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Abstract

Background. On March 11, 2020, the World Health Orga-
nization declared the COVID-19 outbreak, originally started
in China, a global pandemic. Since then, the outbreak has
indeed spread across all continents, threatening the public
health of numerous countries. Although the Case Fatality
Rate (CFR) of COVID-19 is relatively low when optimal
level of healthcare is granted to the patients, the high percent-
age of cases developing severe pneumonia and thus requiring
respiratory support is worryingly high, and could lead to a
rapid saturation of Intensive Care Units (ICUs). To over-
come this risk, most countries enacted COVID-19 contain-
ment measures.

Methods. In this study, we use a Bayesian SEIR epidemi-
ological model to perform a parametric regression over the
COVID-19 outbreaks data in China, Italy, Belgium, and
Spain, and estimate the effect of the containment measures
on the basic reproduction ratio Ry.

Findings. We find that the effect of these measures is de-
tectable, but tends to be more gradual than expected, and
that a progressive strengthening of these measures usually re-
duces the Ry below 1, granting a decay of the outbreak.

Interpretation. We discuss the biases and inconsistencies
present in the publicly available data on COVID-19 cases,
providing an estimate for the actual number of cases in Italy
on March 12, 2020, hypothesizing that the 20-29-yrs age
group had a major role in spreading the virus. Lastly, we
provide indications that the idea of “flattening the curve” is
likely to be unfeasible.

Funding.

Introduction

More than 100 countries (1) in the world are currently af-
fected by the coronavirus disease (COVID-19) pandemic (2).
COVID-19 is a respiratory infectious disease caused by the
SARS-CoV-2 virus (previously known as 2019-nCOV), and

it originated in December 2019 in Wuhan (China), most prob-
ably following a zoonotic event (3, 4). COVID-19 epidemics
are now affecting many European countries, which are at dif-
ferent stages of contagion and containment measures (4). The
virus can be found in the respiratory tract of patients 1-2 days
before the onset of symptoms, where it shows active replica-
tion (5), persisting 7-15 days (4).

Italy was the first to be seriously affected (6), with Spain,
France, Belgium, and other countries being 7-14 days behind.
Although definitive data on the COVID-19 Case Fatality Rate
(CFR) are still missing and the current ones are biased by the
testing policies and the demographic structure of the popula-
tion, the observed CFR may be as high as of 10.0% in Italy,
4.0% in China, 6.0% in Spain, and 4.3% worldwide. In Italy,
it has been observed that 7-11% of the cases present Acute
Respiratory Distress syndrome (ARDS) caused by SARS-
CoV-2 pneumonia, and thus require respiratory support in In-
tensive Care Units (ICUs) (6, 7). European Countries tend to
have between 4.2 (Portugal) and 29.2 (Germany) ICU beds
per 100,000 inhabitants (8) (EU average is 11.5). This indi-
cates that an exponential-like growth of the COVID-19 cases
can rapidly reach oversaturation of the available ICU beds,
thereby decreasing the quality of the medical treatments pro-
vided to patients and worsening the case fatality rate (6, 9).
To avoid this scenario, almost every country affected by the
COVID-19 pandemic has put in place measures to contain
the epidemic, in an attempt to relieve the strain on the health-
care system. When it comes to epidemic modeling, these
measures affect the basic reproduction ratio Rg, which is the
expected number of cases directly generated by an infected
individual in a population susceptible to infection (10). Cur-
rent estimates of this value range from 2 and 6.5 in China
(11-14) and 3.1 in the first phase of the outbreak in Italy (15).
In SEIR (Susceptible, Exposed, Infected, Removed) (16)
modeling of epidemics, Ry = [/, with /3 representing the
number of contacts from an infected individual per unit of
time and y~! the period in which a patient is infectious.
When Rgp > 1, the number of cases is growing, else, the
epidemic is receding. Countries affected by the COVID-19
pandemic deployed containment measures that acted on these
two parameters. China, for example acted on R by quaran-
tining or hospitalizing cases as soon as they were becoming
symptomatic, with an average time elapsed between symp-
toms and hospitalization of 2.3 (12, 13) or 2.9 days (14).
Similar measures have been adopted by the European coun-
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tries in which COVID-19 started spreading (4). Italy was
the first country affected in Europe, and the first COVID-19
cluster prompted the lockdown of the town of Codogno and
later of the Lodi province. The further spreading of the cases
led to the lockdown of the most affected regions in north-
ern Italy and eventually of the entire country. The growth of
cases in Spain started with a delay with respect to Italy, but
the growth trend prompted the government to lock down first
Madrid and then the entire country. Similar incremental ac-
tions have been adopted in Belgium, on the March 13, 2020
and on March 18, 2020.

