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The coronavirus disease 2019 (COVID-
19) has evolved to a global pandemic
since its inception in December 2019.
Countries have responded to the epi-
s demics with different levels of responses
and containment measures. Given the
unprecedented pressure on nations’
healthcare systems and the deaths so far,
there is an urgent need to evaluate the ef-
10 fects of the containment measures, which
would be useful for countries to plan for
their responses to counter the first or pos-
sibly the second wave of the epidemic.
There have been studies for the effects
15 of COVID-19 control measures taken
in China on disease transmission and
public health interventions for Wuhan’s
outbreaks [1-4], and Wuhan travel ban
on the spread of COVID-19 both inside
20 China and internationally [S,6].

There are cross-country studies on
COVID-19 pandemics. The effective
reproduction numbers between the
early and late phases of COVID-19

25 outbreaks in 25 international locations
(China mainland was not included)
were compared with New Zealand’s
four-tier system in [7]. This approach
is based on estimating time-varying

30 growth rate of confirmed cases rather
than a dynamic epidemiological model.
Estimation of the effective start dates

nonpharmaceutical
(NPIs) of 11 European counties and

35 Wuhan, China, was considered in [8],
which concluded that the effective start
of the NPIs occurred S or more days after

for interventions

the official start date of intervention.

The effective reproduction numbers of
40 seven Latin American countries were
compared with those of Spain and Italy
in [9]. This study focused on the first
10 days of the local transmission. The
effects of travel restriction on COVID-19
45in 27 European countries were ana-
lyzed based on a constant coefficient
SEIR model and a mobility model
in [10].
Our on 2§
s0 countries that had experienced the
COVID-19 epidemic earlier in the
pandemic such that they have experi-
enced at least 4 weeks of established
community infections by 20 April
552020. It is conducted by evaluating
and comparing the effective repro-
of the
countries and associating them with

is focused

study

duction number R, curves
the timing and the extent of the control
60 measures taken by those countries.
The study is based on an extended
SEIR model [11] with time-varying
coefficients (VSEIdR model). Unlike
the conventional SEIR model [12], the
65 vSEIdR model allows (i) infections both
before and after diagnosis to reflect the
clinical reality that many infections are
made before being diagnosed in the
latent period [13] and (ii) the infection
70 and removal rates being time varying to
accommodate changing dynamics of the
epidemics.
There are three categories of actions
countries can employ as part of the con-
75 tainment strategies: (i) reduce human
contact and quarantine the confirmed in-

fected cases to reduce the infection rate;
(ii) increase population virus screening
and diagnosis; and (iii) provide better
8o medical treatments that shorten the re-
covery time from the disease. The three
actions’ epidemiological effects are well
reflected in the expression of the effective
reproduction number under the vSEIdR
ss model [11]:

R = Bis(t)/o+ Bs(t)/ve. (1)
where BF and B] are the infection rates
in the pre-diagnosis exposure state and
the infected state after diagnosis, respec-

90 tively, y; is the removal rate, o is the di-
agnostic rate and s(#) is the proportion of
the susceptible population.

The daily counts of infected, dead
and recovered cases are obtained from
9s data platforms of Johns Hopkins Uni-
versity [14], World Health Organization
(WHO) and Dingxiang Doctor. We did
not consider data from China’s Hubei
Province due to the incomplete observa-
100 tion before 16 January 2020. This actually
makes the epidemics of the 25 countries
more comparable as they all started with
imported cases. The start date for com-
munity transmission (DCT) ofa country,
105 reported in Table 1, is determined by the
first maximum of the estimated infection
rate after the WHO local infection date to
avoid the early epidemic period caused by
imported cases.
The study period is from DCT ofeach
country up to 20 April. The COVID-19-
related action date information of the
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Table 1. Weekly averages of the estimated reproduction numbers A; (W1-W4) of 25 countries over the 4 weeks from their respective DCT, and the

average over the first 4 weeks (4W-Ave).

