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Background: The Shanghai COVID-19 epidemic is an important example of
a local outbreak and of the implementation of normalized prevention and
disease control strategies. The precise impact of public health interventions
on epidemic prevention and control is unknown.

Methods: We collected information on COVID-19 patients reported in
Shanghai, China, from January 30 to May 31, 2022. These newly added
cases were classified as local confirmed cases, local asymptomatic infections,
imported confirmed cases and imported asymptomatic infections. We used
polynomial fitting correlation analysis and illustrated the time lag plot in the
correlation analysis of local and imported cases. Analyzing the conversion of
asymptomatic infections to confirmed cases, we proposed a new measure
of the conversion rate (Cy). In the evolution of epidemic transmission and
the analysis of intervention effects, we calculated the effective reproduction
number (R¢). Additionally, we used simulated predictions of public health
interventions in transmission, correlation, and conversion analyses.

Results: (1) The overall level of Rt in the first three stages was higher than
the epidemic threshold. After the implementation of public health intervention
measures in the third stage, Rt decreased rapidly, and the overall R¢ level in the
last three stages was lower than the epidemic threshold. The longer the public
health interventions were delayed, the more cases that were expected and
the later the epidemic was expected to end. (2) In the correlation analysis, the
outbreak in Shanghai was characterized by double peaks. (3) In the conversion
analysis, when the incubation period was short (3 or 7 days), the conversion
rate fluctuated smoothly and did not reflect the effect of the intervention.
When the incubation period was extended (10 and 14 days), the conversion
rate fluctuated in each period, being higher in the first five stages and lower in
the sixth stage.

Conclusion: Effective public health interventions helped slow the spread
of COVID-19 in Shanghai, shorten the outbreak duration, and protect the
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infections) and drew time lag analysis charts and correlation
analysis charts, as shown in Figure 5. In the time lag analysis
chart, compared with imported cases, local cases had a greater
lag and amplification, and the lag period was approximately 31

10.3389/fpubh.2022.1076248

days, confirming the previous speculation. In the correlation
analysis chart, the curves fitted by various methods revealed that
there was a strong correlation between local cases and imported
cases, with RZ values above 0.8.

FIGURE 2

The shifting pattern of R;. In the six stages, the daily new cases and the change trend of the R; value are compared.
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The spatial distribution of local cases (including local
confirmed and asymptomatic infections) in Shanghai is shown
in Figure 6. In the first stage, the epidemic peak occurred in
the Minhang District, the Jiading District, etc. From the second
stage on, the epidemic peak gradually spread to the Pudong New
Area, reaching a peak in the fifth stage and decreasing in the
sixth stage. Therefore, there were case reports in 16 districts
of Shanghai, but there were significant geographical differences
in the distribution of confirmed cases. The highest incidence
rate was mainly in the Pudong New Area, followed by the
Minhang District.

Conversion analysis of asymptomatic
infections to confirmed cases

At present, the accurate incubation period from
asymptomatic infections to confirmed cases has not been

Frontiersin Public Health

determined. Therefore, we adopted a variety of settings,
such as 3, 7, 10, and 14 days, to better analyze prognostic
rules. In practice, because no asymptomatic infections were
converted into confirmed cases in the first and second stages,
the conversion rates for each incubation period for the
third to sixth stages were calculated, as shown in Table 2
and Figure 7A.

When the incubation period was set to 3 and 7 days,
the overall conversion rate of each period showed a stable
trend, which was controlled between 10 and 20%. When the
incubation period was set to 10 and 14 days, the change
in the conversion rate in each period was more obvious,
the conversion rate in the fifth stage and before was higher,
and the conversion rate in the sixth stage was lower. The
box chart shows the distribution of the recovery rate at
each incubation period setting, and the results show that the
distribution of the recovery rate was close at each incubation
period setting.

07 frontiersin.org


https://doi.org/10.3389/fpubh.2022.1076248
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Yietal.

10.3389/fpubh.2022.1076248

25000

20000

150004 =

0
M3 216 219 222 224 227 32 M4 3T 30 32 IS

Number

10000

5000

I Local confirmed cases
I Local asymptomatic infection cases
[l I mported confirmed cases

Imported asymptomatic infection cases|

—(
0 | e
T = 1T = 0

T T
1/30  2/10 2/21 3/4 3/15 3/26 4/6

n
T

4/17 4/28 5/9 5/20 5/31

Time

60

Il imported confirmed cases
- Imported asymptomatic infection cases

50 4

40 -

30

Number

20 4
10

0 \ ‘\ TR
130 2/10 221 34 3/15 326 46

Time

FIGURE 4

and imported asymptomatic infections.

The temporal distribution of the epidemic. The time of onset and the epidemic curve of the Shanghai epidemic: Based on the daily number of
new cases listed on the report date, the cases were divided into local confirmed cases, local asymptomatic infections, imported confirmed cases
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TABLE 1 Distribution analysis of daily new incidences of four types of cases.