In this study, we collected the publicly available data regard-
ing cases, recovered and deaths related to the COVID-19 epi-
demics in China, Italy, Belgium and Spain and we trained a
Bayesian SEIR model to perform a parametric regression on
these time series. We modeled the outbreak progression in
those countries inferring the change of basic reproduction ra-
tio Ro due to the introduction of government-issued contain-
ment measures aimed at slowing the outbreak. Approaches
similar to ours could help governments nowcasting the be-
havior of the outbreaks and detecting flaws in the contain-
ment measures in place and thus act as rapidly as possible,
ensuring a proper containment of the disease.

We show that the parameters learned by the SEIR model sug-
gest an gradual effectiveness of the containment, with the
most drastic effect observed in China, with a 61% reduction
of Ry after the measures introduced on February 23, 2020.
We also provide an estimation of the actual number of
COVID-19 cases in Italy for March 12, 2020, suggesting that
1) this number could have been at that time around 3 times
higher than the official count and 2) unreported people in the
20-29-yrs age group might have played a crucial role in the
virus diffusion.

Finally, we argue that the idea of “flattening the curve” (i.e.,
reducing the Ry of the epidemic to a level that would allow
the gradual build up of natural immunity in the population)
is likely to be unfeasible, since reaching herd immunity at
a manageable pace is probably not possible in a reasonable
time scale.

Results

Containment measures in China. We performed a para-
metric Bayesian regression (see Methods) on the mainland
China COVID-19 epidemic data by training a SEIR model
on the cumulative cases time series, with the goal of infer-
ring the change in Ry = 3/~ produced by the increasingly
stringent containment measures introduced by the Chinese
government, which mainly aim at reducing the frequency of
the contacts 3! between individuals. We thus used the 3;
before and after the introduction of each containment mea-
sures as sole trainable parameters in our SEIR model. We
kept v~ ! fixed to 2.5, which is the mean between the cur-
rent estimates for the mean time elapsed between insurgence
of symptoms and hospitalization in China, which correspond
to 2.3 (12, 13) and 2.9 days (14). In this study we used an
average incubation time 6 ! = 5.2 days, as reported in (12).
The implementation of the first containment measure in
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Fig. 1. Figure showing the fit of the SEIR model with 3 allowed to change after the
introduction of the increasingly strict lockdown measures in China.

China happened on February 23, 2020, when all public trans-
portation was suspended in Wuhan, corresponds to a 61% de-
crease in the inferred Ry, bringing it down from 4.94 (CI195%
[4.80,4.99]) to 1.90 (CI 95% [1.84,2.0]). The introduction of
the more stringent measures on February 23, 2020, including
closing all non-essential companies and manufacturing plants
in Hubei province corresponded to a further reduction to the
Ry identified by our SEIR model, down to 0.055.

Containment measures in Iltaly. Italy is the first European
country that has been severely hit by the COVID-19 pan-
demic, and, at the time of writing, it is the second nation
in the world in terms of cases, with 92,472. The Italian gov-
ernment reacted to the epidemic by closing all schools and
universities on March 4, 2020, putting the north of Italy un-
der lockdown on March 8, 2020, and extending this lock-
down to the entire country few days later, on March 10, 2020.
On March 20, 2020, the government introduced even stricter
measures, banning open-air sports and closing parks and pub-
lic green.

We used the data of the Italian COVID-19 outbreak provided
by the Protezione Civile to infer the Ry before and after the
containment measures were implemented. We fixed v~ to
be equal to 4, which is the median time between insurgence
of symptoms and hospitalization, as estimated by the Istituto
Superiore di Sanita (ISS) (17). The only free parameters in
our Bayesian SEIR regression were thus the 3; associate to
each date in which containment measures have been imple-
mented as only free parameters, as shown in Fig. 2.

