
simplify the interpretation of our results was the homogenous  
population in terms of age groups and gender, which allowed 
us to avoid the need to use standardized mortalities, which was  
our original intention. We took advantage of this license to  
simplify our analysis and communicate our results in the same 
terms as commonly reported by the Peruvian government.  
However, it is essential to highlight that although the regional 
populations seem comparable in age groups and gender  
distribution, there is a crucial variability in rurality, poverty, 
sanitation, race, altitude, and population density that requires  
further analysis. Additionally, it is essential to mention that  
although SINADEF is described as reliable, the register was 

four years old in 2020 and had 75% real-time data entry, with  
a remaining 25% having a two to four weeks digitalization  
delay39. Also, it is possible that SINADEF sub-registers the  
deaths at the peak of each wave due to personal shortages and 
unregistered burials, particularly in the rural areas. This is 
important because the analysis in our study was restricted to  
mortality data rather than COVID-19 case incidence.

Conclusion
Based on the results, we can affirm that Peru’s first, second, 
and third COVID-19 waves were substantially different at the  
national and regional levels. These differences were more 
noticeable in the first wave, which showed six different wave  
patterns with distinct beginnings, mortality rates, mortality  
peaks, and duration. Although it proved to be deathlier, the 
second wave was more homogeneous than the first wave.  
The third wave, on the contrary, was the shortest and less 
mortal wave, with a homogeneous but certainly more explo-
sive spread than the second wave. The cluster analysis showed  
that the second and third waves at the regional level could 
be grouped into two large groups with different mortality  
peaks. Likewise, it is necessary to mention that the geo-
graphical factor would also be a possible explanation for the  
behavior of the epidemiological waves because neighboring 
regions were consistently grouped in the same groups. We con-
sider that future research should address this topic in greater  
depth.

Data availability
The data used in our study is open data curated by the  
Peruvian government and freely available from (Table 1):

     •      https://www.datosabiertos.gob.pe/dataset/poblaci%C3%B3n-
peru

     •      https://www.datosabiertos.gob.pe/dataset/informaci%C3%B3n-
de-fallecidos-del-sistema-inform%C3%A1tico-nacional-
de-defunciones-sinadef-ministerio

     •      https://web.ins.gob.pe/es/covid19/secuenciamiento-sars-
cov2

     •      https://geoservidorperu.minam.gob.pe/geoservidor/archivos/
download/Limite_departamental.rar

The official administrative boundaries for Peru regions are  
owned by the Ministry of Environment and can be accessed  
through the website https://www.geogpsperu.com.
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Overall, this manuscript provides a comprehensive and straight-forward analysis of the COVID-19 
pandemic in Peru based on temporal mortality waves and regional clustering. This study 
contributes to better understanding the origin and progression of the pandemic in the country. 
Below, I note sections that would benefit from additional details as well as several typos that 
should be corrected.

Statistical methods: I believe the elbow and silhouette plots are based on K-means 
clustering. The authors should specify this as well as which variables are included in the 
cluster analysis.  
 

○

Results, first section: "37-2022 to the 13-2022" should be "37-2021 to the 13-2022". 
 

○

Results, first section: I believe the word "coincidently" is not being accurately used in this 
context, since the authors define the division of waves and pandemic period based on the 
points of lowest mortality. I suggest using the word "consequently" instead. 
 

○

Discussion: In the study's limitations, the authors should note that the analysis was 
restricted to mortality data, rather than looking and Covid incidence.  
 

○

Results, geographical distribution: "p = 0047" is missing a decimal point. 
 

○

Figure 2: The legend is not correct. 
 

○

Figure 4: "(E)" needs to be reformatted.○
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Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Yes
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Reviewer Expertise: Environmental health science and molecular epidemiology

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard, however I have 
significant reservations, as outlined above.

Author Response 16 Nov 2023
Antonio Quispe 

Thank you for your revision. We have followed your recommendations and answered each 
of your observations as follows: 
 
1. Statistical methods: I believe the elbow and silhouette plots are based on K-means 
clustering. The authors should specify this as well as which variables are included in the 
cluster analysis. 
Thank you very much. You are right. Consequently, we have edited the text as 
recommended. Specifically, we have revised the description of our clustering analysis as 
follows: Finally, we characterized the pattern of each regional wave and performed a K-
means clustering analysis to assess typical patterns during Peru's first, second, and third 
waves separately, using the regional weekly mortality as the study outcome. During the K-
means clustering analysis, we used the elbow method to determine how many clusters 
minimized the intra-cluster variance and maximized the inter-cluster variance. And, to 
confirm the findings of this analysis, we used the silhouette method, which measures the 
quality of clustering by calculating the average silhouette, which was used to graphically 
identify the optimal number of clusters by plotting the highest value of the average 
silhouettes. 
 
