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Abstract: International governments’ COVID-19 responses must balance human and economic health.
Beyond slowing viral transmission, strict lockdowns have severe economic consequences. This work
investigated response stringency, quantified by the Oxford COVID-19 Government Response Tracker’s
Stringency Index, and examined how restrictive interventions affected infection rates and gross
domestic product (GDP) in China and OECD countries. Accounting for response timing, China
imposed the most stringent restrictions, while Sweden and Japan were the least stringent. Expected
GDP declines range from −8% (Japan) to −15.4% (UK). While greater restrictions generally slowed
viral transmission, they failed to reach statistical significance and reduced GDP (p = 0.006). Timing
was fundamental: governments who responded to the pandemic faster saw greater reductions in
viral transmission (p = 0.013), but worse decreases in GDP (p = 0.044). Thus, response stringency has
a greater effect on GDP than infection rates, which are instead affected by the timing of COVID-19
interventions. Attempts to mitigate economic impacts by delaying restrictions or decreasing stringency
may buoy GDP in the short term but increase infection rates, the longer-term economic consequences
of which are not yet fully understood. As highly restrictive interventions were successful in some
but not all countries, decision-makers must consider whether their strategies are appropriate for the
country on health and economic grounds.
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1. Introduction

The significant impact of the COVID-19 pandemic highlights the need for swift, proactive responses
to a rapidly evolving situation. Most mitigation strategies involve reduced human mobility (travel
restrictions and mandatory quarantine), closures (of schools, businesses and public spaces), and changes
to health policy (including testing regimes). The stringency of international government responses
has varied substantially. While Sweden eschewed movement restrictions entirely [1], South Africa’s
lockdown went further and included bans on the sale of alcohol and cigarettes [2]. Overall, most
government interventions have slowed infection rates to varying degrees. However, closures and
restrictions have ruinous effects on labor markets and the global economy [3,4], and the social and
psychological consequences of lockdowns are profound [5–7]. As the cost of ‘flattening the curve’
pressures governments to relax restrictions, researchers are questioning which strategies have most
effectively curbed viral transmission [8,9].

Comparisons of the overall efficacy of international responses have been difficult, given the
heterogeneity of both the restrictions themselves and their specific political and social contexts.
Fortunately, the need for a universal measure to compare the strictness of international responses
was met by the Oxford COVID-19 Government Response Tracker (OxCGRT) [10], which assimilates
data on 18 indicators (including closures and policy changes) to track governments’ pandemic
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responses. The OxCGRT’s Stringency Index (SI) is a composite score from 0 to 100 that considers the
strictness of containment strategies (closures, movement restrictions) and information campaigns [10].
It is particularly useful because it allows direct comparisons of countries’ responses to the pandemic.
When examined with epidemiological and economic data, it enables an investigation of the relationships
(or lack thereof) between response stringency and both economic and infection outcomes. This allows
us to consider whether the most stringent government restrictions have been the most effective
responses to COVID-19.

Given the potentially devastating economic consequences of strict lockdowns, this work
investigates the effect of intervention stringency on infection rates and gross domestic product
(GDP, which is the best measure of the total output produced within a jurisdiction). By examining the
stringency indices, case rates and predicted GDP changes in countries with both similar and different
socioeconomic situations, we aim to verify whether, as predicted, more stringent responses are more
effective than lenient ones in reducing viral transmission. Similarly, we investigate whether stricter
responses do indeed inflict greater economic damage. As governments work to balance economic
and human health amid the feared, and actual, ‘second wave’ of infections, this analysis provides
information for decision-making on future stringency [11].

2. Materials and Methods

2.1. Data Sources

Stringency index data covering 1 January to 6 July 2020 were downloaded from the OxCGRT [10].
The complete COVID-19 dataset from the Oxford Martin School is updated daily and was downloaded
on 23 July 2020 [12]. Countries’ predicted annual GDP growth was obtained from the Organisation
for Economic Co-operation and Development’s (OECD’s) Real GDP double-hit scenario forecast [13],
which considers all goods and services produced in a year and accounts for both the global economic
climate and that of the individual country.