From this analysis, it appears that the initially inferred Ry =
3.31 (CI 95% [3.13, 3.45]) is in line with the 3.1 estimate
provided in (15). The Ry = 2.53 (C195% [2.2, 2.9]) inferred
after the nationwide lockdown in effect from March 10, 2020
suggests that these measure had a gradual effectiveness and
that did not provide an immediate dramatic change in . For
example, the effects these containment measures were ini-
tially less evident than the ones implemented in China, even
though the data clearly departed from a situation without con-
tainment measures in place (see Suppl. Fig. 11).

This suggests that the measures were effective but their actual
implementation was more gradual. Allowing a change in 3
also on March 20, 2020 nevertheless shows that R decreased
to 0.69 (CI 95% [0.15, 1.32]), initiating the decrease of the
new cases.
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Fig. 2. Figure showing the fit of the SEIR model with 3 allowed to change after the
introduction of the increasingly strict containment measures in Italy.

Containment measures in Belgium. Belgium is one of
the European countries in which the COVID-19 pandemic
arrived later, with the first confirmed case reported on Febru-
ary 4, 2020. The growth of the number of cases in Belgium
started from March 1, 2020, and on March 12, 2020, the Bel-
gian government issued containment measures involving the
closure of schools, cafes and restaurants starting from March
14, 2020. The government then extended these measures,
enforcing stricter "physical distancing", starting from March
18, 2020, at noon.

We modeled the growth of the COVID-19 epidemic in Bel-
gium using the Bayesian SEIR model to infer the effect of the
containment measures through a change in the 3; parameters.
We fixed 7_1 to be 4 days, since no official data on the mean
time between symptoms onset and hospitalization is available
from official sources and we assumed China to be an upper
bound in terms of hospitalization efficiency. From Fig. 4 we
can see that the SEIR model infers a change in Ry that de-
creases from the original 3.38 (CI 95% [2.90,3.85]) to 2.00
(CI 95% [1.81,2.19]), suggesting a situation similar to Italy
after the introduction of the first containment measures. The
high initial value obtained for Ry might be partly explained
by under-reporting of cases (see Discussion).

3.383 [2.896;3.847]/2.001 [1.812;2.186]/
T

a0004 ~" Cumulative InfecFed i
Inferred Cumulative Infected \

—-= Quarantine enforced : 14/3/2020 ‘

3000

7/
7
e

1000 _
P

27
-

i
i
i
i
2000 |
i
i
|
i

0 =" i

1/3/2020 5/3/2020 9/3/2020 13/3/2020 17/3/2020 21/3/2020
Date

Fig. 3. Figure showing the fit of the SEIR model with 3 allowed to change after the
introduction of the increasingly strict lockdown measures in Belgium.

Containment measures in Spain. Although the first
COVID-19 case in Spain dates to March 1, 2020, the epi-
demic there did not show worrying numbers until the end of
February, with a rapid growth starting from the beginning of
March. This crisis was answered first with containment mea-
sures in the Community of Madrid, enforced from March
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11, 2020, followed by nationwide measures enforced from
March 15, 2020.

We used the SEIR model to infer the change in 5 due to the
implementation of the containment measures. Similarly to
the Italian and Belgian case, we observe a clear decrease in
the Ry, but the model deems it not drastic enough to reverse
the trend of the epidemic already. This might be because of
under-reporting of the actual number of COVID-19 cases.
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Fig. 4. Figure showing the fit of the SEIR model with /3 allowed to change after the
introduction of the increasingly strict lockdown measures in Spain.

Analysis of reporting in official counts and biases in
testing. The official counts of COVID-19 cases are in manu
cases severely under-estimated and affected by clear biases,
due to 1) the limited number of tests that can be run and 2)
their preferential usage on symptomatic cases or high-risk
subjects. In an attempt to address this issue, we computed
an estimate of the actual number of COVID-19 cases in Italy
on March 12, 2020. To do so we relied on the fatality rate
(CFR) of the disease and the age distribution of the cases in
South Korea, which adopted an extensive testing strategy to
face the COVID-19 crisis, administering one test every 142
citizens, with no evident biases. We thus considered this to
be the most reliable data available: South Korea shows in-
deed a Pearson correlation coefficient between the number of
cases detected among 10-yrs age bins and its demographic
structure of r = 0.69 (p-value= 0.039), while Italy has an
7 =0.21 (p-value= 0.591), suggesting a much more skewed
testing.