Country Time duration Ry W1 W2 w3 W4 4W-Ave

1 China*> e def 23 January to 20 February 4.78 2.79 1.09 0.24 0.00 1.03 (0.87-1.2)
2 Japan*b< 12 February to 11 March 4.83 3.17 1.79 2.07 1.63 2.17 (1.51-2.77)
3 Republic of Korea®df 17 February to 16 March 5.56 3.68 1.72 0.58 0.20 1.54 (1.43-1.66)
4 Iran®de 22 February to 21 March 8.62 5.37 221 1.58 1.56 2.68 (2.37-3.11)
5 TtalyPof 23 February to /22 March 6.25 442 3.38 2.61 1.80 3.05 (2.95-3.18)
6 France*P<d 25 February to 24 March 8.57 6.13 3.92 295 2.49 3.87 (3.43-4.25)
7 Germany®©%® 25 February to 24 March 9.90 6.01 4.87 3.57 2.07 4.13 (3.65-4.71)
8 UKPed 25 February to 24 March 9.16 5.86 4.49 3.77 3.20 4.33 (3.82-4.43)
9 Australia®? 26 February to 25 March 4.83 3.88 3.80 3.46 2.07 3.3(2.84-3.77)
10 Malaysiabode 29 February to 28 March 4.46 331 3.09 1.74 1.20 2.34(1.21-2.96)
11 USA»bee 29 February to 28 March 4.10 3.82 4.38 3.33 2.24 3.44(3.33-3.51)
12 Holland®><de 29 February to 28 March 9.09 6.06 3.51 2.92 1.85 3.58 (3.03-4.11)
13 S}*Jainé”b't’“l 29 February to 28 March 6.75 6.34 422 2.98 1.74 3.82(3.56-4)

14 Switzerland®<4 1-29 March 3.64 3.46 3.08 1.89 120 2.41(2.21-2.53)
15 Sweden®d 1-29 March 6.02 4.67 1.92 1.79 2.10 2.62(2.49-2.72)
16 NorwayPd 3-31 March 4.98 4.14 1.95 1.55 1.07 2.18 (2-2.20)

17 Denmark®> %4 3-31 March 6.26 3.42 1.10 1.40 1.68 1.9 (1.09-2.39)
18 SingaporeP©d 4 March to 1 April 248 242 2.36 1.64 1.46 1.97 (1.45-2.36)
19 Belgium®“® 4 March to 1 April 4.95 442 342 2.79 1.57 3.05(2.79-3.3)
20 Austria®<d 7 March to 4 April 3.68 3.15 2.40 1.45 0.60 1.9 (1.21-2.12)
21 Thailand¥8 7 March to 4 April 4.57 4.29 2.65 1.37 0.75 227 (1.84-2.49)
22 Canada®><d¢ 7 March to 4 April 3.62 3.31 2.87 2.17 1.59 2.48 (2.2-2.61)
23 Portugala’b'c 7 March to 4 April 5.93 5.09 321 2.10 1.20 2.9 (1.77-4.01)
24 Brazil>“$ 10 March to 7 April 5.65 491 2.79 2.56 1.96 3.06 (2.9-3.21)
25 Turkey!s 18 March to 15 April 5.54 4.59 2.60 1.98 1.66 2.83 (2.78-2.98)

Ave 5.40 435 291 218 1.56 2.75
SE 027 0.23 0.21 0.18 0.14 0.16

Time duration shows the 4-week interval from DCT. Countries are ranked based on the DCT with the footnotes indicating the types of control measures and the quick action countries

are marked in bold. Data of Hubei, Hong Kong, Macau and Taiwan are not included in this analysis of China. The 95% confidence intervals for the 4-week averages are reported in the

parentheses and those for Ry are available in Table S1 in the Supplementary Data.

“State of emergency.

®School suspension or closure.
Closure of public space or offices.
dRestriction on gathering.
€Asking people to stay at home.

fLockjng down cities.

8Imposing curfew; quick (slow) action countries take action in less (more) than 13 days.

countries is provided in Table S1 in the 110 start (t = 0), which can be viewed as

Supplementary Data based on both gov-
ernmental and credible media sources.
When a series of measures are imple-
mented over a time window, we take the
average date of the start and the end-
ing dates of the time window as the ac-
tion time. See Table S1 in the Supple-
mentary Data for specifics. Ten countries
have taken actions to counter COVID-19
in <13 days from their start dates of lo-
cal transmission, which are considered as
quick action countries, and the other 15
countries are considered as slow action
countries.

Table 1 reports the estimated R; (see
[11] for the estimation procedure) on the

the basic reproduction number Ry, and
the average R; in Weeks 1-4 and Week 4
since the start date. The R, values measure
the underlying reproduction dynamics of

115 the infection beyond the more intuitive

statistics, but are dependent on those
statistics. Figure S1 in the Supplementary
Data presents a scatter plot of the aver-
age R, in Weeks 2—4 and the cases per

120 100 000 population on 20 April, which

shows significant correlation between the
two variables. The average Ry among the
25 countries was 5.40 (standard error
[SE] 0.27) with the lower and upper 25%
quartiles being 4.57 and 6.26, respec-
tively. One may also use the average R, in