Distribution date Average value 95% Cl
Lower bound Upper bound
Local confirmed cases 3.29~5.1 475.41 305.97 644.85
Local asymptomatic infection cases 3.27~5.8 4,847.13 3,496.70 6,197.57
Imported confirmed cases 2.5~4.3 10.42 8.03 12.81
Imported asymptomatic infection cases 2.18~3.25 3.25 2.39 4.10

In addition, we simulated the change in the conversion
rate under the condition of an uncontrolled epidemic, as
shown in Figure 7B. Assuming that Shanghai had not taken

Frontiers in Public Health 08

public health intervention measures after March 28, the
case growth thereafter was calculated based on the Rp on
March 28 and simulated based on a Poisson distribution.
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FIGURE 5
Correlation analysis between local cases and imported cases. (A) Time lag analysis of the change trend between local cases and imported cases:
There was a large difference in the magnitude of factors. Natural logarithm processing was applied to local and imported cases. Based on the
time of imported cases, the order was as follows: January 30, February 10, February 20 and March 2. (B) Correlation analysis between local cases
and imported cases: The included local cases ranged from March 24 to April 13, and the imported cases ranged from February 11 to March 3.
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FIGURE 6
The spatial distribution of the epidemic. (A) A geographical map and (B) a nuclear density map showing the spatial distribution of local cases in
Shanghai, divided into 16 districts. The six submaps represent the six stages of epidemic development. Limited by media reports, this article
covers only the period from March 5 to May 31.

The results show that the recovery rate was higher when Discussion

the incubation period was set to 10 and 14 days and

gradually leveled off after May. It is speculated that public Principal results

health intervention measures need ~10 days to be effective.
This simulation study also verifies the importance of public

We

investigated

and quantified changes in the

health interventions. epidemiological characteristics of COVID-19 in Shanghai
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TABLE 2 Conversion rate (%) during each incubation period.

10.3389/fpubh.2022.1076248

3 days 7 days 10 days 14 days
Third stage 0.74 (0.04, 1.71) 1.14 (0.09, 2.77) 2.76 (0.18, 7.43) 5.90 (0.46, 14.78)
Fourth stage 1.09 (0.10, 2.50) 2.89(0.14,7.79) 3.53(0.30, 7.42) 7.99 (0.41, 20.38)
Fifth stage 3.68 (0.45, 6.83) 3.50 (0.58, 7.64) 3.56 (0.64, 5.99) 5.95(0.70, 15.24)
Sixth stage 4.82(0.89,11.11) 2.93(0.29, 5.41) 2.26 (0.17, 6.00) 1.49 (0.13, 4.94)
Total 3.80 (0.04, 11.11) 2.91 (0.09, 7.79) 2.74(0.17,7.43) 3.62 (0.13, 20.38)
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FIGURE 7
Conversion rate during each incubation period. (A) Actual situation. (B) Simulation without public health interventions.

as well as the effect of public health interventions. To divide
the development stages for subsequent research, we used new
feature vectors and dynamic time-series maps. We created
a feature vector using the four indicators of local confirmed
cases, local asymptomatic infections, imported confirmed
cases, and imported asymptomatic infections and then drew
a dynamic time-series map of interventions using the cluster
analysis results and public health intervention measures. On
this basis, we divided the epidemic into six stages and then
dynamically and intuitively assessed the impact of public health
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interventions on the development of the epidemic. Compared
with a subjective division (10), the stage division in this
paper was scientific and objective. The subsequent R; analysis
also verified this conclusion. We then built a comprehensive
assessment system for the process, transmission, and the impact
of control measures in the analysis of COVID-19 transmission,
correlation and conversion. The following points of innovation
are described below.

