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BACKGROUND: To date, the risk/benefit balance of lock-
down in controlling severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) epidemic is controversial.
OBJECTIVE: We aimed to investigate the effectiveness of
lockdown on SARS-CoV-2 epidemic progression in nine
different countries (New Zealand, France, Spain, Germa-
ny, the Netherlands, Italy, the UK, Sweden, and the USA).
DESIGN: We conducted a cross-country comparative
evaluation using a susceptible-infected-recovered (SIR)-
based model completed with pharmacokinetic
approaches.
MAIN MEASURES: The rate of new daily SARS-CoV-2
cases in the nine countries was calculated from theWorld
Health Organization’s published data. Using a SIR-based
model, we determined the infection (β) and recovery (γ)
rate constants; their corresponding half-lives (t1/2β and
t1/2γ); the basic reproduction numbers (R0 as β/γ); the
rates of susceptible S(t), infected I(t), and recovered R(t)
compartments; and the effectiveness of lockdown. Since
this approach requires the epidemic termination to build
the (I) compartment, we determined S(t) at an early epi-
demic stage using simple linear regressions.
KEY RESULTS: In New Zealand, France, Spain, Germa-
ny, the Netherlands, Italy, and the UK, early-onset stay-
at-home orders and restrictions followed by gradual
deconfinement allowed rapid reduction in SARS-CoV-2-
infected individuals (t1/2β ≤ 14 days) with R0 ≤ 1.5 and
rapid recovery (t1/2γ ≤ 18 days). By contrast, in Sweden
(no lockdown) and the USA (heterogeneous state-
dependent lockdown followed by abrupt deconfinement
scenarios), a prolonged plateau of SARS-CoV-2-infected
individuals (terminal t1/2β of 23 and 40 days, respectively)
with elevated R0 (4.9 and 4.4, respectively) and non-
ending recovery (terminal t1/2γ of 112 and 179 days, re-
spectively) was observed.
CONCLUSIONS: Early-onset lockdown with gradual
deconfinement allowed shortening the SARS-CoV-2 epi-
demic and reducing contaminations. Lockdown should
be considered as an effective public health intervention
to halt epidemic progression.
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INTRODUCTION

Starting in fall 2019 in Wuhan, China, the severe acute respi-
ratory syndrome coronavirus-2 (SARS-CoV-2) pandemic has
rapidly spread worldwide.1 In the absence of effective antiviral
therapy, social distancing, handwashing, and face covers were
promoted to control SARS-CoV-2 spread.2 However, due to
increasing severe coronavirus disease-2019 (COVID-19) pre-
sentations and critical care bed saturation, almost all govern-
ments decided on lockdown.3 Lockdown, variably including
stay-at-home orders, workplace restrictions, and school and
venue closures, was applied on an unprecedented scale during
30–90 days then progressively released following reduction in
SARS-CoV-2 spread.
The risk/benefit balance of restrictions and optimal lock-

down modalities to control SARS-CoV-2 epidemic are con-
troversial.4–6 As more data become available, predictive
models are updated, limiting reasonable accuracy to short-
term projections and empirical fitting of data trends.7,8 Where-
as daily numbers of COVID-19-related fatalities, critical cases,
and hospital admissions are trustworthy, numbers of daily new
contaminations (I), useful for monitoring SARS-CoV-2
spread, are underestimated due to limited testing.
Modeling used to guide non-pharmaceutical interventions

including lockdown policy is based on the compartmental
susceptible-infected-recovered (SIR) model.7,8 Introduced in
1927, the SIR model aims to predict the number of individuals
who are susceptible to the infection, are actively infected, or
have recovered from infection at any given time.9 According
to their disease status, the individuals of the studied population
are divided into three mutually exclusive groups determining
the susceptible, infected, and recovered compartments. A sus-
ceptible individual, counted in the S compartment, may be-
come infected following a contact with another infected indi-
vidual. He is assumed to be contagious and starts to be counted
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in the I compartment until moving to a non-contagious stage
named recovery (that may include effective isolation or death).
Thereafter, he is counted in the R compartment.
Interestingly, the SIR and derived more stochastic models

share similarities with compartmental pharmacokinetic
models. The SIR model structure resembles a closed three-
compartmental pharmacokinetic catenary model describing
drug absorption and elimination processes as the sum of an
input and output function.8 If translated to pandemic kinetics,
the input function could represent the epidemic progression
phase or “infection rate” and the output function its regression
phase or “recovery rate”. We considered that overall kinetics
could be assessed by considering (I) as the best endpoint to
measure the disease progression rate despite restricted testing.
Although many models of infectious disease transmission