Week 1 to gain information on the force 125

of the epidemic in early dates of the local
transmission, which was 4.35 (SE 0.23)
among the 25 countries. Our estimates of
Ry were higher than most of the R values

from the existing studies on COVID-19, 130

mostly under the SEIR models, for in-
stance, 2-3 from [15] and 3.15 (3.04-
3.26) in [5] on Wuhan. A reason for our
higher R is that the vSEIdR model allows

infection prior to clinical diagnosis as re- 135

flected by the first term of R in [1].
Taking quicker containment mea-
sures is shown to be effective in reducing
the reproduction. Table 1 and Fig. la
show that taking quick control measures
reduced the

effective reproduction
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Figure 1. (a) Box plots for the average estimated reproduction numbers A; in Weeks 2—4 since the DCT between the 10 quick action countries and the
15 slow action countries. Scatter plots of weekly decline rates in the average effective reproduction number A; (China excluded) from Week 1 to those
of Week 2 (b), Week 3 (c) and Week 4 (d), respectively, versus the lead times (from the DCT of non-Hubei China to the DCT of another country). The
header to panel (a) reports the one-sided two-sample t-statistic (P-values), and those to panels (b}d) report the correlation coefficients (P-values for
testing zero correlation) between the declined rates and the lead times among the 24 countries without China. The quick (slow) action countries are

marked in blue (red).

numbers R; by 0.819 (P-value 0.007)
in Weeks 24 after the start of local
transmission between the quick and slow

140 action groups of countries. The rea-

son for comparing only the decline in
Weeks 2—4 is to avoid the high volatility
in the estimated R; at the start of the epi-
demics. The decline 0f 0.819 between the

145 two groups was substantial as the average

R; in Weeks 2-4 was 2.21 among the 25
countries.

China (non-Hubei) and Repub-
lic of Korea (South Korea) were the
two nations that responded to the
COVID-19 emergency the quick-
est among the 25 countries (see the
Supplementary Data), and are found
to be the most effective in bringing
down the reproduction of COVID-19
in the first 4 weeks as shown in Table 1
and Fig. la. COVID-19 epidemic in
non-Hubei China had completely lost its

force as the average R in Week 4 was zero

epidemic started much later than the

attaining 100% deduction; South Korea’s 150 25 nations and are not included in our

average in Week 4 was 0.2, represent-
ing 93% reduction from its Ro. The dras-
tic decline in the reproduction of China
echoes recent studies on the effective-
ness of China’s control measures [16,17].
From Table 1, the average R; values in
the first 4 weeks for China and South
Korea were sharply less than those of the
other 23 countries, with China at 1.03
(95% confidence interval: 0.87-1.2) and
Republic of Koreaat 1.54 (1.43-1.66). In
contrast, there were 20 countries whose
4-week average R; values were >2.0, and
10 of them were >3.0. Among the 12
countries that had the highest average R,
in the first 4 weeks of local transmission, 9
of them were among the top 12 countries
with the most infected cases on 12 June
2020 according to the WHO; the other
3 countries on the top 12 list had their

study.

Behind South Korea and China’s
rapid declines in their R; values were
two similar but not the same strategies.

155 China’s strategy was largely to suppress

human contacts by limiting population
movement, sealing off cities, enforcing
high levels of self-isolation at homes
and quarantining confirmed cases in

160 newly built hospitals, which led to rapid

decline in the contact rates and then
in the infection rates BF and Bl. In
addition to limiting population contacts
and a quick blockade of Daegu, South

165 Korea conducted more active testing for

potential infections in the population
with more than half million tests being
carried out in the first 4 weeks [18,19],
which increased the diagnosis rate and

hence reduced R, as implied by [1]. 170



Table 1 also informs that the strongest
epidemic force of COVID-19 happened
in the European countries with Germany,
the UK and Holland having the high-
est Ry (>9.0). Nine out of the 14 Eu-
ropean countries had their Ry > 5.93
and were among the 10 highest coun-
tries. This may be due to the genetic vari-
ants of the virus, for instance, the D614G
mutation in S protein [20]. The five
countries with the largest average R, in
Weeks 1-4 were all European countries.
The high R, values were associated with
the high death number per 100 000 pop-
ulations. From WHO, Belgium, the UK,
Spain, Italy, Sweden, France and Hol-
land were among the top nine countries
worldwide with the highest death rate as
of 12 June 2020 (the two others were
San Marino and Andorra in southern Eu-
rope). All of them had the first 4-week av-
erage R; over 2.6, and six of them were
in the slow action group. The strong epi-
demic force would require quick and de-
cisive containment actions to counter.
Table 1 also shows that just taking quick
actions does not guarantee effective con-
trol of the epidemic as it depends on
how the containment measures are en-