Our estimation is based on three other assumptions: 1) that
the disease propagated similarly in South Korea and Italy
over the different age bins; 2) that South Korean and Italian
healthcare have similar standards, thus suggesting a compa-
rable fatality rate once the testing bias is addressed; and 3)
that the healthcare system in Italy (e.g., the availability of
ICU beds) has not reached saturation, and to satisfy this con-
dition we indeed chose to perform this estimation for March
12, 2020, as lockdown measures in Italy appear to be the re-
sult of the healthcare system rapidly approaching saturation.
We first adjusted the South Korean number of cases by age
group with respect to the demographic structure of the Ital-
ian population. As reported on Figure 5 (green bars), the age
of confirmed patients is heavily skewed towards older indi-
viduals in Italy, while it is more consistent with the demo-
graphic structure in the South Korean data. We argue that
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the skewness of the Italian cases towards older age groups re-
sults from the fact that on the February 26, 2020 on the Italian
testing strategy changed from blanket testing to focusing on
symptomatic and high-risk individuals (15), thus introducing
a clear sampling bias. We then adjust the proportion of cases
per age in Italy (see Suppl. Material) by computing the pro-
portion ... (orange bars in Figure 5), and we computed the
expected number of cases in Italy based on the number of
deaths and use it to further adjust the age distribution. In our
case, bins from 0 to 30 years old were undefined, but we ad-
dressed this issue by using the corrected age distribution of
Italian cases ... .

Using the data available on March 12, 2020 for Italy and
South Korea, we find an estimated number of real cases of
45,052, instead of the 15,113 officially reported, indicating
a three fold increase.
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Fig. 5. Proportions of COVID-19 cases per age bins in South Korea (Blue) and ltaly
(Green). The orange bars give the estimated Italian distribution when adjusted for
the age sampling bias with demographics only. The red bars additionally accounts
for the number of deaths in Italy in each age bin. The data we used was the one
available on the March 12, 2020 for Italy and South Korea.

Analysis of the healthcare system strain-level during
the epidemic progression. The COVID-19 pandemic has
been putting immense pressure on the healthcare systems of
many countries because it spreads widely in the population in
an asymptomatic or mild form (4), but a significant percent-
age of the symptomatic cases (6-11% in Italy (6, 7)) requires
ICU treatment, which is a limited resource in any country,
including European countries (8). The availability of ICU
beds is crucial (9) because so far there is no established cu-
rative treatment for COVID-19 and the clinical best practice
is to put patients suffering from Acute Respiratory Distress
Syndrome under respiratory support, for a period that may
last up to two weeks (6). Saturation of ICU capacity causes
a dramatic decrease of the quality of the medical treatments
provided to patients, thereby worsening the observed Case
Fatality Rate (CFR) (6, 9).

To analyze the burden that the COVID-19 epidemic brings to
the national healthcare systems of the affected countries, we
plot the evolution over time of the log-CFR (the log-ratio of
deaths per confirmed COVID-19 case).

During the first days of the epidemics, we expect this rate
to be noisy: due to the delay between infections and deaths,
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the number of deaths remains very low during the first days
while the number of cases grows. After this transition pe-
riod, first deaths occur and if ICU units do not reach satu-
ration, we expect this rate to be stay constant. However, if
this rate increases, this suggests that the healthcare system is
under strain as it tries to cope with the growing number of
patients requiring ARDS treatment. Towards the end of the
epidemics, when the cumulative number of cases flattens out,
the rate is expected to increase, again due to delay between
the reporting of cases and the occurrence of deaths.

Fig. 6 shows this log-ratio over time in China. After some ex-
pected initial oscillations (also possibly due to the change in
the testing strategy), China showed a steep increase incidence
of deaths with respect to the number of cases, indicating a
significant strain over its healthcare system, and possibly the
degradation of the quality of the care provided. Towards, the
end of the epidemics, when the number of cases flattens, we
observe a slower steady increase.

China - Log-ratio of deaths per confirmed cases
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Fig. 6. Figure showing the strain that the COVID-19 pandemic put on the NHS of
China.