in general and of SARS-CoV-2 in particular continue to utilize
the basic framework of SIR, they typically incorporate addi-
tional information into their estimation of the three main SIR
parameters. Our purpose was to propose a simpler model,
based on fewer parameters, able to provide similarly and early
accurate predictions. We aimed to compare lockdown-
attributed effects on SARS-CoV-2 epidemic progression in
nine countries with various lockdown scenarios. Applying the
analogous tools of pharmacokinetics to quantify the transmis-
sion kinetics of SARS-CoV-2 allows estimating the time-to-
reach the plateau and epidemic length in each country. These
parameters may prove to be useful for health authorities to
rapidly determine the effectiveness of the undertaken restric-
tions and inform the population on their expected duration.

METHODS

Design and Setting

For each country, we collected 7-day interval (I) from 23
Feb 2020 to 14 Jun 2020 published by the World Health
Organization (WHO; https://covid19.who.int/) and calculated
the daily case rate as follows:

dI=dt ¼ ∑day nþ7
day n I

7
:

We plotted I(t) versus time using the excretion-rate phar-
macokinetic method at mid-point,9 developed to assess the
urinary drug excretion rate by considering that successive drug
amounts (Xu) excreted within defined time intervals can be
plotted versus time using the excretion rate (dXu/dt) at the mid-
point of this time interval. This method allowed averaging the
effect of sample collection variability, as observed in declared
(I) with underestimated values each weekend corrected on the
first-days of the following week.
We fitted I(t) using equations (1+2) and used the estimated

parameters to simulate the kinetics in the susceptible (S(t)) and
recovered (R(t)) compartments using equations (3+4) (Fig. 1).
Aware that (I) could be only determined by this approach once
the epidemic ends, we used simple linear regressions to build

S(t) at an early stage of the epidemic. We calculated the mean
± SEM of S = Ic(dayn) − Ic(dayn-1)/Ic(dayn-1) × 100 each 7-day
period, where Ic represented cumulative (I). S(t) was fitted
versus the mid-point time interval.
Since no consensual definition of lockdown exists and since

its exact content varied between the countries and along its
application time, we considered the stay-at-home order decid-
ed by the government as the start of the studied exposure and
the decision of stopping the main policy measures as the end
of exposure.

Analysis

Modeling was performed using Phoenix64-WinNonlin™
(Certara, USA). All parameters of the models were estimated
and not fixed to avoid any over-determination of the models.
We determined the maximum rate of new cases (Imax), the
maximum S at t = 0 (S0), the infection (β) and recovery (γ)
rate constants, the corresponding half-lives (t1/2β = ln2/β and
t1/2γ = ln2/γ), and the basic reproduction number (R0 = β/γ).8

We also determined the lag-time (Tlag) as the time difference
between the lockdown start-time and the input phase end-time
(ti). Criteria to evaluate the modeling included (1) fits between
observed and predicted data; (2) Akaike criteria, lowered as
possible to minimize the gap between estimated and observed
data; (3) coefficients of variation < 30%; and (4) weighted
residuals versus time plot that must be randomized above and
below zero.

RESULTS

Using the WHO’s published observed (I) data, we modeled
I(t) in nine different countries (Fig. 2). We build S(t) using
simple linear regressions (Fig. 3). Using these estimated pa-
rameters, we simulated S(t), I(t), and R(t) curves of our SIR-
based model (Fig. 4). The kinetic parameters and model ade-
quacy criteria with the observed data are presented in Table 1.
All criteria were satisfactory, with the majority of the coeffi-
cients of variation below or at around 30% and correlation
coefficients greater than 0.9 for each modeling, showing a
satisfactory congruence of the model with the observed data.
Based on our models, two groups of countries could be

distinguished. Sweden (no lockdown) and the USA (variable
lockdown abruptly ended) (named as group 1) exhibited a
prolonged plateau of infections, (terminal t1/2β, 23 and 40
days), non-ending recovery (t1/2γ, 112 and 179 days), and R0
of 4.9 and 4.6, respectively. All other countries (named as
group 2) showed rapid decrease in infection (t1/2β ≤ 14 days),
accelerated recovery (t1/2γ ≤ 18 days), and R0 ≤ 1.5. In group 2,
New Zealand, France, Spain, and Germany with early-onset
and progressively ended lockdown showed Tlag ≤ 15 days
and ti ≤ 21 days, whereas the UK, Italy, and the Netherlands
(with delayed, area-dependent, and loose lockdowns,
respectively) exhibited Tlag ≥ 20 days and ti ≥ 30 days (Fig.
2).
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DISCUSSION