2.1.1. Analysis Timeframes

On 1 January 2020, there were 27 confirmed COVID-19 cases; by 1 June, there were 6.22 million [12].
Seven weeks later, on 23 July, this had more than doubled to 15.21 million [12]. Thus, to account for
the geographic spread of COVID-19, we considered data spanning both the first seven months of the
pandemic (1 January to 23 July 2020) and a shorter timeframe, arguably at the height of the pandemic
(1 June to 23 July 2020). This narrower timeframe was selected to both account for the geographic
spread of COVID-19 and to avoid biasing the analysis away from those countries whose stringency
indices remained low (or at zero) because the virus had not yet reached them in the earlier months.

2.1.2. Countries of Interest

For simplicity, we first considered the stringency indices of the OECD countries and China,
then focused on at least one country from each major geographic region. Since the vast differences in
healthcare, political systems and socioeconomics complicate comparisons, we included three Nordic
countries in this shortlist. Although they are distinct nations, Sweden, Finland, and Norway are
culturally, politically and economically more similar than other nations with a shared geography and
benefit from comparatively high-quality healthcare [14,15]. Thus, their inclusion supports a stronger
interpretation of the effects of different stringency responses.

2.2. Statistical Analysis

Statistical analyses were performed in Stata/SE16.0 (StataCorp, College Station, TX, USA).
We considered the following measures to describe the characteristics of response stringency:
(a) maximum stringency index score (SImax); (b) time to respond to the pandemic (days from 1 January
to SI > 0); (c) time to respond to first local case (days); (d) time to (first) maximum score (days since
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1 January to reach the (first) SImax if there is more than one mode); (e) response escalation (days
since SI > 0 to reach the (first) SImax); (f) speed of escalation (SImax divided by response escalation);
(g) number of days at maximum score; (h) area under curve of SI time graph (AUC; quantifies
stringency strength and duration); (i) average stringency strength (AUCav; equals AUC divided by the
response duration).

Different multilevel models were used for analyzing data of different variable types. Multilevel
mixed-effects negative binomial regression models were used on country-level data to explore the
association between response stringency and infection rates, with the assumption of random continental
effect and each country’s population treated as an exposure factor. To explore the association between
response stringency and the impact of COVID-19 on GDP, we adopted multilevel mixed-effects
linear regression models, assuming random continental effect, to analyze changes in annual GDP for
2019–2020 forecast under a double-hit scenario of COVID-19 [13]. Likelihood-ratio tests were used to
assess the significance of continental heterogeneity in infection rates or GDP impact and to compare
multilevel negative binomial versus multilevel Poisson models for modelling the number of infections.

3. Results

3.1. Stringency Indices of China and OECD Countries

Detailed results are available in Table A2 in Appendix A. Maximum stringency indices (SImax) for
the 37 OECD countries plus China, 1 January to 6 July 2020, range from 46 to 96 out of 100, with a
mean of 81 (Tables 1 and A2). On average, countries took 31 days from 1 January to respond to
the developing pandemic and many implemented precautionary restrictions before local cases were
confirmed. Nevertheless, response initiation and escalation varied, as did the time each country spent
under its strictest restrictions. For example, while Canada spent only three days at SImax, the USA
was there for 86 days. Further, Table A2 shows a significant continental effect for time to maximum
score (ICC = 0.742; 95% CI: 0.38–1.10), which indicates that the between-continent variability accounts
for 74.2% of the overall variation here. Continents also differ in both time to maximum stringency
(p < 0.001) and response escalation (p < 0.001).

Table 1. Characteristics of Oxford Stringency Index for the focus countries from January to July 2020.

Country Max. Score
# Days to

Respond to First
Local Case

# Days to
Max. a

# Days at
Max.

Response
Escalation b

(Days)
AUC c AUCav

d

Asia
China 82 49 86 47 81 12,391 66
Japan 47 −8 107 28 100 5705 31

Europe
Finland 60 −3 88 18 61 6323 38
Norway 80 −27 84 27 53 7150 44
Sweden 46 37 95 70 26 4861 39

