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Background The outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has led to 101739 confirmed cases, in Italy, as of March 30th, 2020. While the analogous event in
China appears to be rather under control at the moment, the outbreaks in western countries are
still at an early stage of the evolution. Italy at present is playing a major role in understanding
transmission dynamics of these new infections and evaluating the effectiveness of control measures
in a western social context.

Methods We combined a quarantined models with early stage evolution data in Italy (during
February 20th - March 30th) to predict longer term evolution (March 30th, on ...) within different
control measures. Due to significant variations in the control strategies, which have been changing
over time, and thanks to the introduction of detection technologies leading to faster confirmation of
the SARS-CoV-2 infections, we made use of time-dependent contact and diagnose rates to estimate
when the effective daily reproduction ratio can fall below 1. Within the same framework we analyze
the possible event of a secondary infection after relaxing the isolation measures.

Outcomes and interpretation We study two simplified scenarios compatible with the observation
data and the effects of two stringent measures on the evolution of the epidemic. On one side the
contact rate must obviously kept as low as possible, but it is also clear that, in a modern developed
country, it cannot fall under certain minimum levels and for long time. The complementary
parameter tuned is the transition rate of the symptomatic infected individuals to the quarantined
class, a parameter ; connected with the time ¢t; = 1/d; needed to perform diagnostic tests. Within
the conditions of the outbreak in Italy this time must fall under 12-8 hours in order to make
the reproduction number less than 1 to minimize the case numbers. Moreover we show how the
same parameter plays an even more relevant role in mitigating the effects of a possible secondary
infection event.

Funding No funding has been provided by any private nor public actor beyond the current clinical

practice (National Health Service).

I. INTRODUCTION

The outbreak of the severe acute respiratory syndrome
coronaviruses (SARS-CoV-2) [1-3] has been defined pan-
demia on March 11, 2020 due to the global spread. The
respiratory droplet transmission is the main contagious
route of SARS-CoV-2, and it can also be transmitted
through contact [4]. The latency period is generally from
3 to 7 days, with a maximum of 14 days [5] and un-
like SARS-CoV, SARS-CoV-2 is contagious during the
latency period [6, 7]. In Europe, Italy is becoming a
particularly alarming and interesting place to study the
evolution of the epidemic also thanks to the detailed in-
formation offered the Italian Health organizations and
the relevant control measures adopted to prevent trans-
mission. Based on Chinese experience and the estimation
of transmission models published by Tang et al. [8, 9], we
develop an approach to the evolution of the SARS-CoV-
2 during the early stages of transmission in Italy (see
also ref. [10]). Our finding may be useful for inference,

forecasting or scenario analysis. Despite the fact that
epidemic is changing rapidly and our results have to be
considered an estimation, the models we are using can
be considered predictive and useful for the interpretation
of such an unexpected event. A key factor influencing
strongly the SARS CoV-2 outbreak evolution is the (ef-
fective) viral reproduction number (Ry) defined as the
mean number of secondary cases generated by a typi-
cal infectious individual on each day in a full susceptible
population, the mean Ry ranges was estimated from 2.24
(95%CI: 1.962.55) to 3.58 (95%CI: 2.894.39) in the early
phase of the outbreak in Cina [11]. Our aim is the study
of the relevant parameters of control strategies lowering
the reproduction rate of SARS-CoV-2 and mitigating the
consequences of the restoration of social normalcy. This
last aspect is studied in some detail to investigate the
measures to be taken to start restoration without run-
ning into strong secondary events [12].
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FIG. 1. Diagram of the model simulating the novel Coro-
navirus (Sars-CoV-2) infection in Italy. The population is
stratified in Susceptible (S), exposed (E), infectious but
not yet symptomatic (pre-symptomatic) (A), infectious with
symptoms (I), hospitalized (H) and recovered (R), quaran-
tined susceptible (S;), isolated exposed (E;) and isolated
infected compartments. Interventions like intensive contact
tracing followed by quarantine and isolation are indicated (cfr.
ref. [8]).

