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After the national lockdown imposed on March 11, 2020, the
Italian government has gradually resumed the suspended eco-
nomic and social activities since May 4, while maintaining the
closure of schools until September 14. We use a model of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) transmis-
sion to estimate the health impact of different exit strategies. The
strategy adopted in Italy kept the reproduction number R; at val-
ues close to one until the end of September, with marginal regional
differences. Based on the estimated postlockdown transmissibility,
reopening of workplaces in selected industrial activities might have
had a minor impact on the transmissibility. Reopening educational
levels in May up to secondary schools might have influenced
SARS-CoV-2 transmissibility only marginally; however, including high
schools might have resulted in a marked increase of the disease bur-
den. Earlier reopening would have resulted in disproportionately
higher hospitalization incidence. Given community contacts in Sep-
tember, we project a large second wave associated with school
reopening in the fall.

SARS-CoV-2 | reopening scenarios | mathematical modeling

Since the declaration of the COVID-19 pandemic (1), a large
number of countries worldwide have applied unprecedented
restrictive measures to prevent the disease from overwhelming
national health systems. The measures aimed at reducing the
number of social contacts by enforcing physical distancing, and
included different degrees of school closures, suspension of
nonessential productive activities, stopping of mass gatherings
and events, reduction of internal and international flights, and
individual movement restrictions (2). Italy, the first country to
experience a widespread epidemic in the western hemisphere,
was also the first country outside of Asia to impose a generalized
lockdown on March 11, 2020, allowing its citizens to leave their
homes only in selected circumstances, that is, medical needs,
grocery or pharmacy shopping, and commuting to work for es-
sential jobs, with all of the others suspended or converted to
smart working (3). These interventions have proven successful in
curbing the spread of the disease (4-6). At the same time, they
have imposed massive economic challenges and severely limited
individual freedoms with possible large-scale consequences for
mental health and well-being (7). After the lifting of lockdowns,
European countries, including Italy, have been successful in
limiting the incidence of infections throughout the summer, but a
second epidemic wave has swept them since the beginning of the
fall (8).

We retrospectively analyze the dynamics of COVID-19 since
the emergence of the epidemic in Italy until September 30, 2020
through an age-structured Susceptible-Infectious-Recovered
(SIR) model of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) transmission calibrated on daily hospital admis-
sions with a COVID-19 diagnosis recorded over the considered
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period. The aim of this work is to assess the health impact of the
lifting of lockdown in Italy, providing counterfactual scenarios
about alternative timing of reopening decisions and additional
reopening of different educational levels and society. The burden
of COVID-19 in the different scenarios is evaluated in terms of
hospital and intensive care unit (ICU) admissions and bed
occupancy.

Results

Baseline Model. The model considers an age-specific susceptibility
to infection (9) and is informed with detailed socioeconomic
data to account for heterogeneity in contacts by age and settings
(households; schools; workplaces; and in the community, further
distinguished into transportation means, leisure venues, and
other generic settings; Fig. 1 4 and B), changes of work atten-
dance before and during the lockdown (March 11) and in the
progressive reopening phases (May 4 and 18; Fig. 1C), hetero-
geneity in the risk of infection in the different employment
sectors (Fig. 1C), and changes of contacts in the community over
time (Fig. 1D). To reproduce the introduction of infection pre-
cautions (face masks, hand hygiene, surface sanitation), the

Significance

We use a mathematical model to evaluate the Italian exit
strategy after the lockdown imposed against the COVID-19
epidemics, comparing it to a number of alternative scenarios.
We highlight that a successful reopening requires two critical
conditions: a low value of the reproduction number and a low
incidence of infection. The first is needed to allow some margin
for expansion after the lifting of restrictions; the second is
needed because the level of incidence will be maintained ap-
proximately constant after the reproduction number has
grown to values close to one. Furthermore, we suggest that,
even with significant reductions of transmission rates, resum-
ing social contacts at prepandemic levels escalates quickly the
COVID-19 burden.

Author contributions: G.G., S.B., G.R,, S.I, M.A,, and S.M. designed research; V.M., G.G.,
B.M.R., F.B., P. Poletti, and F.T. performed research; V.M., G.G., B.M.R,, F.B., A.B., P. Poletti,
and F.T. analyzed data; and V.M., G.G., F.R., P. Poletti, F.T., P. Pezzotti, M.A., and S.M.
wrote the paper.