The same plot is shown for Italy in Figure 7. Shortly after the
first days of the epidemics, the mortality rate started grow-
ing quickly, suggesting an increasing strain on ICUs and the
Italian healthcare system, as reported also in (9).

Italy - Log-ratio of deaths per confirmed cases
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=171
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Fig. 7. Figure showing the strain on the lItalian national health services from the
COVID-19 epidemic.

Discussion

Effectiveness of containment measures. Containment
measures in China significantly reduced COVID-19 spread-
ing. The first lockdown resulted in a 61% decrease of the
reproduction factor Ry and the second, stricter wave of mea-
sures eventually managed to bring it to close to 0. We do

De Brouwer etal. | My Template


https://doi.org/10.1101/2020.04.02.20046375
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2020.04.02.20046375.this version posted April 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC 4.0 International license .

however observe that while the model was able to fit the Ital-
ian, Belgian, and Spanish data relatively well, its fit of the
data from China was rather mediocre. We are unsure about
what could have caused this discrepancy.

By contrast, containment measures in Italy appear to have
had a more gradual effect. The reason for this is not entirely
clear. Data from the Lombardy region, based on anonymous
cell phone tracking (not showed here), suggests that almost
40% of the population of Lombardy were still commuting
and moving around notwithstanding quarantine measures, al-
though the trend from February 26, 2020 and March 16, 2020
clearly indicates a progressive reduction of displacements.
Such large percentage of the population moving across Lom-
bardy might in part be explained by the fact that factory
closures were only partial until March 23, 2020, when the
Italian government issued a decree mandating the immedi-
ate halt of all non-essential production, industries, and busi-
nesses across the country. Data from the Italian Interior Min-
ister (18) also indicates that during the lockdown 1.7 million
police controls were carried out with infractions to the con-
tainment registered in 4% of controls.

The analysis of the data from Belgium suggested high val-
ues for Ry, despite the introduction of strict quarantine mea-
sures, can possibly be explained by some under-reporting in
the data. Because of limited testing of the population, the
number of infectious patients is probably significantly under-
estimated. Because the SEIR model assumes that the re-
ported infectious patients are the ones infecting new patients,
the inferred Ry may be over-estimated, although is in the
same range of R estimations from other sources (R esti-
mates range from 2 and 6.5 in China (11-14) and has been
estimate to be 3.1 in the first phase of the outbreak in Italy

(15)).

Data biases and heterogeneity in the testing strategies
limit the ability to draw clear conclusions. The models
fits presented in the Results section are based on the offi-
cially available COVID-19 cases counts from China, Italy,
Belgium, and Spain. Even from a superficial analysis of this
data, several biases that hinder the modeling of these out-
breaks become clear.

First, the number of tests that can be run each day is finite,
because of the limited availability of supplies and person-
nel, making blanket testing currently impossible to perform
in many countries. This results in a large number of unre-
ported cases with respect to the available data.

Second, if tests are performed mainly on symptomatic pa-
tients for diagnostic purposes, because of the generally higher
age of the hospitalized cases, the resulting official COVID-19
cases data will show a striking proportion of patients over 60
years old, regardless of the actual demographic structure of
the population (see Suppl. Fig. 13).

Another reason why the sheer number of tests performed is
not a clear indication of the level of bias present in the data
is that the number of test performed is just an upper bound
for the actual number of individuals screened, because for
example medical personnel with high risk of exposure may
undergo periodic tests. Moreover, the directives of the Italian
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Ministry of Health indicates that a COVID-19 patient must be
negative to two consecutive tests performed with a 24h delay
(19) to be considered as having recovered from the disease.

The cumulative number of cases we used to fit the SEIR
model is therefore most probably both severely under-
estimated and skewed towards older age groups in the pop-
ulation. Both in Belgium and in Italy, for instance, patients
who are diagnosed as suspect COVID-19 case over the phone
by their GP, but who present no immediate risk of compli-
cation, are nor tested, nor reported as new cases. As the
epidemic progresses and healthcare resources become mo-
bilized, testing capacity increases and we observe a growing
number of newly tested individuals.