II. METHODS AND ANALYSIS

The model we use in order to parametrize the Ital-
ian outbreak is a generalized SEIR-type epidemiologi-
cal model which incorporates appropriate compartments
relevant to intervention such as quarantine, isolation and
treatment. The population is stratified in Susceptible
(S), exposed (FE), infectious but not yet symptomatic
(pre-symptomatic) (A), infectious with symptoms (I),
hospitalized (H) and recovered (R). Further stratifi-
cation includes quarantined susceptible (S;), isolated
exposed (E,) and isolated infected compartments (see
Fig. 1). The transmission equations read:
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and the parameters are illustrated in appendix and dis-
cussed in the next Section.

A. A time dependent quarantined model with
isolation

On March 8th, 2020, the Italian Government an-
nounced the implementation of restrictions for control-
ling the infection. Many cities and provinces (of different
sizes) applied the proposed measures. Control measures
have been adopted, like convincing all the residents to
stay at home and avoid contacts as much as possible.
From the mathematical point of view, this can signifi-
cantly contribute to decreasing the contact rate ¢ among
the persons. In addition the 2019-nCoV tests gradually
shortening the time period of diagnosis (i.e. the value
of d; increases constantly). Considering these control
strategies, we could tune the model on the concrete Ital-
ian conditions [13].

The equations of the model, shown in Egs. (1)-(8), con-
tain parameters explicitly dependent on time. In partic-
ular the contact parameter ¢ and the transition rate of
declared infected individuals d; (cfr. refs. [8, 9]).

The time-dependence is parametrized as
ot > to) = (c(t =to) — ca)e "1 fcy, (9)

where ¢,/co = 0.2, t = 0 is fixed at February 20th and
to selects the initial day of a rapid implementation of the
isolation measures for the entire population. At the same
time the parameter §; fixing the transition rate to quar-
antine of the infected individuals (¢; = 1/d;) increases

parameter time dependence
1 :
re = 0.33 day !

5[(t)/(51(t — OO)

25 30 35 40
Days after February 20th, 2020

FIG. 2. (color on line) Modelling the variation in time of the
contact rate per person c(t) (c(t = 0) = co) and of the rate
from infected to quarantined classes d7(t) (cfr. Egs.(9),(10)).
The increment of the number of tests performed on the popu-
lation is also graphically shown in the lower part of the figure
to illustrate the consistence of the parametrization chosen.
Data from refs. [14, 15].
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FIG. 3. (color on line) upper panel: The per-day number
of tests performed in Italy in the last weeks.

lower panel: Percentage of positive test per day. The av-
erage value is also shown (continuous horizontal line). Data
from refs. [14, 15].

because of a decreasing of the testing time:
tr(t) =[01(t>to)] ' =
= {[61(t = t0)] " — [61(t > to)] 71} e o) 4
+ [67(t > to)] 7t (10)

In Fig. 2 the behavior of the two parameters as a function
of time. The rate of change r. = 0.33 day~! assumes the
same values for the gradually changing quantities.

The parametrization (10), in particular, is chosen to
simulate the behavior of screening system to select in-
fected (and a-symptomatic) individuals. In Fig. 3 (upper
panel) the per-day number of tests performed in Italy in
last weeks are explicitly shown. The number increases in
time following the adopted measures, an enhancement co-
herent with the parametrization (10) as already empha-
sized in the caption of Fig. 2. On the other hand if one
compares the behavior of the number of tests as shown in
Fig. 3 (upper panel) with the percentage of positive test

(lower panel), one can conclude that the percentage is
basically stable (around 22%) while the number of tests
increases: a clear signal of the increased rapidity of the
screening results.

B. The effective (daily) Reproduction number

The next generation matrix (cfr. refs. [16, 17] has been
used in refs. [8, 9] to derive an expression for the effective
(daily) reproduction number which includes parametriza-
tion of the control measures. One has:

Ro(t > t9) = {W—F
ECOLACLY) “‘ﬂ St=t), (1)
YA

and it depends on time if the contact rate coefficient c
and the quarantine rate d; are time dependent.