One would think that the lead time
from China’s outbreak of COVID-19 in

Our study has two limitations. While 285
the vSEIdR model is more realistic

January to the outbreaks in other coun- 230 than the SIR and SEIR models, the

tries would provide crucial preparation
175 for the later countries to formulate miti-
gation strategies and effective measures.
To verify whether the lead times had

asymptomatic cases and imported cases
are not explicitly accounted for due to
lack of data, which may cause bias in the 290
estimation. While allowing infection in

been used wisely to curtail the repro- 235 the latent stage reduces the bias caused

duction of COVID-19, we present in
180 Fig. 1b—d weekly reduction rates in
Weeks 2—4’s average R; from the average
R; in Week 1 versus the lead times from

by the asymptomatic cases, deaths and
recoveries from asymptomatic cases are
still unaccounted for. The bias caused 295
by the imported cases is limited as we

the DCT of non-Hubei China (23rd 240 choose the DCT to avoid the very early

January) to the DCTs of the other 24
185 countries. If the lead times were used
effectively, one would see a positive
correlation between the weekly reduc-

stage of the epidemic largely caused
by the imported cases, which is further
helped by the fact that cross-country 300
travel has been much discouraged as

tion rates and the lead times. However, 245 the first set of countermeasures by

Fig. 1b-d does not show significant
190 positive correlation with the correlation
coefficients being —0.059, 0.048 and
0.052, respectively, and the P-values all

countries.

There are several critical lessons
one can learn from the 25 countries’ 305
COVID-19 experiences. The first one is

exceeding 0.40. Care has to be taken 250 to take action as early as possible with

when interpreting the above correlation
195 results for causality. However, as causal-
ity implies correlation, no correlation
means no causality. Hence, as Fig. 1b—-d

vigorous enforcement to reduce the
contact rates so as to reduce the infection
rates and the R;. Acting early vigorously 310
can hugely impact the infection size

reports no significant correlations, this2ss and thus lessen demands on medical

implies that, sadly, most countries have

forced. Spain and Brazil were two early 200 wasted the valuable time to get prepared

action countries. Their implementations
were not effective as reflected by their
rather high 4-week average R, (Table 1).

Among the three Scandinavian coun-

for the coming of COVID-19 in their

countries.

resources down the track, and eventually
improve the removal processes for those
infected. The second lesson is to main- 315
tain a high level of the diagnostic rate to

The nations have put forward a set 260 speed up the epidemic progression as

of control measures as summarized in

tries Denmark, Norway and Sweden, 205 Table 1 supplemented by Table S1 in

Norway and Denmark took containment
measures in 9 and 11.5 days, respec-
tively, with the effects reflected in the
quick declines of R; of the two countries

the Supplementary Data. To evaluate
the effectiveness of these measures, we

favorably shown in Republic of Korea.
COVID-19 epidemics are very respon-
sive to early and effective containment 320
measures for the infection rates and

conduct a two-sample test for weekly 265 the R, reduction, as well as improved

reduction rates in R; between a high-

(Table 1). The Week 4 average R; values 210 level control measure group of eight

were 1.07 and 1.68 for Denmark and Nor-
way, representing 75% and 86% decline
from their Ry. In contrast, it took Sweden
26 days to put forward an action and its

countries versus the other countries
undertaking standard measures. The

diagnosis. This is largely due to the high
infectiousness of COVID-19 virus as
reflected by the very high R; values in 325
the first week of the epidemics among

high-level control group consists of four 270 the 25 countries, which leaves room

countries (China, Republic of Korea,

R; was much larger and slowly declined, 215 Italy, Turkey) with the strong lockdown

with its average R; values in Weeks 2, 3
and 4 hovering near 2. The slow and inef-
fective actions made Sweden incur larger
infection and death rates, which were 478
and 47 per 100 000 populations, respec-
tively, as of 12 June 2020 from WHO. In
a sharp contrast, Denmark that has >3
times population density than Sweden
had recorded just over 208 cases and 10
deaths per 100 000 populations, and Nor-
way 159 cases and S deaths per 100 000
populations.

measure together with another four
countries (Germany, Malaysia, Holland,

for early containment measures to be
effective.

SUPPLEMENTARY DATA

330

Canada) that have implemented at27s
least four measures among a pool of
220 the control measures (Table SI in the
Supplementary Data). Although the
avepﬁge weeklr;reduction rates of%it were ACKNOWLEDGEMENTS
higher in the high-level control group, 280 We thank the Section Editor for insightful sugges-
no Signiﬁcant differences were detected tions that have enriched the content of the work,
225 between the two groups as shown in
Table S2 in the Supplementary Data for
details.

Supplementary data are available at NSR online.
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