First, we used R; to perform transmission analysis and
to review common public health interventions, with the goal
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of assessing the impact of public health interventions on the
epidemic from an epidemiological standpoint. The first and
second stages were defined as the “rapid rise period.” Shanghai
had not implemented targeted intervention measures for cases
introduced from other countries. Mobility restrictions in some
key areas were implemented only in the second stage, resulting
in a rapid increase in the R; value. The third and fourth stages
were defined as the “preliminary prevention and control period.”
To control the spread of the disease and to promote the recovery
of infected people, Shanghai implemented strong intervention
measures, such as mobility restrictions in the city, the use of
Fangcang shelter hospitals, and attention to elderly individuals,
resulting in an increase in the R; value. It gradually decreased
after reaching its peak. The fifth and sixth stages were defined as
the “control and remission period.” Shanghai also implemented
measures such as conducting zoning management, optimizing
the efficiency of Fangcang shelter hospitals, and standardizing
nucleic acid testing on the basis of the previous measures so
that the Ry value continued to fall. The overall level of R; in the
first three stages was higher than the epidemic threshold (i.e., 1)
but decreased rapidly after the implementation of strict public
health intervention measures. Additionally, the overall level in
the last three stages was lower than the epidemic threshold.
Both the decrease in the R; value and the gradual decrease in
the number of new confirmed cases per day indicate that the
Shanghai government’s interventions had a positive impact on
controlling the COVID-19 epidemic and were able to effectively
block the spread of the epidemic and ease the disease burden.
The simulation analysis results indicate that the implementation
time of public health interventions is more important, and the
longer the delay is, the longer the epidemic is expected to last.
Second, for the first time, we used temporal correlation
analysis to reveal the relationship between local and imported
cases, with the goal of determining whether the outbreak
was caused by cases imported from other countries. The
spatiotemporal distribution analysis revealed the characteristics
of a bimodal epidemic of local and imported cases, with local
cases emerging concurrently with the appearance of imported
cases. The curves fitted by various methods in the correlation
analysis revealed that there was a strong correlation between
local and imported cases, and the R? value reached more
than 0.8. According to the time lag analysis, there was some
lag and amplification in local cases compared to imported
cases, with a lag time of ~31 days. The epidemic in Shanghai
was characterized by a combination of local transmission and
imported cases. Therefore, it is speculated that this round of
the epidemic came from imported cases. Analysis of the main
causes of local infections revealed the following. (1) The spread
of the epidemic was hidden and delayed. Insufficient attention
was given to cryptic transmission in the early stage of imported
cases. (2) The virus variant of this outbreak in Shanghai was the
Omicron BA.2 mutant, which has a faster transmission speed
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and stronger transmission strength and can better break through
the immune barrier conferred by vaccines (24-26).

Next, for the first time, we investigated how asymptomatic
infections became confirmed cases. A significant feature of
this round of the Shanghai epidemic was the high proportion
of asymptomatic infections. The conversion of asymptomatic
infections to confirmed cases is conducive to directly reflecting
the impact of interventions, but previous studies on similar
topics have focused less on asymptomatic infections (27-30).
Therefore, our research evaluated asymptomatic patients and
analyzed the relationship between asymptomatic infections and
confirmed cases. When the incubation period was set to be
short, the overall conversion rate of each period showed a
stable trend. When the incubation period was set to be long,
the volatility of the conversion rate in each period was more
obvious. The conversion rate in the fifth stage and before
was higher, while the conversion rate in the sixth stage was
lower. The distribution of the conversion rate was similar with
different incubation period settings. There are two possible
causes. (1) The first is the role of public health interventions:
When the incubation period is short, intervention measures
may not yet come into effect. When the incubation period is
long, intervention measures take effect, and then, the conversion
rate gradually decreases. (2) The second is the constancy of
the true conversion rate: As of May 31, the true conversion
rate was ~10%. The conversion rate calculated at the setting
of each incubation period was close to the true conversion
rate. Furthermore, we conducted a simulation study on the
change in the conversion rate under the assumption that the
epidemic was not under control, i.e., the calculation was based
on the Rg value without public health intervention measures.
Additionally, the simulation study was carried out using the
Poisson distribution. The effect of public health interventions
was verified.

Finally, we summarized and compared our findings with
those of previous studies. The analysis of transmission,
correlation and conversion presented above allowed us to
confirm the role of public health interventions in COVID-
19 prevention and control from a variety of perspectives.
To better validate the findings of this paper, we compared
them to previous studies on the impact of public health
interventions on the epidemic (10, 31-34). The Shanghai
epidemic differed from previous epidemics in terms of viral
types, the proportion of asymptomatic infections, and the
intervention times. In terms of viral strains, the Shanghai
epidemic was primarily caused by the Omicron BA.2 strain,
which has high infectivity and rapid transmission. In terms
of the proportion of asymptomatic infections, the Shanghai
epidemic had a relatively high proportion of asymptomatic
infections, and there was a certain proportion of confirmed
cases. In terms of the intervention times, the Wuhan epidemic
was controlled in 76 days, the Sichuan epidemic in 42 days,
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and the Shanghai epidemic in 66 days. Despite the many
differences in these outbreaks, studies have shown the role
of public health interventions in COVID-19 prevention and
control, demonstrating their effectiveness and generalizability.
Our experience can help China and other countries and regions
address the prevention and control of similar infectious diseases.

Limitations

This study still has some limitations. First, this paper
describes the result of the joint action of multiple interventions.
The effectiveness of a single measure cannot be assessed due
to ethical requirements. Second, the corresponding clinical
characteristics of confirmed cases could not be obtained. More
baseline data will be collected in the future to carry out an
analysis of population characteristics. Third, for other countries
and regions, the outbreak and development stages of the
epidemic do not necessarily show the same dynamic trajectory,
and more regional and temporal analyses are needed to verify
the robustness of the results.

Conclusion

In the foreseeable future, the epidemic process will still
depend on the efficiency of the implementation of public health
interventions. Timely and effective public health interventions
can effectively and quickly curb the spread of an epidemic and
protect the health care system from the overwhelming pressure
caused by the epidemic. This study describes an effective Chinese
experience and can be a positive guideline for global epidemic
prevention and control.
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The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found below: https://github.
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