III. RESULTS
A. DModelling the early days of the outbreak

The present Section is devoted to the study of the evo-
lution of the epidemic event in Italy and the relevant
parameters useful to mitigate the effects.

One can preliminarily look at the general behavior of
the Infected compartment numbers, as shown In Fig. 4.
The upper panel is in logarithmic scale in order to fit dif-
ferent models. In particular the simple SIR model (con-
tinuous green curve, Ry = 3.4) largely exceed, in the
hot period of the peak, the number of infected whose 5%
needs intensive care (a rough estimate following the ex-
perience in China). The t-independent SEIR model con-
taining all the stratified compartment as described by the
Egs. (1)-(8), largely lowers the peak value (cfr. [10] with-
out reproducing the general behavior of the data (yellow
squares), while the introduction of time dependence gives
a prediction rather close to the observed cases. The lin-
ear curve (lower panel) only specifies the details and can
be useful for further reference.

Let us now enter the discussion of the reproduction
number. We investigate different scenarios in order to
understand the effects of possible mitigation measures.
We make reference to Fig. 5.

(A) Scenario (A) refers to the time-independent SEIR
model (cfr. upper panel of Fig. 4. The effective re-
production number is constant (cfr. Fig. 5). With
the parameters of table I fitted on the Wuhan out-
break [8] and renormalized to reproduce the early
data in Italy [10], one obtains Ry = 4.9. The value
of ¢ = ¢y = 2 day~! is rather low compared with the
Wuhan rate (co ~ 15 day~!) reflecting the different
homogeneities of the two countries and the differ-
ent social organization. It is shaped on the limited
number of contacts after the control measures. The
large value of the reproduction number results in a
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FIG. 4. (color on line) upper panel: The daily Infected
population in Italy as a function of the number of days af-
ter February 20 (day= 0) in a logarithmic scale. The yellow
squares show the Italian data of the infectious population.
The results take into account the variation in time of the
measures and diagnose. In particular the decrease of the con-
tact rate due to lack of contact for people solicited to remain
home (see Eq. (9)) and the shortening of the diagnose tests
(from 7 days to 8 hours (full curve), see also Eq. 10. The re-
sults are compared with a simple (time independent) SEIR-
model including isolation and quarantine [8, 10] (dotted line)
and a basic STR-model predictions (Ry = 3.4). Data from
refs. [14, 15].

lower panel: The results, of the time dependent model in
linear scale, for the Infected population are compared with
data.

large outbreak hardly mitigated by isolation and
quarantine. In particular the model assumes a rate
of infected to quarantine of 7 days, a large inter-
val of time before isolating a-symptomatic individ-
uals. A hard consequence is related to the relative
low number of intensive care units available as in-
dicated in the same Figure by the red horizontal
line.

Effective daily Reproduction number

5 L 4
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Days after February 20th, 2020

FIG. 5. (color on line) The effective daily reproduction num-
ber as a function of time from Eq.(11) and within the different
scenarios (A), (B), and (C) discussed in Section III.

(A): SEIR time independent model, large and constant Ro =
4.9. (B): SEIR time-dependent model. Reduced contact rate
according to distancing measures; ¢ = ¢o = 2 day'. Diag-
nostic time t; reduced from 7 days to 8 hours. (C): SEIR
time-dependent model. Reduced contact rate according to
distancing measures; ¢ = ¢o = 2 day !. Diagnostic time t;
reduced from 3 days to 8 hours. (D): (cfr. Section IV) SEIR
time-dependent model with combined effects of the reduction
of contact rate (9) and screening diagnostic time (10).