Competing interest statement: M.A. has received research funding from Seqirus. The
funding is not related to COVID-19. All other authors declare no competing interest.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution License 4.0
(CC BY).

V.M. and G.G. contributed equally to this work.
2To whom correspondence may be addressed. Email: merler@fbk.eu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2019617118/-/DCSupplemental.

Published January 7, 2021.

https://doi.org/10.1073/pnas.2019617118 | 1 of 8

n
w
=]
=
w
[}
@
-
<<
=
[=]
w
H


https://orcid.org/0000-0003-2842-7906
https://orcid.org/0000-0002-9296-9470
https://orcid.org/0000-0002-4024-9877
https://orcid.org/0000-0002-4976-631X
https://orcid.org/0000-0002-6615-4227
https://orcid.org/0000-0001-5453-5199
https://orcid.org/0000-0002-0805-2927
https://orcid.org/0000-0003-1018-7094
https://orcid.org/0000-0002-5956-9723
https://orcid.org/0000-0003-1753-4749
https://orcid.org/0000-0002-5117-0611
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2019617118&domain=pdf&date_stamp=2021-01-07
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:merler@fbk.eu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019617118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019617118/-/DCSupplemental
https://doi.org/10.1073/pnas.2019617118
https://doi.org/10.1073/pnas.2019617118

Downloaded by guest on January 10, 2021

A B

Household -
School .
c
Workplace - £
L Q
o
S
Transport H ﬁ’
Leisure o m
0-19 years
Other T 20-59 years
- 60+ years

T T T 1T T T T T T
0 1 2 3 4 5 6 7 8 9

T T 1
10 11 12

Average number of daily contacts in setting

O

70y+
65-69y
60-64y
55-50y
50-54y
45-49y
40-44y
35-39y
30-34y
25-29y
20-24y
15-19y
10-14y

5-9y

0-4y

Q 25-20y
Q. 30-34y 1

_ Scenario 1
100 ) Scenario 2
90 -  First Scenario 3
L detection Scenario 4
9 g 80 — oflocal Scenario 5
e transm. Scenario 6
g8 70 | (Feb21) Scenario 7
S i Scenario 8
€ — Reopening of H
£ o 60 School P Schools Scenario 9
S 2 gy | closures " reopened Scenario 10
productive i

S 2 (Mar 5) activities (Sep 14) Scenario 11
,5 S 40 National (May 4) Lifting of Scenario 12
T a lockdown lockdown Scenario 13
g3 30~ Mar 1) (May 18) Scenario 14
o c | transport ~ Scenario 15
ag 20 leisure Scenario 16
2 10 4 other Scenario 17
Scenario 18
0 - Scenario 19

TTTTT T I T T I T T I T T T I T T T I T T I I T ITTTT]

—TO0 T OO MOOYT 0N O

DDA S G N ) N SR T N

AN AN ANOO ST I WOHLWO© ONIMNODOWWODD

29999999%999%%9%9%99¢9¢%

O 0 0 000000000000 O O O

A AN AN AN AN AN AN AN AN NN NN NN

O O 0O 0O 000 00000000 O O O

AN AN AN AN AN ANANANANANANANNNNNNA

Fig. 1.

8000 -
Smart working since lockdown | "
* Reopened since May 18 =1
0
Reopened since May 4 [}
6000 | Always active 9 5 a
g -8 ¢ 8
g 23
— ©
i I
3 )
£ 4000 683
o 5 29
g 32
= 4 5
g 55
2000 — 3 0 =
C
& & 2 — %
> ) 1 =
o
0 - \ 0
3 @ O < @ o &
é\d"’ & S & O @
& &L F & PO
S R & oL
> F & & & O
& XN L F O &S
S ¥ &
o SN
5 & WK
participant
Pre—detection of local cases
Early days post-detection
All schools closed
Lockdown
Reopening of selected
productive activities
Lifting of lockdown
Lifting of lockdown
with reopening of:
kindergartens
up to primary schools
up to secondary schools
up to high schools
7z Transport, leisure and other
[TTTTT T T T I I T T T T I T T T T T I I IIITT11711 contacts as in pre-detection
R AT A3AIFIG IR G oflocal cases
AN ANNOOT IO O©ONNONDPDD D
299999292939299%9¢9¢98¢%
OO0 000000000000 00 OO
A AN ANANANANANANNNNNNANNNAN
OO0 000000000000 0000
AN AN ANANANANANANNANNNNNNNANA