2. Results, first section: "37-2022 to the 13-2022" should be "37-2021 to the 13-2022". 
Thank you. We have corrected the text as recommended. 
 
3. Results, first section: I believe the word "coincidently" is not being accurately used in this 
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context, since the authors define the division of waves and pandemic period based on the 
points of lowest mortality. I suggest using the word "consequently" instead. 
Thank you very much! We have corrected the texts as recommended. 
 
4. Discussion: In the study's limitations, the authors should note that the analysis was 
restricted to mortality data, rather than looking and Covid incidence. 
Thank you. You are right. Consequently, we have specified the study's limitations to 
highlight that the analysis was restricted to mortality data rather than COVID-19 case 
incidence. Specifically, we have introduced the following sentence at the end of our 
discussion: "This is important because the analysis in our study was restricted to mortality 
data rather than COVID-19 case incidence." 
 
5. Results, geographical distribution: "p = 0047" is missing a decimal point. 
Thank you. We have added the decimal point. 
 
6. Figure 2: The legend is not correct. 
Thank you. You are right. We will request that the editor correct the description of Figure 2. 
 
7. Figure 4: "(E)" needs to be reformatted. 
Thank you very much. We have corrected the text as recommended. 
 
Your revision was greatly appreciated. Thank you very much!  
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The manuscript presented by Toyama et al. provides a comprehensive analysis of the three waves 
of COVID-19 in Peru. It covers a wide range of topics, from fundamental data to spatial and 
temporal distribution analyses across regions and provinces. The document is well-crafted, 
offering detailed descriptions, thorough analysis, and robust statistical modeling of the data. I've 
noticed a few minor issues that can be easily resolved:

There is an issue with the description in Figure 2; it really refers to Figure 3. 
 

○

On page 7, in the "Regional cluster analysis" section, it mentions "(Figure 4C and Figure ○
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4D)," but it should refer to Figures 4E and 4F. 
 
I recommend highlighting the highest mortality rates in Table 3, in line with what was 
mentioned in the results section regarding the "Variability of the mortality rate across 
regions by wave, age, and gender." 
 

○

Please review the wording in the description of Figure 4. There appear to be errors related 
to sections A-F.

○
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Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
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Reviewer Expertise: Diagnosis and epidemiology of viral infections, viral pathogenesis and 
development of antivirals.

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard, however I have 
significant reservations, as outlined above.

Author Response 16 Nov 2023
Antonio Quispe 

Thank you very much for your revision. We have followed your recommendations and 
answered each of your comments as follows: 
 
1. There is an issue with the description in Figure 2; it really refers to Figure 3. 
Thank you very much. You are right. We will request the editor to correct the description of 
Figure 2. 
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2. On page 7, in the "Regional cluster analysis" section, it mentions "(Figure 4C and Figure 
4D)," but it should refer to Figures 4E and 4F. 
Thank you very much. We have corrected the mentions as recommended. 
 
3. I recommend highlighting the highest mortality rates in Table 3, in line with what was 
mentioned in the results section regarding the "Variability of the mortality rate across 
regions by wave, age, and gender." 
Thank you. We followed your recommendation and introduced the following text to 
highlight the highest mortality rates: At the regional level, we observed that during the first 
waves, the three regions with the highest mortality overall were Callao (750 deaths per 
100,000 inhabitants), Lima (750 deaths per 100,000 inhabitants), and Moquegua (681 deaths 
per 100,000 inhabitants). During the second wave, the regions with the highest mortality 
overall were Ica (1035 deaths per 100,000 inhabitants), Arequipa (927 deaths per 100,000 
inhabitants), and Lima (894 deaths per 100,000 inhabitants). And during the third wave, the 
regions with the highest mortality overall were Madre de Dios (395 deaths per 100,000 
inhabitants), Ica (349 deaths per 100,000 inhabitants), and Arequipa (341 deaths per 
100,000 inhabitants). 
 
4. Please review the wording in the description of Figure 4. There appear to be errors 
related to sections A-F. 
Thank you. We have corrected the description of Figure 4. 
 
Your revision was greatly appreciated. Thank you very much!  
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