(B) Scenario (B) takes into account the time reduction
of the screening test as parametrized in Eq.(10) in
coherence with the test analysis of Section ITA. In
scenario (B) the time reduction is from 7 days to
8 hours, while the contact rate is fixed and as low
as ¢ = 2 day~!'. The net result is that the re-
production number can have values lower than 1,
switching the outbreak off. The limiting values are
R (t =to) = 4.9 and RP) (t > t,) = 0.74. Fig. 5
illustrates the scenario as described in the caption.

(C) Scenario (C) is analogous to scenario (B) with ¢ = 2
day~! and time reduction of the screening proce-
dures from 3 days to 8 hours. Also in this case the
reproduction number can have values lower than 1
and the limiting values are RE)C) (t =tp) = 3.4 and

R(()C)(t > tg) = 0.74. Fig. 5 illustrates the Scenario
as described in the caption.

B. Modelling the near future: secondary effects

Italy has been the first western country involved in the
epidemic outbreak SARS-CoV-2. After 39 days (March
30th) the evolution is still a first expanding phase. How-
ever after almost 20 days of isolation the perspective of
relaxing, at least partially, the distancing measures is ap-
pearing in many discussion at different levels.
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This section is devoted to the quantitative study of a
possible secondary event.

The time dependent model, in this case, can be used
as a parametrization of the infected behavior and as a
framework to estimate secondary effects.

Let us assume that at a given day (as a first hypoth-
esis we fixed May 1st, 2020) the containment measures
are totally or partially relaxed. The time evolution of
the contact rate could be described as in Fig. 6. The
isolation value, as discussed in the previous section, as-
sumes the limiting value ¢ ~ 0.2 (isolation), and at day =
70 (from February 20th) the isolation is interrupted and
the normalcy activated. Two scenarios are introduced:
a fully return to the previous style of life (rather unlike,
but it represents a reference point) and a more realistic
scenario with half isolation.

Assuming the parametrization of table I (see Ap-
pendix) and § = 0.9 as the portion of pre-symptomatic
population, one can easily fit the present behavior of
the Infected compartment members. (cfr. Fig. 7, up-
per panel, dashed curve). The good comparison between
data and model can be valid for a short time, but we are
not interested in reproducing the exact numbers, but the
relative effects of a possible secondary event. The occur-
rence of a secondary event is unavoidable since the first
outbreak did not exhaust its virulence: when normalcy is
activated a second peak appears enhancing the tail value
of the distribution.

Guided by the analysis of the effects due to the techno-
logical developments in the screening phase done in the
previous sections, on can try to see again their effect in
the present secondary event and the results of such an
investigation are shown in the lower part of Fig. 7. One
leaves the model evolving till day = 70 (May 1st) within
the most strict measures (isolation), the same measures
producing the best fit. May 1st one relaxes (partially
or totally) the isolation control, the model will evolve
following the new initial conditions fixed at that date.
The peak of a new (secondary) outbreak appears and
its maximum value and duration depend on the rest of
the parametrized conditions. Particularly relevant, once
again, the value of t; = 1/6; reached during the transi-
tion time to normalcy. Lowering the diagnostic time to
tr =~ 7 hours, or t; =~ 5 hours has the power to miti-
gate substantially the secondary events, in particular if
one keeps ”half isolation” (as schematically designed in
Fig. 6).

IV. DISCUSSION

Our results on the numerical values of the (effective
daily) reproduction number Ry show that a social dis-
tancing of 2 contacts per day is not effective to reduce
its value below 1.7, even with a test rapidity t; = 1 day
to quarantine infected people. Our study suggests that
the two parameters have to be activated at the same
time. Requesting strict social distancing without reach-
ing a critical value for Ry in a reasonable number of days
risks a failure and the lose of faith in the adopted mea-

regular rate contacts
1 4
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FIG. 6. Time behavior of the contact rate simulating a possi-
ble secondary event in Italy at day=70, after February 20th,
when the stringent measures of isolation are hypothetically re-
laxed. Two scenarios are introduced, the scenario of a rapid
return to the old style of life (regular rate contacts), and a
more realistic scenario where only half of the regular contacts
are activated.

sures. The most favorable Scenarios (D) and (E) (cfr.
lower panel of Fig. 4) need from 10 to 15 days before
reaching values of Ry < 1 despite a screening rapidity
of 8 hours (from a starting point of 3 days). The iner-
tia of the distribution can force the time interval up to
one month before seeing visible effects. The improvement
of rapid diagnosis of SARS-CoV-2 with automation and
large number of sample processing, is essential in order
to implement infection prevention measures lowering Rg
significantly.