Interestingly, the estimation of the actual (vs. reported) num-
ber of cases on March 12, 2020 in Italy suggests that, al-
though heavily under-represented in the official data because
of testing bias, the 20-29 age group is the most affected by
COVID-19. Given that age group is particularly socially ac-
tive, one might speculate that infections via this age group
may have played a key role in the spread of COVID-19 across
Italy, even though these cases ended up almost completely
unreported. There are however some limitations to this anal-
ysis. While South Korea’s testing strategy has clearly been
comprehensive, it is not clear that it has been completely un-
biased. In particular, the low number of cases in the 10-19
years bin compared to the 20-29 years bin might be explained
by a radical difference in the true proportion of cases be-
tween those two age groups, but also by lower testing among
younger individuals because they might have been consid-
ered at very low risk of complications and/or unlikely to be
infectious. The information available does not allow us to
discriminate between those explanations.

A key assumption of our model is that new infections are
caused by contamination from currently reported infectious
individuals, because our modeling is based on the observed
cases, for which official data exists. However, in practice,
many of the newly diagnosed patients have been infected by
the majority of unreported infectious people. Our model will
thus infer an higher Rg to compensate for the underestimated
pool of infectious patients. This might explain the seemingly
high values of Ry estimates in Spain for instance.

Moreover, every country adopted its own specific strategy for
testing and reporting of cases, resulting in heterogeneity of
the COVID-19 data coming from different countries. For ex-
ample, South Korea opted for blanket testing of its population
and selective quarantine of the positive cases, while Italy fo-
cused on testing high-risk and symptomatic subjects and gen-
eralized lockdown of the country to reduce the Ry by acting
on the frequency of social contacts.

Even within the same country, the reporting strategy changed
over time in some cases, leaving a trace in the data. For exam-
ple, the number of daily new cases in China presents an un-
likely spike of 14,108 new cases in a single day (February 12,
2020) because of a change in the reporting strategy, since also
clinically diagnosed COVID-19 cases started to be included
in the cases count, alongside laboratory tests. This measure
was probably necessary to overcome the saturation of the
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maximum number of tests that could be performed every day,
but caused the sudden inclusion of previous "suspect” cases
in the official count. Similarly, Italy opted for testing only
high-risk individuals and symptomatic cases from February
26,2020 on (15).

Limitations of the model. In Suppl. Material we discuss
some minor limitations of our model. One aspect of COVID-
19 which is still unclear is whether presymptomatic individ-
uals (during at least 2-3 days of the incubation period) are
likely to be contagious with a degree of infectivity that is not
yet well characterized. The SEIR model does not account for
these effects and the high value of 3 obtained might in part
be caused by the need to account for those missing contagion
events. Moreover, the number of symptomatic individuals
might also be underestimated because testing is in some cases
being focused on most severe cases, which similarly will lead
to the inflation of 3 and Ry.

The parameter v was set for each country based on prior
knowledge obtained from the literature rather than estimated
from the data. The rationale for this approach is that param-
eter estimation from a single time-series of the autonomous
response of a time-varying system is inherently challenging.
We thus chose to use the information to carry out Bayesian
inference for a piecewise stationary model with a single pa-
rameter [3;.

More sophisticated models (with more patient compart-
ments) might better capture the different effects described
before, but such models will have significantly more free pa-
rameters, which means that those parameters might simply
be unidentifiable from the available data or that overfitting is
likely.