UK 76 2 86 48 53 8364 52
America

USA 73 12 81 86 48 8544 53
Colombia 91 −46 118 9 97 10,168 59

Australasia
Australia 76 0 93 16 68 8153 49

Statistics e

Median 76 0 88 28 61 8153 49
Range 46–91 −46–49 81–118 9–86 26–100 4861–12,391 31–66
IQR f 20 20 9 30 28 2221 14
ICC g <0.001 <0.001 0.561 0.391 0.668 * <0.001 <0.001

a Number of days since 1 January 2020; b Response escalation is the time taken to reach max SI after a response
was initiated; c Area under curve (AUC) quantifies the stringency level and duration of each pandemic response;
d AUCav = AUC/duration of response; is a measure of average stringency in a response period; e Statistics were
calculated for data from the focus countries (see Table A2 for China and 37 OECD countries); f Interquartile range
(IQR); g Intra-cluster correlation coefficient (ICC) measures the extent of correlation within continents (* p < 0.05).
Data were downloaded from [10].
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The AUC and AUCav (Tables 1 and A2) consider average stringency over January–July of the
pandemic and each country’s response, respectively. Higher AUC values indicate restrictions that were
both more stringent and active for longer periods. Both timeframes are useful, given the continental
effect observed, the staggered detection of first cases in various regions, and the unique situation in
each country.

3.1.1. Highest Stringency Responses

Given that the virus was first detected in China, it is unsurprising that the Chinese Government’s
response was both the fastest and the longest (Tables 1 and A2). While its stringency was moderate
(SImax = 82), China’s interventions escalated relatively rapidly (86 days to SImax; Table A2) and
maximum levels were maintained for a quarter of the total response period. Thus, China had the
greatest overall stringency when duration was considered (AUC = 12,391) and the second-highest
average daily stringency (AUCav = 66; Table A2). New Zealand imposed the most stringent restrictions
(SImax = 96), but took longer to reach SImax and spent a shorter period there. Thus, its overall stringency
is moderate (AUC = 7466).

In South America, Chile and Colombia are notable. Both countries had highly stringent responses
(SImax 89 and 91, respectively), but while Chile waited 74 days to respond, Colombia acted faster
(21 days). Both took longer than average to reach SImax and spent fewer days there, but diverged
in response duration: Colombia’s strict response spanned an extended period, and thus it is the
second-most stringent overall (AUC = 10,168).

3.1.2. Lowest Stringency Responses

Sweden’s response to the pandemic received much scrutiny [1]. The country has the lowest
maximum stringency (SImax = 46) and one of the shortest responses. Although Sweden waited 37 days
to act, 70 days of its 124-day response were spent at SImax. While it has the lowest overall stringency
(AUC = 4861), its average daily stringency is not the lowest—nor is it in the bottom three (Sweden
AUCav = 39; lowest value is Japan: AUCav = 31). (See the following Table 1).

3.2. Stringency Indices and Infection Rates

At least one country from each geographic region was selected for further analysis. These included
the USA and Colombia from the Americas, China and Japan from Asia, Australia from Oceania,
and the UK, Sweden, Finland and Norway from Europe. Figure 1 and Table 2 examine the rates of
new cases for one-month periods surrounding each country’s time at SImax. Overall, case numbers in
most countries decrease during or shortly after maximum stringency, given a lag in lockdown efficacy.
Exceptions include Sweden, Colombia, Australia, where a double-hit scenario is observed, and the USA.
Although infections in the USA decreased slightly under maximum restrictions (Figure 1), its relaxation
from SI 73 to 69 coincides with a rapid increase in cases. The country reported a daily average of
2.6 cases per million before restrictions escalated, 72.9 cases per million at SImax, and ~130 per million
by the end of July (Table 2).
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Figure 1. Stringency index and infection rates. The rate of new cases is shown in black for periods of 
one month before and one month after a period at maximum stringency index (SI) [10,12], which is 
highlighted in red. SI over the same period is overlaid in blue and scaled from 0 to 100 in all plots to 
enable comparisons. 

Table 2. Average number of daily cases per million people before, during and after periods at 
maximum stringency. 

 Average Daily Cases per Million People 
Before Max SI a At Max SI b After Max SI a 

USA 2.6 72.9 129.8 
Colombia 3.0 6.2 16.9 

UK 8.4 61.2 27.5 
Sweden 17.4 59.2 89.7 
Finland 8.4 22.4 18.2 
Norway 15.3 32.6 8.7 
China c 1.7 0.1 0.0 
Japan 1.9 2.3 0.4 

Australia c 5.9 6.0 0.9 
Case data were downloaded from the Oxford Martin School [12]; a Daily case rates averaged over a 
30-day period; b Daily case rates averaged over the duration of each country’s period at maximum SI; 
c Case rates are presented for the first period at maximum SI. 