After March 8th, the measures proposed to reduce the
social distancing in Italy have been enhanced each week
in order to lower the contact rate (already as low as 2 con-
tact per day, as assumed in the scenarios of Section III.
The combined effect of the imposed isolation and a strong
reduction of screening time can be seen in the lower curve
of Fig. 5 (scenario (D)). The cumulative effect reduces the
delay from 10 days to 5 days to reach Ry ~ 1 and in a
further 5 days Ry ~ 0.15, a value drastically low to see,
day by day a 30% reduction of new infected people each
day. The corresponding parameters are ¢ =~ 1 contact per
day and t; =~ 10 hours.

These results seem to be fully consistent with the Com-
ment by Anderson et al. [12].

The flexibility of the model we are using can allow
the introduction of the effects of such further control
restrictions. Eq. (9) shows how such a measures have
been further implemented reducing the contact rate from
c(t = tg) = co = 2 day ! to c(t > ty) ~ 0.4. In this
case the reproduction number assumes the limiting val-
ues R{”)(t = to) = 3.4 and R{”)(t > t;) = 0.15. Figs. 5
shows graphically the outcomes. The time interval to re-
duce the reproduction number to be less than 1 is dras-
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FIG. 7. (color on line) upper panel: The time dependent
model used to fit the data of infected in Italy (refs. [14, 15])
(dashed line) is then utilized to obtain a simulation of the re-
action of the system to a reduction of the distancing measures
at day = 70 and within the two different scenarios of Fig. 6.
Strong secondary events are present in both cases.

lower panel: If, at day = 70, half isolation measures are
activated and, at the same time, the rapidity (¢7) of the di-
agnostic tests is reduced from ¢; &~ 8 hours (dashed line), one
can substantially mitigate the effect of the secondary peak
(continuous line). As examples: the red dotted line assumes
a reduction from 8 to &~ 7 hours, the blue dotted line from 8
hours to =~ 5 hours.

tically lowered and (probably) one can even see such an
effect already at the early stage of the epidemic looking at
the recent data on upper panel of Fig. 5 (yellow squares).

The same approach can be applied to evaluate the evo-
lution of an epidemic secondary event at the moment of
a partial relaxation of the isolation measures adopted.
Our findings manifest an unavoidable occurrence of sec-
ondary events, however they can find our countries pre-
pared thanks to the delay obtained in the first phase by
means of isolation. The strategy to implement is largely
based on technological resources opening a new era of

fast screening. For a deeper discussion of the results one
wonder if the choice of the moment can influence the sec-
ondary event in a substantial way. The need of saving
the intense care from a large peak of presence pushes the
inertia of the event to produce a long time tail it is very
hard to keep isolation for a corresponding period. How-
ever one can analyze the effects of shift in time. In Fig. 8
the results of this further analysis. The technological im-
provement of the screening process remains the relevant
mitigation ingredient and the structure of the secondary
event does not change enough to suggest a further delay.

a final comment

Italy is the first European country experiencing the
pandemic SARS-CoV-2 event in a massive way. Find-
ing adequate measures against the invasion of a new
(and dangerous) virus is requesting an extraordinary
and epochal effort which has to generate social measures
rather unknown and able to modify the social behavior
deeply, both at the personal and collective level. The
single person is experiencing a fully new horizon and the
death of a certain portion of aged people are cutting the
only link with an experience able to react with a verified
effective way. The witness given by the medical person-
nel is an example that such a link has been fructose. The
present work has been motivated by the (even remote)
possibility that the scientific approach to the pandemic
event can help to assume the most efficient measures.

