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available information in Worldometer on 15 November, 
2020. Online supplemental files 1 and 2 show doubling 
times in days for cases and for deaths for each included 
country. All population data come from the World Bank.11

Each country’s start date for its pandemic was defined 
to be the first day for which the cumulative number of 
cases had reached 20 or more. The emergence of 20 
cases in a country—along with the WHO’s 30 January 
2020 declaration of COVID-19 as a public health emer-
gency of international concern—would have provided 
clear indication to a country’s political leadership of the 
need for action. We measure the initial severity of the 

pandemic in a country by its day 25 number of cases per 
million population. The initial severity and the evolution 
of doubling time in mid-pandemic determine the late-
pandemic performance.

Shortcomings in data available mid-pandemic receive 
increasing scrutiny in the press and within the academic 
community. COVID-19 deaths themselves appear in most 
countries to be biassed downward and hence to have 
needed upward adjustment as more data come in.12 13, 
In part, this results from an increasingly understood gap 
between observed increases in all-cause mortality and 
reported COVID-19 mortality.14 This can result both from 

Figure 2  Doubling time for cases (A) and deaths (B) between days 65 and 135 in 35 countries. Doubling time for cases and 
deaths are capped at 1000 days. See table 2 for details.
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the under-reporting of COVID-19 deaths and from non-
coronavirus mortality rate changes that are caused by the 
pandemic or the response to it. Data on cases may not be 
strictly comparable across countries as the definition of 
cases varies across countries; for example, some countries 
include only cases confirmed by PCR tests, while others 
include presumptive cases when patients display clinical 
symptoms. The increasingly understood importance 
of COVID-19 morbidity led us to include cases, despite 
case data being inconsistently measured across coun-
tries. Although we recognise the potential challenge, we 
believe it is still worthwhile to work with available though 
imperfect data in order to come up with timely measures 
to inform policy.

Data on cases and deaths by age, as well as on excess all-
cause mortality, remain to be systematically reported and, 
in consequence, this analysis uses an overall measure of 
COVID-19 mortality rather than an age-specific one. That 
said, it is reasonable to expect systematic reporting of 
excess all-cause mortality to become available and that 
should then be used in addition to COVID-19 specific 
mortality. Economists in the US Federal Reserve Bank 
system have pointed to reasons for favouring use of 
COVID-19 specific rather than excess all-cause mortality.15

We use the trajectories of the cumulative numbers of 
cases and deaths to assess country performance: how 
quickly, at any point in time, is a country flattening the 
rise in cumulative cases (or deaths) over time? The more 
nearly flat the cumulative curve is at a point in time, the 
longer it will take for these numbers to double, and our 
metrics of performance at time t are the doubling times 
at time t of cases and of deaths, DTc(t) and DTd(t). Time 
is measured in days from the start date. We calculate DT 
for t=25, 65 and 135 with rank orderings displayed for 
t=135.

Doubling time is calculated in two steps. Let C(t) and 
D(t) be the cumulative number of cases and of deaths at 
time t. Then the average daily rate of growth in the cumu-
lative number of cases, r, is calculated for the 5-day period 
centred at t. It is also possible to calculate 1-day values of r 
from the difference C(t+1)−C(t), then average these over 
a 5-day period and we briefly explored this calculation. 
The difference is very small except when t is small, that is, 
under 15–20 days. The value for r is given by

r(t)=ln[C(t+2)/C(t−2)]/4.
From r, doubling time follows:
DTc(t)=ln2/r(t).
Doubling times for deaths were similarly calculated. As 

we seek doubling time at about time t, we do not use the 
possible alternative of looking at the number of days, t*, 
before t when C(t)=2 [C(t−t*)]).

We explored several alternatives to doubling time 
involving first and second derivatives of C(t). The 
amount of change or the first derivative of C(t), C’(t), 
is widely reported in the press as daily new cases (often 
per million population). For comparisons over time, and 
across countries, the actual amount of change appears 
less useful than the rate of change [C’(t)/C(t)]. In 

economics, popular and professional discussions of 
national income focus not on the amount of income 
change but rather on its rate of change. By analogy, we 
concluded that an indicator, like doubling time, based 
on rate of change in deaths or cases, would be more 
informative than the amount of change. The rise and 
fall of new cases per day [C’(t)] would potentially be an 
attractive metric. This constitutes the second derivative 
of t, C’’(t), and we extensively explored this possibility. 
The results were so highly volatile that we concluded that 
C’’(t) is not usable in practice. As our paper focuses on 
outcome performance, we do not use process indicators 
(such as intensive care units or tests per million popu-
lation). Their value lies in explaining the variations in 
outcomes we report.

Patient and public involvement
This study does not involve patients and public consul-
tation because the analysis was based on secondary data 
from publicly available sources.