3.3. Risk Factors and Cumulative Infections 

We examined the risk factors potentially associated with the number of cumulative infected 
cases up to 23 July 2020, using the full sample of 38 countries. To account for the progression of the 
pandemic, the statistical analysis considered a shorter period: 1 June to 23 July (Table 3). Here, the 

Figure 1. Stringency index and infection rates. The rate of new cases is shown in black for periods of
one month before and one month after a period at maximum stringency index (SI) [10,12], which is
highlighted in red. SI over the same period is overlaid in blue and scaled from 0 to 100 in all plots to
enable comparisons.

Table 2. Average number of daily cases per million people before, during and after periods at
maximum stringency.

Average Daily Cases Per Million People

Before Max SI a At Max SI b After Max SI a

USA 2.6 72.9 129.8
Colombia 3.0 6.2 16.9

UK 8.4 61.2 27.5
Sweden 17.4 59.2 89.7
Finland 8.4 22.4 18.2
Norway 15.3 32.6 8.7
China c 1.7 0.1 0.0
Japan 1.9 2.3 0.4

Australia c 5.9 6.0 0.9

Case data were downloaded from the Oxford Martin School [12]; a Daily case rates averaged over a 30-day period;
b Daily case rates averaged over the duration of each country’s period at maximum SI; c Case rates are presented for
the first period at maximum SI.

3.3. Risk Factors and Cumulative Infections

We examined the risk factors potentially associated with the number of cumulative infected
cases up to 23 July 2020, using the full sample of 38 countries. To account for the progression of
the pandemic, the statistical analysis considered a shorter period: 1 June to 23 July (Table 3). Here,
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the infection rate is higher when governments’ times to respond to the pandemic (RR = 1.028; 95% CI:
1.006–1.050; p = 0.013) and reach SImax (RR = 1.072; 95% CI: 1.023–1.124; p = 0.004) are longer. Thus,
those who respond faster and implement stringent interventions sooner appear most likely to reduce
infection rates.

Table 3. Results of negative binomial regression models on total infections in 38 countries from 1 June
to 23 July 2020.

Risk Factor a Rate Ratio (95% CI) p-Value

GDP (per USD 1000) ˆ 1.024 (1.000, 1.052) 0.078
Democracy index ˆ 1.042 (1.004, 1.082) * 0.030

Average temperature (Jan–Mar) 1.079 (0.986, 1.181) 0.099
Average temperature (Jan–Jun) 1.076 (0.955, 1.213) 0.228

Population density ˆ 1.000 (0.996, 1.004) 0.861
Median age 0.850 (0.766, 0.943) * 0.002
Aged > 65 0.941 (0.807, 1.098) 0.442
Aged > 70 0.944 (0.764, 1.167) 0.596

Variable related to Oxford Stringency Index §:
Maximum scoreb 0.988 (0.962, 1.015) 0.376

Time to respond (to pandemic) ˆ 1.028 (1.006, 1.050) * 0.013
Time to respond (to first local case) b 1.011 (0.995, 1.027) 0.194

Time to Maximum score c 1.072 (1.023, 1.124) * 0.004
Response escalation b 0.993 (0.972, 1.015) 0.547

Period at Maximum score b 1.004 (0.982, 1.026) 0.725
AUC ˆ 0.9997 (0.9993, 1.0000) 0.084

AUCav
b 0.983 (0.939, 1.028) 0.448

Data were downloaded from the Oxford COVID-19 Government Response Tracker [10]. ˆ Negative binomial
mixed-effect model (with significant continental effect); * p < 0.05; § SI measures up to 31 May 2020; a Univariate
analysis unless otherwise stated; b Multivariate analysis: adjusted for median age; c Multivariate analysis: adjusted
for GDP and median age.

3.4. Stringency Indices and GDP Forecast

Countries’ annual GDP growth rates for 2019–2020 were estimated by the OECD’s Real GDP
forecast [13], which reports annual growth compared to the previous year, allowing comparisons
as a relative percentage. Multilevel mixed-effect linear regression models examining the change in
predicated growth for the 38 countries (Figure 2a; Table A3) found that higher SImax (p = 0.012) and
AUC (p = 0.006) are related to greater reductions in GDP. Similarly, faster responders are linked to
decreasing growth (p = 0.044).

