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Background: In May 2021, the SARS-CoV-2 Delta variant led to the first
local outbreak in China in Guangzhou City. We explored the epidemiological
characteristics and spatial-temporal clustering of this outbreak.

Methods: Based on the 153 cases in the SARS-CoV-2 Delta variant outbreak,
the Knox test was used to analyze the spatial-temporal clustering of the
outbreak. We further explored the spatial-temporal clustering by gender and
age groups, as well as compared the changes of clustering strength (S) value
between the two outbreaks in Guangzhou.

Results: The result of the Knox analysis showed that the areas at short
distances and brief periods presented a relatively high risk. The strength of
clustering of male-male pairs was higher. Age groups showed that clustering
was concentrated in cases aged < 18 years matched to 18-59 years and
cases aged 60+ years. The strength of clustering of the outbreak declined
after the implementation of public health measures. The change of strength of
clustering at time intervals of 1-5 days decreased greater in 2021 (S = 129.19,
change rate 38.87%) than that in 2020 (S = 83.81, change rate 30.02%).

Conclusions: The outbreak of SARS-CoV-2 Delta VOC in Guangzhou has
obvious spatial-temporal clustering. The timely intervention measures are
essential role to contain this outbreak of high transmission.

KEYWORDS

SARS-CoV-2 Delta, Knox analysis, spatial-temporal clustering, intervention measures,
COVID-19
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Introduction

Coronavirus disease 2019 (COVID-19), associated with
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-
2) infection outbroke in December 2019. Since the outbreak
of the pandemic, several prevalent SARS-CoV-2 mutant strains
have been encountered globally, resulting in a considerable
socioeconomic burden (1). As of October 2022, the World
Health Organization (WHO) has identified five main lineages
as variables of concern (VOC), including Alpha, Beta, Gamma,
Delta, and Omicron (2, 3). The emergence of SARS-CoV-
2 variants has accelerated the spread of COVID-19 (4). For
instance, the Delta VOC (B.1.617.2) had rapidly outcompeted
other variants of SARS-CoV-2 within several months and
became a dominant variant in the third wave of the COVID-
19 pandemic (5-7). With the continuous mutation of the
virus, the transmission capacity may be enhanced, bringing
many uncertainties to the future prevention and control of
the epidemic. Learning the lesson from the transmission
characteristics of the Delta VOC will administer to the response
to the next COVID-19 outbreak.

The transmission of COVID-19 has obvious characteristics
of spatial-temporal clustering. Some studies have found that
appropriate public intervention measures can be effective in
reducing the transmission of COVID-19 (8-10). Several studies
have explored the spatial-temporal characteristics of COVID-
19 by combining the time and space scale (1, 11), while few
studies have considered the intervention measures at different
stages, such as before and after the peak of the outbreak.
In addition, scholars generally investigated the transmission
characteristics of COVID-19 at the national or city scale, but
few studies investigated it at a small space level (such as street
or community level), which would provide limited information
for the refined measures making. Several studies have shown
that the contact pattern between different populations also
plays an important role in the transmission of COVID-19.
Thus, studying the spatial-temporal clusters of COVID-19 by
considering contact patterns between the different populations
at the street level and by the stages of intervention measures,
would help us to identify risk populations and assess the effect
of intervention measures.

China maintains a strict policy of public health interventions
in response to the COVID-19 outbreak. On 21 May 2021,
the first local outbreak in China from the highly transmissible
Delta variant was identified in Guangzhou, Guangdong Province
(12). Guangzhou implemented a series of strict public health
measures, including lockdown of high-risk areas, isolation of

Abbreviations: COVID-19, Coronavirus disease 2019; SARS-CoV-2,

Severe acute respiratory syndrome coronavirus 2; VOC, variants
of concern; WHO, World Health Organization; Guangdong CDC,

Guangdong Provincial Center for Disease Control and Prevention.
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contacts, and mass nucleic acid screening. Despite the rapid
spread of the Delta variant, the outbreak was contained within
a month (11). In addition, the cases from this outbreak have
a very clear transmission chain. The outbreak and response
of the Delta VOC in Guangzhou offer a unique opportunity
for a better understanding of the high transmissible and
adaptation measures of the Delta VOC. In this study, the
Knox test was used to explore the spatial-temporal cluster
characteristics, identify the high-risk groups, and discover
the changes in spatial-temporal clustering with different
intervention stages. The findings would provide a reliable
reference for effectively responding to the next SARS-CoV-2
variant outbreak.