RESULTS
Table 1 provides the context of the pandemic. It presents 
information on a country’s population, start date, cumu-
lative cases and deaths per million population on days 
25, 65 and 135. The table shows that initial severity (on 
day 25), measured in cumulative cases per million popu-
lation, varies enormously across countries. It is natural 
to expect initial severity in less populous countries to be 
higher than that in more populous ones simply because 
the initial penetration of the pandemic is likely to be quite 
local. This pattern is evident in the table. Initial severity 
tends to be exceptionally high in many European coun-
tries, particularly in Austria, Belgium, Ireland and Swit-
zerland. Even good performance on doubling times later 
in the pandemic can only partially compensate in influ-
encing mortality per million population later. Switzer-
land, for example, had the highest initial severity of any 
of the 35 countries. Its initial severity was substantially—
but incompletely—compensated for by excellent perfor-
mance by day 65. Germany had achieved relatively few 
deaths per million population at day 135 by combining 
(relatively) low initial severity with good performance 
on doubling times. In contrast, Mexico had low initial 
severity but sustained low doubling times that resulted 
by day 135 in high case and death numbers per million 
population. High initial severity is thus not inconsistent 
with high doubling times. Hence, they can be expected 
to independently affect late-pandemic performance.

Figure  1 displays the evolution of doubling time in 
the pandemic in USA from its beginning there in late 
February through late July. During the first month, both 
cases and deaths doubled very rapidly, in only a few days, 
and this was typical of most countries. Likewise typical 
was a sustained increase in doubling times for 6 weeks or 
more after the initial low levels. Figure 1 also shows the 
value of including cases as well as deaths in the analysis 
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by showing a divergence in doubling times, with the 
doubling time for deaths beginning to increase much 
more rapidly than for cases. Again, this pattern is typical. 
Less typical was a sharp decline in performance in the 
USA, which figure 1 shows to begin for cases in mid-June 
and for deaths about 3 weeks later. Case doubling time 
serves as a leading indicator for deaths, and it is perhaps 
a hopeful sign that the doubling time for cases appears to 
have stopped declining by mid-July. That said, it remains 
important to bear in mind not only measurement error, 
particularly for cases, and that improved testing over time 
could lead to slower measured than actual improvement 
in performance on cases.

Table 2 shows our main findings. The 35 countries are 
ordered from highest to lowest (best to worst) in doubling 
times for cases and deaths on day 135, with those in days 
25 and 65 alongside for comparison. Figure 2A,B graph-
ically illustrate the wide range in performance at days 
135 and 65, but much less variation at day 65. In general, 
countries improved substantially between these times, 
although with marked cross-country variation. Country 
performance on deaths tracks performance on cases, 
but only imperfectly. In 5 of the 35 countries, the day 
135 ranking on deaths differed by 10 or more from the 
ranking on cases. Norway and Germany, for example, 
each ranked 12 places higher on cases than on deaths, 
whereas the USA ranked 12 places higher on deaths than 
cases. Maintaining separate indicators is thus of value.

By day 135, eight countries—China, Ireland, Italy, 
Norway, Germany, Netherlands, the UK and Spain—had 
raised the doubling time in cases well above 300 days or 
almost 10 months, beyond which doubling time became 
a less useful indicator because of the small number of 
cases or deaths then being incurred. By the time of 
final revision of this paper, however, each of these eight 
countries, except China, had begun a second wave, after 
having reduced new cases to well less than 5% of the 
initial peaks. It may be that the best use of the doubling 
time indicator will be to restart the measure near the 
beginning of second waves.

Aside from Canada, Western Hemisphere countries 
perform entirely in the bottom half, with Brazil and 
Mexico doing particularly poorly. Among the four coun-
tries from the Middle East, Turkey performed reasonably 
well with ranking above the middle of the 35 countries 
in both cases and deaths by day 135. Israel, however, had 
experienced a very dramatic reversal, with doubling time 
of cases falling from a year on day 65 to under a month 
on day 135. In South Asia, India particularly faces rapidly 
surging doubling times for cases and deaths.

As the pandemic extended into day 135, a disturbing 
pattern of reversal occurred alongside impressive prog-
ress in many countries. Eight countries—Switzerland, 
Republic of Korea, France, Saudi Arabia, Czechia, 
Australia, Romania and Israel—experienced a resurgence 
of cases, resulting in lower doubling time between days 65 
and 135, although the reversal was more severe in some of 
these countries than others. Three countries—Iran, Israel 

and Indonesia—experienced a reversal of doubling time 
in deaths between days 65 and 135, though the reversal 
was modest. These trends show just how challenging it is 
to control the pandemic, even though the multiple expe-
riences of successful control show that suitable policy 
measures and behavioural responses can succeed.

Figure  3 displays the evolution of doubling time for 
six countries that span a range of performance levels. 
Figure  3A shows cases and figure  3B shows deaths 
between days 25 and 135. Brazil and India started low 
in performance and remain low. Italy recovered from its 
catastrophic early pandemic experience with high and 
rapidly rising doubling times. The UK shows sustained 
good performance on cases from about day 80 and on 
deaths from about day 100 (table  1 indicates the date 
by which each country reaches day 135). Figure 3 illus-
trates only 6 countries out of 35 but gives a broader sense 
of how doubling times illuminate performance in the 
course of the pandemic.