When response duration is considered, China was the most stringent overall and its economy
is expected to decrease by an average of 9.8% (Figure 2b). Similarly, Colombia responded early,
and its highly stringent restrictions linked to a 9.4% decrease. The greatest change in GDP is the
15.4% decrease predicted for the UK, which initiated a response two days after its first confirmed case
(Table 1). While the USA escalated restrictions to approximately equal stringency to the UK (Figure 2b),
its predicted GDP decrease is 10.9%. The annual growth rates of Japan (–8%) and Australia (–8.1%) are
expected to change the least. Notably, both countries responded rapidly to the pandemic (Figure 2c).
The three Nordic countries have predicted GDP declines of 8.7–10.1%. Finland responded to the
pandemic first (Figure 2c) and its GDP is predicted to decrease the most. While the slowest responder,
Sweden, introduced low-stringency interventions, Norway’s were the most stringent and its GDP is
predicted to change the least (–8.7%).
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confirmed cases in those countries. 

  

Figure 2. The effect of COVID-19 responses on annual GDP growth rates. Annual GDP growth rates
were estimated by the OECD.13 (a) Results of multilevel mixed-effect linear regression models of
change in annual growth rate 2019–2020 per interquartile range (IQR) due to a double-hit scenario
(38 countries; multivariate analyses adjusted for GDP). Error bars show 95% confidence intervals;
* p < 0.05. The difference between the 2019 and 2020 growth rates is shown against (b) response
stringency and duration (area under the curve; AUC) and (c) the time for each country to respond to the
pandemic (stringency index > 0); this includes both preventative restrictions that may have preceded
confirmed cases in those countries.

4. Discussion

International responses to COVID-19 have been diverse. While strategies that suppress human
movement and close public spaces generally decrease infection rates, their economic effects are
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immediate and severe. Thus, this work examined whether more stringent restrictions are linked to
lower infection rates and what effect stringency has on GDP.

4.1. Rapid Responses Are Related to Decreased Infection Rates

A geographic effect was observed in how rapidly countries escalated their responses (Tables 1
and A2). Generally, European countries increased their stringency faster, likely because the pandemic’s
geographic origins allowed some nations more time to consider their strategies. Indeed, many
countries implemented interventions before local cases were confirmed (Table A2). Infection rates were
higher where governments were slower to initiate and escalate restrictions; however, no significant
relationship exists between stringency and case rate. Instead, infection rates are related to response
timing and escalation.

4.2. Rapid Responses Affect GDP

The importance of timing is also highlighted by the GDP data, which link faster and more stringent
responses to lower annual growth rates. This is likely to be a direct result of business closures and
workforce immobilization. In the short term, the imposition of strict restrictions halts economic
productivity, but where governments allow businesses to remain open, the economy is allowed to
function ‘normally’ for a longer period (assuming that there is consumer demand). The GDP data were
published on 10 June 2020 and thus, the impact on GDP does not account for the knock-on long-term
economic effects of delayed responses: waiting too long to impose restrictions increases infection rates,
which affects the workforce and healthcare system and could impact the economy if critical workers
(or a significant proportion of the workforce) succumb to the virus [16,17].

Beyond the loss of human capability to COVID-19 mortality [18], higher infection rates could
prolong the increased pressure already placed on healthcare systems. This has economic implications,
particularly for countries with state-subsidized medical services (e.g., Medicare in Australia), which will
be required to divert increased funding to bolster healthcare. Further, the emergence of ‘long
COVID’ [19] suggests that a subset of the global population will require longer-term care for chronic
side-effects of the virus, which will further impact states’ medical funding models. In addition,
20% of long COVID sufferers report lower quality of life and significant ongoing health problems [19],
which could affect their participation in the workforce and the state’s economic productivity. Thus,
while delayed responses may support economic stability in the short term, the detriment to human
health may have a knock-on effect in the long term that ultimately affects the financial position of
the state.

Further, the economic success of countries that rely on exports is arguably vulnerable regardless
of their internal COVID-19 status. These states depend on international borders remaining open to
shipments and on there being staff to receive goods and process payments. If a country does not impose
restrictions, thus allowing production to continue and the local economy to continue unchanged, it may
still face economic difficulties in the longer-term if goods for export cannot be delivered because client
states’ borders are shut to mitigate infection [20]. This highlights the interconnectedness of the global
economy and the potential longer-term consequences of delayed lockdowns for global trade.

This analysis also does not consider governments’ economic stimuli, which vary between
jurisdictions [21]. Thus, given the complexity of the international economy, it is challenging to consider
the relationship between GDP and stringency in a short-term vacuum.