Materials and methods

Data collection

COVID-19 cases

Data on COVID-19 cases reported in Guangzhou from
April 2 to May 4, 2020, and from May 18 to June 18, 2021,
were obtained from the Guangdong Center for Disease Control
and Prevention (Guangdong CDC). COVID-19 cases were
individuals with a positive result in a PCR for SARS-CoV-2 in
respiratory specimens, referring to guidelines issued by Chinese
National Health Commission (13) and WHO (14). Information
for each case included gender, age, address, diagnosis, date of
illness onset, and type of case (imported case or local case).

Intervention measures

Data and timelines for relevant public health interventions
for the Delta VOC outbreak were obtained from the emergency
response working group of Guangdong CDC and the website of
Guangzhou Municipal Health Commission (http://wjw.gz.gov.
cn/).

Map and population data

The map data of the administrative interface of each
street in Guangzhou were obtained from the Data Center of
Resource and Environmental Science (http://www.resdc.cn/),
and demographic information of each street in Guangzhou
was obtained from the Statistical Yearbook of Guangdong
Province (http://stats.gd.gov.cn).

Knox test

Spatial-temporal interaction refers to the phenomenon that
events located relatively close in space occur also close in
time (15). The Knox test (16) is a method that is used
frequently to detect this kind of interaction. It has been used
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in many areas, such as criminology (17), medical and public
health (18), and epidemiology (19-22). Its basic principle
and form are as follows: the null hypothesis of the Knox
method is that the occurrence of diseases is spatial-temporal
clustering. All possible pairs of cases are assembled and classified
according to their distances apart in space and time (21).
The observed number of pairs within short space and short
time intervals is compared with the number expected if the
space and time intervals between pairs are independent of
each other (23). The test statistic, X, is the number of pairs
of cases that are close in both space and time. The statistic is
calculated as:

1)

SCUED DD DA

where N is the number of cases, afj is equal to 1 if cases i
and j are close in space, and 0 otherwise, a? is equal to 1 if cases
i and j are close in time and 0 otherwise, and s and ¢ represent
pre-specified spatial and temporal distances (21, 24).

The most commonly used method, Monte Carlo hypothesis
testing, was proposed by Mantel (25). If the difference between
statistic X and its expected value is statistically significant,
it is considered to be spatial-temporal clustering (15). For
known infectious diseases, time and space boundaries can be
selected by referring to the incubation period and transmission
characteristics. Based on our knowledge of the COVID-19
transmission pattern and previous cluster analyses of COVID-19
transmission, the Knox test is used to examine spatial-temporal
interactions from 0 meters to 1,000 kilometers at time intervals
from 1 to 14 days (16, 20, 23). In this study, 1 day was selected
as the time interval referenced from previous reports (26).
The space distance is divided into 10 intervals, the interval is
100 meters. And the relative risk (RR) was used to represent
the risk of COVID-19 infection under this spatial-temporal
threshold value compared with other conditions. We used S to
represent the strength of spatial-temporal clustering under the
conditions of various spatial-temporal critical values. The sum
of statistically significant S values (X'S) under various spatial-
temporal interval combinations was set as the total strength of
spatial-temporal clustering.

In the Knox analysis, we Geo-coded for each case in the
Delta outbreak first. We converted the residential address of
each infection case into latitude and longitude coordinates by the
Baidu map coordinate picker (http://api.map.baidu.com/Ibsapi/
getpoint/index.html), subsequently, the projection coordinate
system of all the coordinates were converted to WGS84
projection Coordinate System (World Geodetic System 1984).

In this study, we first investigated the spatial-temporal
clustering of the overall cases during the whole epidemic
period, then we compared the clustering for different case pairs
which represented different contact patterns. All case pairs were
divided by gender into the male match to male (male-male),
female-female, and male-female. All case pairs were divided into

Frontiersin Public Health

03

10.3389/fpubh.2022.1050096

six groups based on age, including aged < 18 years, aged 18-59
years, aged 60+ years; and aged < 18 years-aged 18-59 years,
aged < 18 years-aged 60+ years, and aged 18-59 years-aged
60+ years.

To further address the effectiveness of public health
interventions in the Delta outbreak, we divided the timing of this
outbreak into two the stages. The first stage is from 18 May to 31
May 2021, and the second stage is from 1 June to 18 June 2021.
Most public health interventions were implemented in the first
phase. In addition, we included another COVID-19 epidemic
which has a similar scale to the epidemic in Guangzhou as the
comparative case. We included 215 cases of local outbreaks in
Guangzhou from April to May 2020 (27), and compared the
changes in strength (S) of spatial-temporal clustering between
the two outbreaks.