It is evident that a pandemic event can be stopped
(mathematically) only by a large amount of insensible
people. Waiting for a vaccine able to increase the number
of insensibles, the generic arms we have are restricted
to isolation and quarantine. However the present study

x104

-

— -t-dep. model
~ half isolation|
\ === t; & 5 hours
\ weeet; & 7 hours |

\ o data Italy

-t

o N £ (<2} o o N
/
4

I (number of infected)

50 100 150 200
days after February 20th

o

FIG. 8. (color on line) If at day = 162 (August 1st), half
isolation measures are activated and, at the same time, the
rapidity (¢r) of the diagnostic tests is reduced from t; ~ 9
hours (dashed line), one can substantially mitigate the effect
of the secondary peak (continuous line) . As examples: the
red dotted line assumes a reduction from 9 to &~ 7 hours, the
blue dotted line from 9 hours to =~ 5 hours.
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offers a second evidence that the highest technological
level of our civilization can generate a reaction of such
a short time in screening population and individuals to
put in isolation, that the obvious consideration that the
contact rate cannot be reduced under a minimum level
is contrasted efficiently by the drastic reduction of the
needed time t; for an isolation decision.
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Research in context

Evidence before this study

We searched PubMed, BioRxiv, and MedRxiv for ar-
ticles published in English from inception to Feb 20,
2020, with the keywords 2019-nCoV, novel coronavirus,
COVID-19, SARS-CoV-2 AND reproduction number
Italy, Italy transmission. We found several estimates of
the basic reproduction number (Ry) of severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2), including
average exponential growth rate estimates based on in-
ferred or observed cases at a specific time-point and early
growth of the outbreak. However, we identified no esti-
mates of how Ry had changed in Italy since control mea-
sures were introduced in March or estimates that jointly
fitted data within Wuhan and Italy and no estimate of
secondary effects in Italy.

Added value of this study

In our study we estimate how transmission has varied
over time in Italy, identify a decline in the reproduction
number in late as a function the introduction of large
scale control measures, and show the potential implica-
tions of estimated secondary effects.
Implications of all the available evidence

SARS-CoV-2 is currently showing sustained transmis-
sion in Italy, with substantial risk of outbreaks in differ-
ent areas. However, the implement of rapid technologies
during screening phase can largely influence the value
of the reproduction number and support a (partial) re-
laxation of the isolation measures without introducing a
large risk of secondary outbreaks.
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TABLE I. Parameters of the SEIR model description of the
Wuhan outbreak.

Parameter Definition

Estimated Value

TABLE II. default

Initial values Italy Wuhan

N 6-107 1.1-107
E(0) 100 105
1(0) 3 28

A(0) 100 53
S,(0) 0 739
E4(0) 0 1

H(0) 0 1

R(0) 0 2

Appendix A: Parameters and tables

We summarize in the table I of the present appendix
the parameters of the SEIR-type model as proposed by
Tang et al. in ref. [8]. Table II is devoted to summarize
the initial conditions imposed to the SEIR solutions in
the numerical calculation.

c Contact rate 14.781
Probability of transmission
B per contact 2.1011-1078
Quarantined rate of exposed
q individuals 1.8887-10°7
Transition rate of exposed
o individuals to the infected 1/7
class
Rate at which the quarantined
A uninfected contacts were 1/14
released into the wide
community
Probability of having
0 symptoms among infected 0.86834
individuals
Transition rate of symptomatic
or infected individuals to the 0.13266
quarantined infected class
Transition rate of quarantined
0q exposed individuals to the 0.12590
quarantined infected class
Recovery rate of symptomatic
vr infected individuals 0.33029
Recovery rate of asymptomatic
YA infected individuals 0.13978
Recovery rate of quarantined
YH infected individuals 0.11624
@ Disease-induced death rate 1.7826 - 107°
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