Rapid, highly stringent responses decrease infection rates, thus easing the healthcare burden
and allowing the resumption of ‘normal’ activity sooner. However, this approach depends on rapid
population compliance and the capabilities of the supporting infrastructure. It is affected by each
nation’s individual circumstances—its population and the nature of its labor market, social structure
and health care system. Thus, to account for these differences, we considered Nordic countries,
where national commonalities support a more even assessment [14].
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4.3. Nordic COVID-19 Responses

Despite the attention it received for an apparently laissez faire response, Sweden’s strategy was
carefully considered and of a similar average daily stringency to Finland’s (AUCav of 39 and 38,
respectively) [22]. Finland responded the fastest and had the lowest case rate under SImax; Sweden’s
average rate was triple that and increased over this period (Figure 1). Thus, as expected by critics [23],
the country’s low-stringency intervention was ineffective in slowing transmission and the number of
cumulative infections in Sweden remains higher overall [12].

The Swedish approach was touted to avoid the economic fallout of lockdowns [23,24]. However,
its economy is predicted to suffer more than that of Norway (Figure 2), which implemented the
most stringent restrictions of the three countries. As Sweden’s cumulative mortality was almost
10 times those of its neighbors (561 per million vs. 59 and 47 per million in Norway and Finland,
respectively, 23 July 2020) [12], the ultimate success of this strategy remains questionable, given the
potential longer-term effects on the workforce. Further, given the highly interconnected nature of the
global economy, national GDP may inevitably be affected by fluctuations in other countries and thus,
the benefits of prioritizing local economic damage control may not balance the cost to human life.

4.4. Trading Human vs. Economic Health

The weighting of human versus economic health is complex. The emerging consensus is that
the long-term effects of coronavirus mortality will outweigh the shorter-term economic impacts of
lockdowns [25–27]. However, these conclusions are challenged by the inherent difficulty of modelling
unknown outcomes: rather than mortality, the modelling of deaths averted is required to support solid
conclusions. Without this baseline, validation of current progress remains uncertain. Further, deaths
and their impacts will vary under a range of hypothetical scenarios with competing risks; thus, it is
difficult to conclude whether governments have made the ‘right’ decisions. Learnings from previous
pandemics reveal one fundamental factor: human behavior [28]. Indeed, there is little point keeping
businesses open if customers stay home—and restrictions are only effective at curbing transmission if
citizens comply.

4.5. Stringency in Context

Sweden’s response relies on social responsibility and the willingness of citizens to follow
government recommendations [22,29]. Opposition to highly stringent lockdowns may emerge in
response to the economic and sociological consequences and it is notable that we initially linked
higher democracy indices to increased infection rates (Table 3). Given recent debates on COVID-19
restrictions and civil liberties [30], this prompts discussion of the public’s role in the success of pandemic
interventions. SI is a composite measure that does not account for nuances in sub-national government
responses and our analysis is challenged by the reality that government policy may not automatically
receive compliance from the populace. Obvious examples include the emergence of the ‘anti-masker’
movement in the USA and the progression of Black Lives Matter protests despite social distancing
restrictions [31]. These highlight the need for public ownership and behavior change, which is arguably
more likely if the strategy is appropriate for the country in question [32–35]. Thus, beyond responding
rapidly, governments must also select interventions that are appropriate for their specific social, health,
cultural and economic reality [36–38].

Amid a second wave of infections, the importance of response timing is critical. The global
community now has access to significant data and research, which should (in theory) support the
mobilization of more effective responses to the pandemic. Although questions remain and prophylactics
and treatments are still being trialed, each country is better equipped to understand which measures
have (or have not) been effective. The data here suggest that countries facing a second wave should
implement stringent interventions when infection rates begin to rise.
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4.6. Study Limitations and Further Considerations