All data were analyzed by R software, version 4.1.0 (http://
CRAN.R-project.org, R Foundation, Vienna, Austria), and the
“surveillance” package (28) was used to conduct the Knox test.
P-value < 0.05 was considered statistically significant.

Results

Spatial-temporal distribution

As of 19 June 2021, a cumulative total of 153 COVID-19
cases were reported in Guangzhou (Figure 1). The first case
was diagnosed on May 21, 2021, and the number of cases has
increased markedly since May 26, 2021. The peak daily number
of cases was 16 on June 1, 2021, then, the incidence subsequently
decreased since June 1, 2021, and no more related cases were
reported from June 19, 2021.

Figure 2 shows the distribution of the cases in Guangzhou.
The cases were distributed in 17 streets/towns in six districts,
mainly concentrated in Baihedong Street and Zhongnan Street
in Liwan District (89 cases), while Chongkou street and Dongsha
Street had only one case each. Overall, the spatial distribution of
confirmed cases varies significantly.

The epidemic curve and the response process of this
outbreak are shown in Figure 1. Since the first case was detected
on May 21, 2021, Guangzhou took a series of intervention
(29),
investigation, quarantine at designated sites required for

measures immediately including  epidemiological
close contact, precise and differentiated epidemic prevention
and control strategies, mass nucleic acid screening, and
encouragement of vaccination (Figure1). On May 22, the
community where the first confirmed case lived was designated
as a medium-risk area, and nucleic acid screening for key
populations began on May 26. On May 29, 2021, strictly
implement intervention measures at different levels and risk
areas. Areas such as Baihedong Street and Zhongnan Street
were on lockdown. In addition, traffic restrictions enhanced in

Guangzhou since June 1, 2021.
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Epidemic curve of and the intervention measures against SARS-CoV-2 Delta VOC outbreak in Guangzhou, from May 18, 2021 to June 18, 2021.
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FIGURE 2
Spatial distribution of SARS-CoV-2 Delta VOC outbreak in Guangzhou, from May 21, 2021 to June 18, 2021.
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FIGURE 3
of spatial-temporal clustering of all case pairs (<1,000m and <14 d) (B).

Time interval (days)

The spatial-temporal clustering of all
case pairs (0-1,000m, 1-14 d)

The result of the Knox test analysis showed a significant
spatial-temporal interaction within the time interval of 1-
14 days and the spatial distance of 0-1,000m. The average
time interval of all case pairs was 6.2 days, and the average
spatial distance was 7.6 km. The RR declined with the distance
increased between the two cases and the RR decreased gradually
as the time between the onset of the two cases prolonged. The
RR reached 2.3 at very short distances at time intervals of 1 day.
When the distance increased to 1km, the RR rapidly declined
to 1.1 and approached 1 at a distance of 5km. The risk of
infection at other time intervals also showed a similar pattern
in Figure 3A.

The S values (the strength of the spatial-temporal clustering)
are shown in Table 1. According to the Monte Carlo test, most
S values were statistically significant (P < 0.05). The highest
levels of strength of the spatial-temporal clustering occurred
at intervals of 0 and 1 day and within 100 meters (Figure 3B).
The areas at short distances within 550 meters and brief periods
within 5 days presented high strength of the spatial-temporal
clustering (S > 15, most of the S values were >30). With the
distance between the two cases increased, the S values decreased.
The S values also gradually decreased as the onset interval
between the two cases was prolonged.

Spatial-temporal clustering of cases with
different characteristics

The results showed that spatial-temporal clustering of the
COVID-19 cases was similar between the genders at the
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0-1,000m scale, and all showed a trend of decreasing the
strength of spatial-temporal clustering (S) with increasing time
thresholds and spatial distance. The strength of spatial-temporal
clustering of male-male pairs was higher at time thresholds of 1-
7 days and spatial distances < 600 m. The strength of the spatial-
temporal clustering showed that male-male > male-female >
female-female (Figure 4).

According to the results, the clustering was greater in case
pairs aged < 18 years—aged 18-59 years, and cases pairs aged
60+ years at short time intervals (1-5 days). Three peaks of
clustering were observed for the case pairs aged < 18 years—aged
18-59 years, at 1, 3, and 6 days, respectively. In addition, the
pattern of spatial-temporal clustering characteristics in the case
pairs aged 18-59 years was similar to that in the genders.