About “flattening the curve”. Despite their limitations,
our models show that the idea of “flattening the curve” (i.e.,
reducing the Ry of the epidemic to a level that would allow
the gradual build up of natural immunity in the population) is
likely to be unfeasible. Any significant reduction of Ry that
would not bring it extremely close to 1 would overwhelm the
healthcare system because the ICU capacity and the height
of the epidemic peak in a immunologically naive population
are simply on different scales (in the SIR, the proportion of
the population infectious at the epidemic peak is given by
1—-1/Ry—1In(Rp)/Ry. For example, 30% of the population
is infectious at the epidemic peak for Ry = 3, while the ICU
capacity in for example Belgium is 15.9 beds per 100,000 in-
habitants (8)). Even if the epidemic could be controlled at a
fixed level corresponding to a heavy but non-overloading load
of the ICU capacity, the time needed to build herd immunity
would be measured in years. As an example, an estimation
for Belgium based on a permanent ICU capacity of 1,000
beds for coronavirus patients (compared to the pre-existing
capacity of 1,750 (8) beds, which would mean a major contin-
uing strain on the hospital system and thus the need to main-
tain supplementary capacity for several years), assuming an
average ICU stay of 10 days (6, 20), and assuming that 2% of
patients affected in the general population would eventually
require ICU care, would mean that 100 patients would be ad-
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mitted at ICU care per day and that 5,000 individuals in the
general population would be infected by the disease each day.
Reaching a level where 50% of the population (of about 11
million people) has achieved natural immunity would require
1,100 days or 3 years. Given that the immunity to the dis-
ease might be relatively short-lived (around 2 years for SARS
(21)), it might simply be next to impossible to achieve herd
immunity without overwhelming the healthcare system.
Moreover, such a strategy would require maintaining the
number of cases in the population at a tightly controlled level
with Rp being maintained on average at 1. Whenever Ry
would be above 1, the disease would flare up, which would
quickly overload a healthcare system maintained at satura-
tion. When Ry would be below 1, the disease would start
vanishing, which would extend the time needed to build herd
immunity. Given that it is completely unclear what the pre-
cise impact of any containment measure is on Ry, a strategy
based on lifting and reimposing measures to switch between
Ry slightly below 1 and Ry slightly above 1 does not appear
realistic.

If a treatment became available that would greatly diminish
the risk of complications (for example, by a factor 10), or
if it turns out that the proportion of the general population
that develops severe complications when infected by SARS-
CoV-2 is much lower than 2%, it might be possible to revisit
strategies based on “flattening the curve”.

In the absence of such a silver bullet treatment, the only plau-
sible option for the moment seems to be the immediate quash-
ing of the epidemic together with the development of strate-
gies to try to contain the disease at a minimal level driven
by imported cases, while waiting for greatly improved treat-
ments or a vaccine. In such strategies, as currently deployed
by South Korea, Hong Kong, and Singapore for example, pa-
tients only arise from imported cases and small local clusters
that are rapidly quashed. It is likely that such strategies will
sometimes fail in insufficiently prepared populations leading
to the reimposing of heavy quarantine measures during the
time needed to quash the new epidemic flare. It seems ad-
visable to reimpose strict quarantine measures as soon as un-
controlled local circulation of the disease is suspected.

Methods

Data collection. We collected COVID-19 data from official
sources and we list them in Supplementary Material.

SEIR model. The SEIR (Susceptible, Exposed, Infected, Re-
covered) is a widely used mathematical model for the de-
scription of the behavior of infectious disease outbreaks. We
provide the full details in Suppl. Material.

The parameters of this model, which are responsible for tun-
ing the dynamics of the epidemics are J, 3 and y. 6! can
be interpreted as the average incubation period (i.e., the av-
erage time spent in pool E before becoming infectious I). 3
corresponds to the average number of infections an infectious
individual will cause per unit of time and 7~ corresponds to
the average time necessary to recover from the disease (i.e.,
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going from I to R). The average number of new infections
arising from a single infectious person is then Ry = g

In this study we used 61 = 5.2 days (12) and we adapted ~y
to the estimated value for the country under scrutiny (see the
corresponding country section in Results). We consider that
those parameters are constant over time, before and during
lockdowns. The effect of lockdown measures is then mod-
elled by a change in 5. In this work, we considered that a
lockdown enforcement resulted in a discrete, instantaneous
change in §. In practice, however, the 5 might have changed
only progressively after the adoption of confinement mea-
sures, but modeling this will require more parameters, and
thus also more and higher quality data will be recommended
for the inference.

We inferred the S parameters during each period by fitting the
cumulative number of cases C'(t) with MCMC (Metropolis-
Hastings). We use a Poisson likelihood and uniform priors
for 5. The details of the model are available in Suppl. Mate-
rial.
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introduction of the increasingly strict lockdown measures. Piecewise inference.
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Fig. 13. Demographics age repartition of Italy along with the age distribution of
reported cases.
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Fig. 12. In this plot we show, for illustrative purposes, a reproduction of the data
showed by the Regione Lombardia regarding the movements of people during the
lockdown, as evinced from anonymized cell-phone trackings. The data show a gen-
eral decreasing trend of movements after the outbreak.
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