The OXCGRT stringency index is a ‘low resolution’ composite measure that does not account for
nuances in sub-national government responses, which may be significant where state-level measures
vary widely between jurisdictions (e.g., in the USA). While this large-scale data aggregation may
mitigate the over- or misrepresentation of certain indicators, it may also fail to capture important data
because it cannot account for variations in local contexts or the specific effects on the implementation
of high-level policy changes. This work assumes that measures imposed by governments are
successfully implemented and result in real action on the ground, which may not be the case in certain
regions. Further, it relies on the accurate reporting of both restrictions and infection rates. However,
case detection might vary between jurisdictions and depend on various factors, including the type
of test used, how the samples were analyzed, whether mass screening was implemented and how
often people were tested. We are also unable account for barriers to compliance and/or the activation
of a response because these factors are also unique to each country and thus, too diverse for the
general analysis performed here, particularly given the composite nature of the stringency index
and sub-national variation between jurisdictions within each state. Finally, the sample countries are
distributed across both hemispheres and thus, the data analysis included countries experiencing both
the height of summer and the depth of winter (June–July). The potential effects of seasonality on viral
transmission and human behavior were not examined but may be significant, particularly during
summer, when social gatherings, vacations and outdoor activities may influence people to gather in
public spaces despite social distancing rules. However, our analysis found no significant relationships
between average temperature, infection rates and GDP (Table 2 and Appendix B). The effect of climate
on viral transmission is under investigation by others but reports thus far are conflicting [39,40],
and hence we would be cautious in interpreting any connections between climate and transmission
until further information is available.

5. Conclusions

COVID-19 pandemic responses require governments to maintain a delicate balance between
physical and fiscal health. Highly restrictive interventions may reduce infection rates, but have an
immediate economic impact. Stringency has a greater effect on GDP than on transmission in the short
term and this work demonstrates that the timing of the response matters more than how stringent
it is. It is now becoming clear that the COVID-19 pandemic is not a short-term phenomenon. Thus,
in balancing human and economic health, governments implementing highly stringent restrictions
(or not!) must consider the long-term implications of their policies. Trading human for economic health
by delaying interventions may benefit a country in the short term, but impose long-term burdens
on healthcare systems, global trade and workforce stability. Unfortunately, one size does not fit all,
and responses must be suitable for their contexts: stringency is not inversely proportional to infection
rates and low-stringency responses may not mitigate economic damage. These data emphasize the
importance of timing, particularly since the longer-term consequences of the pandemic are yet to be
fully realized. For now, governments that take appropriate action swiftly are more likely to decrease
transmission—provided that their responses are both appropriate for the unique reality of the country
and supported by its populace.
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Appendix A

Table A1. Characteristics of Oxford Stringency Index for China and 37 OECD countries from January to July 2020.

Country Max. Score
# Days to Respond

# Days to
Max. a

# Days of
Response

# Days at
Max.

Response Escalation b

(Days)
Escalation Speed c

(SI/Day) AUC d AUCav
e

To Pandemic a To First
Local Case

Asia
China 82 5 49 86 188 47 81 1 12,391 66
Israel 94 27 −26 99 166 6 72 1.3 10,078 61
Japan 47 7 −8 107 186 28 100 0.5 5705 31
Korea 82 31 11 97 162 12 66 1.2 8397 52
Turkey 78 24 −48 102 169 4 78 1 8797 52
Europe
Austria 85 55 −2 76 138 29 21 4.1 7658 55
Belgium 81 28 −7 80 165 46 52 1.6 8661 52

Czech Republic 82 24 −38 83 169 10 59 1.4 7509 44
Denmark 72 58 0 78 135 28 20 3.6 8077 60
Estonia 78 72 13 89 121 29 17 4.6 6447 53
Finland 60 27 −3 88 166 18 61 1 6323 38
France 91 23 −2 77 170 55 54 1.7 9832 58

Germany 73 24 −4 82 169 43 58 1.3 7729 46
Greece 84 56 −2 83 137 42 27 3.1 8196 60

Hungary 77 59 −32 88 134 37 29 2.6 7908 59
Iceland 54 23 −26 80 170 45 57 0.9 6105 36
Ireland 91 35 −26 97 158 42 62 1.5 9074 57

Italy 94 23 −8 103 170 22 80 1.2 10,333 61
Latvia 66 31 −8 87 162 46 56 1.2 6930 43

Lithuania 87 57 −2 101 136 4 44 2 8084 59
Luxembourg 80 65 4 77 128 34 12 6.6 6904 54
Netherlands 80 66 7 91 127 41 25 3.2 8065 64

Norway 80 31 −27 84 162 27 53 1.5 7150 44
Poland 83 23 −41 100 170 46 77 1.1 8409 49

Portugal 88 26 −37 100 167 8 74 1.2 9191 55
Slovak Republic 87 27 −40 99 166 6 72 1.2 7850 47

Slovenia 90 64 −1 90 129 21 26 3.5 7031 55
Spain 85 31 −1 90 162 35 59 1.4 8730 54
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Table A2. Characteristics of Oxford Stringency Index for China and 37 OECD countries from January to July 2020.