The difference in spatial-temporal clustering of all cases
before and after the peak of the epidemic is presented in Figure 5.
The strength of spatial-temporal clustering before the peak of the
epidemic was greater than that after the peak of the epidemic.
Before the peak of the epidemic (May 18 to May 31, 2021),
the maximum S value was 26, and the sum of S values was
541, and after the peak of the epidemic (June 1 to June 18,
2021), the maximum S value was 9, and the sum of S values was
304 (Supplementary Table S1). Before the peak of the outbreak,
the spatial-temporal clustering within 300m is the strongest,
especially on the first and third days, the spatial-temporal cluster
within 100 m is higher than that under other spatial-temporal
boundaries. In particular, the spatial-temporal clustering at 1
and 3 days in the 100 m range were higher than other spatial-
temporal scales.

Figure 6 and Supplementary Table S2 show the changes in S
value before and after the peak between the two outbreaks in
Guangzhou in 2020 and 2021, we found that the change in the
strength of spatial-temporal clustering decreased greater in 2021
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TABLE 1 The strength of spatial-temporal clustering (S) of all case pairs from May to June 2021 in Guangzhou, China.

Time interval (days)

100 200 300 400
1 116.4 82.16 81.33 67.93
2 96.26 72.64 67.61 52.39
3 64.78 47.84 45.30 30.64
4 53.19 43.23 39.00 28.63
5 39.99 29.67 25.90 19.65
6 30.55 21.46 18.04 12.17
7 25.43 15.99 13.79 8.06
8 21.03 12.52 10.08 4.70
9 17.92 11.67 8.53 4.99
10 15.10 9.72 6.95 4.28
11 13.57 7.63 4.94 2.96
12 10.41 5.19 2.71 0.70
13 6.84 2.47 0.91 —0.32
14 5.07 2.37 0.81 —0.92

The number in bold font indicates that Strength (S) is were statistically significant (P < 0.05).

(S-change = 129.19, change rate of 38.87%) than in 2020 (S-
change = 83.81, change rate of 30.02%) at time intervals of 1-5
days, while at 6-10 days and 11-14 days, the changes in S value
were greater in 2020.

Discussion

In this study, we characterized the spatial-temporal
clustering of the COVID-19 outbreak in Guangzhou from
May 21, 2021, to June 18, 2021, based on detailed individual
information on each case. This outbreak is the first community-
transmitted outbreak of the Delta VOC in China. Our study
found that the outbreak of the Delta variant in Guangzhou has
obvious spatial-temporal clustering, and effective interventions
can reduce the spatial-temporal clustering, which may provide
references for the response to the COVID-19 outbreak. We
observed that the effect of spatial-temporal interaction was
obvious and exhibited interval heterogeneity. The areas with
the highest level of elevated risk were all within a distance of
1 kilometer. The highest risk value occurred at intervals of 0
and 1 day and gradually decreased as the onset interval was
prolonged. This result indicated that COVID-19 infection from
one case to the other individuals tends to occur in nearby
persons. On the one hand, the Delta VOC B.1.617.2 grew faster
and was more transmissible. Campbell et al. reported a 97%
increase in the effective reproductive number of B.1.617.2 by 3
June 2021 (30). This may be due to the following reasons: (1)
Guangzhou has a dense population, convenient transportation,
and frequent personnel exchanges, which have naturally
facilitated the spread of the virus (30). (2) In the early stage of
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Distance between case pairs (meters)

500 600 700 800 900 1000
55.07 44.27 33.52 31.28 28.01 28.41
39.94 33.12 25.53 22.37 20.88 19.22
25.53 18.76 14.12 14.19 12.10 9.63

22.13 17.60 13.69 12.82 9.99 8.16

15.66 11.90 7.89 8.74 6.99 6.96

9.96 7.11 3.45 4.70 3.64 4.11

6.17 3.53 1.18 1.30 0.05 0.73

3.55 1.17 —0.77 —0.95 —1.60 —1.07
3.66 0.88 —-0.99 —1.24 —-1.73 —1.16
3.31 1.23 —0.36 —0.68 —1.04 —0.42
2.23 0.73 —0.92 —1.18 —1.49 —0.98
0.19 —-1.35 —2.15 —2.12 —2.61 —1.56
—0.97 —1.84 —1.58 —1.56 —1.86 —0.95
—1.23 —1.89 —1.50 —1.43 —1.50 —0.63

the epidemic, five generations of transmission occurred within
10 days, and the effective reproduction number (Rt) increased
to 7.1 on May 27, 2021 (28), resulting in a rapid increase in the
number of cases in the early stage, with strong spatial-temporal
clustering. On the other hand, the virus could transmit through
short-distance contacts, such as meals, family contact, and
community contact (1). It suggested that daily protection,
such as wearing masks and getting vaccinated, should be
taken in case of the high spreading risk of the COVID-19
Delta VOC.