Our findings support the effectiveness of lockdown in reduc-
ing (I) and shortening the SARS-CoV-2 epidemic.
Lockdown-attributed effects on SARS-CoV-2 epidemic re-

gression can be satisfactorily modeled using pharmacokinetic

principles. Our affordable epidemiokinetic method relies on
the predictive power of the input function as a surveillance
tool. Although underestimated due to limited testing, (I) rep-
resents an actual sample allowing the confident quantifying of
SARS-CoV-2 spread irrespective of the country policy. We

Figure 1 The epidemiokinetic models used to calculate the parameters of the susceptible-infected-recovered (SIR)-based model adapted from
Tolles and Luong (2020). During the input phase, susceptible individuals (S) become infected (I). The infection rate constant (β) drives the input
in the infected compartment. During the output phase, infected patients recover (R). The recovery rate constant (γ) drives the output from the
infected compartment. I(t) (N/day) is fitted from the observed data (see Fig. 2a). S(t) can be fitted from the observed data (S given in %; see Fig.
2b) or simulated by using Eq. (3) and parameters (S0 (N/day) and β) estimated by fitting I(t). R(t) can be simulated by using Eq. (4) and

parameters estimated by fitting I(t) from the observed data (see Fig. 2a).

Figure 2 Rates of new SARS-CoV-2-infected individuals (I(t), N/day) fitted from the observed data in New Zealand (a), France (b), Spain (c),
Germany (d), the Netherlands (e), Italy (f), the UK (g), Sweden (h), and the USA (i). The observed data were collected from 23 Feb 2020 to 14

Jun 2020, from the World Health Organization.
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used (I) as epidemic progression rate rather than an absolute
dimension marker as done in epidemic surveys. This marker
allows fitting I(t), estimating β and γ, and thereafter simulat-
ing S(t) and R(t) to build the SIR-based model. Our approach’s
strengthwas to allow estimatingβ and Imax using simple linear
regressions. Hence, only three points (i.e., 10 days if a 3-
day interval collection period is chosen) would be neces-
sary. Our β estimates by fitting I(t) or S(t) were similar
(Table 1). Compared with the sophisticated susceptible-
exposed-infectious-recovered (SEIR) model,11 our method
allowed obtaining similar γ estimates for Spain (0.05
versus 0.04 day−1) and the second period in the USA
(0.004 versus 0.005 day−1). Our approach points to some
universality, suggesting that simple mean-field models are
helpful to evaluate epidemic kinetics and lockdown-
attributed effects.
Government-imposed social distancing was shown to re-

duce the daily case growth rate over time12 and presumed to
decrease R0 mainly by reducing β.8 Our findings supported
that coherent lockdown strategies divided t1/2γ by ~ 6.2-fold
and R0 by ~ 3.3-fold.We confirmed that lockdown alters inter-
individual SARS-CoV-2 transmission but showed that R0 is
preferentially steered by γ than β (~ 6.2- and ~ 1.5-fold
decrease in Sweden versus group 2 countries, respectively).
Interestingly, despite its heterogeneity, lockdown in the USA

resulted first in a ~ 2.7-fold and ~ 1.6-fold decrease of t1/2β and
t1/2γ, respectively, in comparison with Sweden, suggesting
that restrictions were effective. However, as suggested,11 the
abrupt deconfinement scenarios adopted later lead to a ~ 4.8-
fold and ~ 2.6-fold increase in t1/2β and t1/2γ, respectively, in
comparison to the initial period with a pattern similar to
Sweden, which deliberately chose a non-lockdown strategy.
Comparing pre-order with post-order slopes, US state-level
stay-at-home orders were shown to reduce confirmed case
rates.13 However, estimated cases increased in border counties
in Iowa without stay-at-home order compared with Illinois
with stay-at-home order.14 Consequently, re-ascension in (I)
since mid-June could be expected as actually observed in the
USA and several other countries worldwide.
Stringency of government responses to SARS-CoV-2 epi-

demic (scale, 1–100) did not predict their appropriateness or
effectiveness.10 Here, shorter Tlag and ti, attenuated Imax, and
shortened epidemic plateau duration were observed in coun-
tries with optimal restriction strategies, especially in New
Zealand with strict border control and where the lockdown
was started ≤ 1 month after the first SARS-CoV-2-infected
case, whereas it started ~ 1.5 months after the first case in
France, Germany, Spain, Italy, and the Netherlands and ~ 2
months after the first case in the UK and USA. Our data
support that early-onset lockdown with sufficient duration