Country Max. Score
# Days to Respond

# Days to
Max. a

# Days of
Response

# Days at
Max.

Response Escalation b

(Days)
Escalation Speed c

(SI/Day) AUC d AUCav
e

To Pandemic a To First
Local Case

Sweden 46 69 37 95 124 70 26 1.8 4861 39
Switzerland 73 56 −1 77 137 41 21 3.5 7466 54

UK 76 33 2 86 160 48 53 1.4 8364 52
North America

Canada 75 22 −4 92 171 3 70 1.1 8243 48
Mexico 82 59 −1 90 134 63 31 2.7 8221 61

USA 73 33 12 81 160 86 48 1.5 8544 53
South America

Chile 89 74 10 185 119 4 111 0.8 8443 71
Colombia 91 21 −46 118 172 9 97 0.9 10,168 59
Oceania

Australia 76 25 0 93 168 16 68 1.1 8153 49
New Zealand 96 22 −37 86 171 33 64 1.5 7466 44

Statistics
Median 81.5 31 −2.5 89.5 162 31 57.5 1.4 8118.5 53.5
Range 46–96 5–74 −48–49 76–185 119–188 3–86 12–111 0.5–6.6 4861–12,391 31–71
IQR f 13 34 33 16 34 34 44 1.5 1291 12
ICC g <0.001 0.195 <0.001 0.742 * 0.195 0.22 0.551 * 0.108 0.076 0.081

a Number of days since 1 January 2020; b Response escalation is the time taken to reach max SI after a response was initiated; c Escalation speed = max score/response escalation; considers
the rate at which each country increased its stringency; d Area under curve (AUC) quantifies the stringency level and duration of each pandemic response; e AUCav = AUC/duration
of response; is a measure of average stringency in a response period; f Interquartile range (IQR); g Intra-cluster correlation coefficient (ICC) measures the extent of correlation within
continents (* p < 0.05). Data were downloaded from [10].
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Appendix B

To explore the association between response stringency and the impact on GDP due to COVID-19,
we adopted multilevel mixed-effects linear regression models with the assumption of random
continental effect to analyze changes in annual GDP growth rates (2019–2020) that were forecast
under a double-hit scenario [13]. Likelihood-ratio tests were used to assess the significance of
continental heterogeneity in GDP impact (Table A3).

Table A3. Results of linear regression models on change in annual growth rate 2019–2020 due to a
double-hit scenario (38 countries).

Risk Factor Increase in GDP in % (95% CI) p-Value

GDP (per $1000) ˆ 0.052 (0.000, 0.100) * 0.034
Democracy index ˆ 0.044 (−0.011, 0.100) 0.119

Average temperature (Jan–Mar) ˆ −0.031 (−0.153, 0.091) 0.616
Average temperature (Jan–Jun) ˆ −0.066 (−0.251, 0.119) 0.486

Population density ˆ 0.002 (−0.004, 0.008) 0.461
Median age ˆ −0.002 (−0.196, 0.193) 0.986
Aged > 65 ˆ −0.033 (−0.237, 0.170) 0.748
Aged > 70 ˆ −0.027 (−0.294, 0.239) 0.841

Variable related to Oxford Stringency Index §:
Maximum score ˆ −0.076 (−0.135, −0.016) * 0.012

Time to respond (to pandemic) ˆ,a 0.039 (0.001, 0.076) * 0.044
Time to respond (to first local case) ˆ 0.037 (0.004, 0.068) * 0.026

Time to maximum score ˆ,a 0.020 (−0.030, 0.069) 0.442
Response escalation ˆ −0.032 (−0.067, 0.004) 0.080

Period at maximum score ˆ,a
−0.0007 (−0.039, 0.037) 0.970

AUC ˆ −0.0007 (−0.0012, −0.0002) * 0.006
AUCav ˆ,a

−0.028 (−0.113, 0.058) 0.526

Note: ˆ linear mixed-effect model (with significant continental effect); * p < 0.05; § SI measures up to 6 July 2020;
Univariate analysis unless otherwise stated; a Multivariate analysis: Adjusted for GDP; Data were downloaded
from [10,13].
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