We also found that the spatial-temporal clustering of
different populations is different. The clustering strength of
male-male pairs was high at time intervals of 1-7 days and
spatial distances < 600m. The strength of spatial-temporal
clustering (S-value) for case pairs showed a male-male > male-
female > female-female pattern. It may be related to the higher
infection rate for males (31, 32), the male population has
more social interactions, and the awareness of self-protection is
weaker. In terms of age, all age groups are infected, indicating
that people of all ages are generally susceptible. The spatial-
temporal clustering of case pairs aged < 18 years—aged 18-
59 years and cases pairs aged 60+ years were higher, and the
clustering strengths of infection among adolescents and the
elderly were higher. Moreover, the spatial-temporal clustering
of adolescents was strong in a short time interval (1-5 days).
In the outbreak, the transmission sites of the COVID-19
Delta virus are mainly confined spaces, with obvious family
clustering (29). Intra-family transmission may be related to the
increase in cases since the restrictions of human movement
(33-35). Thus, the pairs of patients aged 18-59 and over 60
years were strongly clustered in the family. In June 2021, the
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FIGURE 4
Heat map of spatial-temporal clustering due to space-time interactions among populations with different characteristics for the COVID-19
epidemic in Guangzhou from May to June 2021. (A) Male—male cases. (B) Female—female cases. (C) Male—female cases. (D) <18 years. (E)
18-59 years. (F) 60+ years. (G) <18 years—18-59 years. (H) <18 years—60+ years. (I) 18-59 years—60+ years.
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Delta VOC was also reported to be the main circulating strain
in the United Kingdom, with the transmission in primary
and secondary schools (36). All of the critically ill cases
were in patients aged over 60 years, indicating that older
patients are more susceptible to Delta VOC infection (37).
In the face of the continuous mutation of the virus, it is
necessary to strengthen the protection of young people and
the elderly.

This study shows the difference in spatial-temporal
clustering of all cases before and after the peak of the epidemic.
The spatial-temporal clustering before the epidemic peak
is stronger than that after the peak. Scientific prevention
and control measures are the keys to preventing the spread
of the epidemic. Due to the implementation of a series of
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intervention measures in Guangzhou in the early stage, the
spatial-temporal clustering of all cases dropped significantly
after June 1, 2021. In response to the significantly greater
transmissibility in community settings, strict measures are
taken against the spread of Delta VOC during the outbreak
in Guangzhou. First, tens of millions of massive citywide
viral RNA screening tests have been launched, targeting
both the general and high-risk populations. Second, key risk
areas were lockdown in time. Third, a detailed epidemiology
investigation and a big data-based QR code system helped
With these efforts, the
outbreak was quickly contained within 1 month. These

identify close contacts of cases.

experiences could be valuable for the containment of emerging
widespread variants.
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We found that the strength of spatial-temporal clustering
in time intervals (1-5 days) has decreased greater in 2021
than that in 2020. The reason may be that more stringent
interventions were adopted in the early stage of the outbreak
in 2021. It was reported that the incubation period of Delta
is shorter (about 4 days) (38, 39), which needs to be an
urgent response. Guangzhou had taken a series of rigorous
intervention measures timely including mass testing, active
case finding, travel restrictions, and area lockdown to contain
this outbreak. The finding further verifies that the public
health intervention response to the Delta outbreak is timely
and effective. This suggests that the implementation of rapid
and rigorous interventions is the key to containing the Delta
epidemic of high transmission.

Our study is based on the coordinate information of
each case, which can accurately address the spatial-temporal
clustering of a COVID-19 outbreak at a small scale and
it may serve as a template for responding to small-scale
outbreaks. Several limitations should be noted within our study.
First, in the spatial-temporal analysis, the distance between
the cases was computed by their usual living address. The
actual site where the case contracted the virus may be a
working location or a public place, such as mass transit and
restaurants. The risk areas of the distance interval may be
biased. Second, the study sample size which includes 153
cases is not very great, while all the cases had very clear
transmission chains based on the detailed epidemiology survey.
Third, about 20% of the population was fully vaccinated,
and the vaccine may influenced the spread of the virus to
some extent.

Conclusion

Our study revealed differences in spatial-temporal clustering
in different stages of the epidemic and among populations
with different characteristics. Adolescents and seniors are the
key groups we need to focus on. The results give strong
evidence that timely public health interventions including rapid
tracing, quarantine, keeping social distance, and nucleic acid
screening are crucial to contain the outbreak of emergent high
transmissible variants. Overall, our study provides a template
for the clustering analysis of the ongoing COVID-19 epidemic
and is informative for response to the next SARS-CoV-2
variant outbreak.
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