DISCUSSION
There are a number of limitations to the analysis here. 
First, as previously discussed, data validity remains vari-
able across countries and time. COVID-19 data quality 
is much discussed by others, and we simply note our 
study’s possible sensitivity to data quality and our expec-
tation that data quality will improve. That said, we cannot 
at this point rule out the possibility of bias that might 
result from correlation between data quality and country 
performance. The possible direction of bias would be 
to understate the relative performance of countries 
with good data quality. Second, available resources lack 
consistent, cross-country data on mortality by age and 
ethnicity. Our study is thus limited to population-wide 
data on cases and deaths. Third, subnational data series, 
though not now widely available, arguably hold the 
keys to improved understanding of drivers of national 
level performance. An expanded version of this paper 
provides limited subnational assessment with analyses 
for Hubei (China), Lombardy (Italy) and New York 
(USA) between days 25 and 65.16 A fourth limitation is 
that countries that do exceptionally well in forestalling 
a serious epidemic may not appear among the countries 
we rank because of paucity of cases and deaths. Examples 
include Greece, New Zealand, Mongolia and Vietnam. In 
spite of their shared border with China, both Mongolia 
and Vietnam contained their cases to just a few hundreds 
and had no deaths up to day 135. Their experiences are 
worth learning from, but different methods are needed 
to identify them. Fifth, measures of R(t), the reproduc-
tion number for a pandemic at time t, indicate the extent 
to which transmission dynamics are unfavourable. Like 
doubling time, R(t) provides an attractive real-time indi-
cator of progress against a pandemic. When cross-country 
time series for R become available, it will be important 
to compare and contrast with doubling time, but we are 
unable to do so now
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This paper argues that doubling times provide good 
metrics for mid-pandemic performance, whereas the 
initial severity—which we define as severity at day 25—is 
well described by static measures of cumulative cases or 
deaths per million population. Likewise, we suggest that 
late-pandemic performance could be well described by 
the static measures. At the time we prepared a first draft 
of this paper, our expectation was that ‘late’ pandemic 
would describe the period after 135 days, but that turned 
out to be accurate for only perhaps half of our 35 coun-
tries. Figure  4 shows the 7day moving average of new 
cases per million population at day 135. For 10 countries, 
the number of new cases per day has fallen below five per 

million population, whereas five countries—Chile, Peru, 
USA, Brazil and Israel—are experiencing over 100 new 
cases per million per day on a 7-day moving average. For 
a majority of countries, a late-pandemic phase remains 
in the future. Doubling time indicators may thus remain 
useful in judging changes in performance and compara-
tive performance for these countries.

An example of the practical application of our doubling 
time indicators is an ongoing evaluation of the perfor-
mance of an epidemic preparedness index published in 
just a year before the COVID-19 pandemic.17 The index 
is constructed from a range of country characteristics 
some of which we would describe as contextual (eg, 

Figure 3  Doubling time in cases (A) and deaths (B) between days 25 and 135 in Brazil, India, Italy, Sweden, Turkey and the 
UK.
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hospital capacity) and others of which reflect policies 
directly relevant to pandemic preparedness. The team 
at Metabiota that developed this epidemic prepared-
ness index is assessing the extent to which the index 
predicts how well countries are responding to COVID-
19. We provided Metabiota with this paper’s performance 
rankings and doubling time estimates to use as depen-
dent variables in their retrospective evaluation. Metabi-
ota’s analysis is just beginning and its results will be 
reported in due course. It will then provide an extended 
example of and insight into the use of our mid-pandemic 
doubling time metrics. That said, the Metabiota team is 
now finding a positive correlation between our perfor-
mance rankings and country rankings on the epidemic 
preparedness index, with better prepared countries 
exhibiting longer doubling times. Preliminary analysis 
also identified important outliers, both positive (notably 
China) and negative (notably the USA),18 which indi-
cates that actual policies adopted also matter. Analysis 
of these outliers may help inform future studies of the 
determinants of performance and potentially identify 
how specific elements of preparedness affect (or do not 
affect) country performance.

The broad spread in performance across countries 
could potentially provide a basis for improved political 
accountability, for identifying good practices and for the 
purpose of understanding determinants. Along with its 
30 January proclamation of a public health emergency of 
international concern, WHO conveyed an assessment that 
specific, timely and well-understood control measures 
are likely to interrupt transmission.19 Successful country 
examples of high and increasing doubling times confirm 
the plausibility of this assessment. Performance differ-
ences may result from many factors, including delay in 
implementation of response, initial preparedness, as for 

example, reported by Metabiota, stringency of national 
response as reported by the Blavatnik School at Oxford,20 
or a range of non-policy contextual factors, such as the 
age distribution of the population.

Our purpose in this study was to provide mid-pandemic 
country rankings to facilitate subsequent analysis of 
mid-pandemic performance and its longer-term conse-
quences. The extent to which the rankings will achieve 
these objectives remains to be verified.
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Figure 4  Seven-day moving average of daily new cases in 35 countries on day 135.
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