Figure 3 Rates of regression of SARS-CoV-2-susceptible individuals fitted from the observed data in New Zealand (a), France (b), Spain (c),
Germany (d), the Netherlands (e), Italy (f), the UK (g), Sweden (h), and the USA (i). The observed data were collected from 23 Feb 2020 to 14

Jun 2020, from the World Health Organization.
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and progressive ending are the key determinants of effective-
ness, especially since SARS-CoV-2 contagion lasts ~ 14–20
days. Our data shows that early-onset lockdown was associ-
ated with reduced R0 especially in New Zealand where R0 was
~ 1, suggesting that lockdown was efficient to totally remove
the epidemic from the population. Interestingly, the more
recent figures of SARS-CoV-2 pandemic (October 2020)
confirmed that New Zealand is also the unique country among
those studied not to experience a second wave. Our findings
suggest that optimal lockdownmay prevent hospital saturation
and limit fatalities. Stay-at-home orders effectively deviated
cumulative hospitalizations for COVID-19 from their
projected bestfit growth rates.15

By analogy to pharmacology in which it is possible to
calculate both absorption and elimination half-lives, our meth-
od allows estimating the time-to-reach the plateau and epi-
demic length in each country (e.g., 3.3-fold t1/2β and t1/2γ,
corresponding to ~ 90% of the case accumulation and epidem-
ic regression, respectively). Hence, these times are prolonged
in group 1 versus group 2 countries (i.e., ~ 100 days versus ~
33 days and ~ 1 year versus ~ 38 days, respectively). However,
caution is requested due to the tremendous amount of uncer-
tainty surrounding what we do and do not know about this
virus and since the number of susceptible people in the pop-
ulation is unknown and may account for uncertainty of the

model. Additional conditions may also influence the epidemic
progression including early use of possibly effective treat-
ments, natural herd immunity, and population susceptibility.
Our study has significant limitations. Our model accounts for

smooth short-term variation in contamination reporting (e.g., for
weekend-related delays), but it may less account for larger
sources of variation between and within countries and over time.
However, since focused on the contamination progression
(slope), our approach is mildly dependent on the exact range
of contaminations on condition that testing was performed in a
similar manner during the whole study period in one given
country. Extremely large variations have been observed between
countries as well as within countries and over time in the intent
of their lockdown policies, and the fidelity of implementation/
adherence by their respective residents (e.g., enforceable/
enforced mandates versus recommendations). There were also
tremendous variations in other strategies intended to reduce
transmission such as universal facemask wearing, quality of
contract tracing, and availability of temporary housing for isola-
tion and quarantine.We acknowledge that our simplified model-
ing of SARS-CoV-2 transmission dynamics did not account for
all variations that are mandatory to be definitively useful for
policy and practice. We also acknowledge that we did not
provide direct comparisons between our simplified model and
alternative more complex models regarding the relevance to

Figure 4 Simulated S(t), I(t), and R(t) curves of our susceptible-infected-recovered (SIR)-based model (2C) in New Zealand (a), France (b),
Spain (c), Germany (d), the Netherlands (e), Italy (f), the UK (g), Sweden (h), and the USA (i).
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real-world clinical or policy decisions. However, different out-
puts from our model (e.g., the estimated time-to-reach plateau or
the epidemic length) could be used to inform a policy decision.
Health authorities’ decisions should almost certainly depend not
only on the derivative/marginal/relative changes in the rate of
transmission but also on the magnitude of transmission on an
absolute scale, as possibly provided by our outputs. Noteworthy,
interpreting the global transmission dynamics in the USA may
be simplistic since many if not most decisions are (and should)
be taken at the level of each single state. Finally, the main
question to be asked of lockdown policy effectiveness is not
categorical (does it work or not?) but rather a suite of more
nuanced questions related to the marginal contributions to trans-
mission reduction of various strategies and their combinations,
supporting our cross-country comparative study design.
To conclude, SARS-CoV-2 epidemic regression is well

described by our epidemiokinetic approach. Lockdown effec-
tiveness to reduce the infection growth rate and shorten the
epidemic is better predicted by its early onset and progressive
ending than its stringency. However, the optimal lockdown
strategy able to reduce demand on healthcare utilization and
fatalities remains to be determined.
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