(A) Mean number (bars) and 95% ClI (lines) of daily contacts by type of contact aggregated over three age groups (0 to 19, 20 to 59, and 60+ y old) as

estimated from the analysis of the contact diaries collected in 2007 for the Italian population by the POLYMOD study (17). (B) Heat map of the overall contact
matrix representing the mean daily number of contacts that an individual of a given age group has with other individuals, stratified by age group, used in the
model to represent contact rates in the predetection epidemic phase. The color of each cell represents the mean total number of daily contacts (scale on the
right). The contact matrix shown here is the mean of 300 bootstrapped contact matrices as obtained by the analysis of the contact diaries collected in 2007 for
the Italian population by the POLYMOD study (17) (S/ Appendix). (C) Workforce involved in different employment sectors who were physically present at
work throughout the lockdown, worked from home since the lockdown, or were suspended and then reopened at different times (data from ref. 31); red
diamonds represent the integrated occupational risk of exposure to SARS-CoV-2 in each sector (data from ref. 31; scale on the right y axis). (D) Proportion of
contacts over time with respect to the preepidemic period in transportation means, leisure venues, and other generic settings, derived from refs. 32, 33 (S/
Appendix). Main events and national government decisions for control of the COVID-19 epidemic are indicated. (E) Schematic representation of the timeline
of different phases considered in the actual interventions (scenario 1) and in 18 counterfactual scenarios.

model includes stepwise changes in transmission rates during
three disjoint periods: the early days of transmission (from the
start of simulations to February 20); the early days of response
and the lockdown (February 21 to May 3); and the reopening
phase (May 4 to the end of simulations).

The simulated epidemic matches well with the national curve
of daily hospital admissions with confirmed SARS-CoV-2 in-
fection (10) over the whole study period (Fig. 24). In addition,
the model is validated by comparing model estimates against
data and epidemiological quantities that have not been used for
model calibration. Specifically, the resulting temporal profile of
the net reproduction number R in simulated epidemic curves is
strikingly close to the one directly estimated from the observed
curve of cases by date of symptom onset, as reported to the
national surveillance system (10) (Fig. 2B; see SI Appendix for
details). Model estimates suggest that R, dropped below the
critical threshold of one in about 2 wk after the national lock-
down on March 11, consistent with observations from data (6);
afterward, R, remained systematically below one during the
lockdown period and then progressively increased to values close
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to one after the lifting of the lockdown on May 18; after the
reopening of schools on September 14, R; started to increase
again. The model additionally reproduces well the number of
hospital and ICU beds occupied at the peak (Fig. 2C) and at the
end of simulations (Fig. 2D) (11). The model estimates an
overall attack rate in the Italian population of 4.78% (95% CI:
2.01 to 10.51%) on September 30, 2020 and an average ascer-
tained proportion of infections equal to 9.4% (95% CI: 4.3 to
22.4%) until June 30 [similarly to previous estimates for Italy
(12)], and of 24.5% (10.5 to 58.0%) between July 1 and Sep-
tember 30. Furthermore, the estimated age-specific profile of the
attack rate is consistent with that observed in a large-scale
seroprevalence study in Spain (13) and estimated in most Eu-
ropean countries (14) (SI Appendix). We estimated that, soon
after the identification of the first COVID-19 case in Italy
(February 21), transmission rates decreased by 30% (95% CI: 14
to 43%), likely due to the awareness of the population and the
scale-up of local interventions (e.g., mandatory use of masks and
adoption of hand sanitizers for supermarket clients). From May
4 onward, we estimate a 44% (95% CI: 36 to 52%) reduction of
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at September 30, 2020

(A) Daily hospitalizations with COVID-19 over time in Italy, according to surveillance data (10) (gray bars) and as estimated by the baseline model,

scenario 1 (solid line, median; shaded area, 95% Cl). (B) Comparison of estimates of the net reproduction number Ry, averaged over a weekly moving window,
obtained from the daily number of symptomatic cases by date of symptom onset from surveillance data (10) (black solid line, median; shaded areas, 95% Cl)
and from estimates of the baseline model, scenario 1 (blue solid line, median; shaded areas, 95% Cl). (C) Peak hospital and ICU bed occupancy by patients with
COVID-19 according to official data (11) (dots) and corresponding baseline model estimates (boxplots: median, interquartile ranges, and 95% Cl). (D) Hospital
and ICU bed occupancy by patients with COVID-19 on September 30, according to official data (11) (dots) and corresponding baseline model estimates

(boxplots: median, interquartile ranges, and 95% Cl).

transmission rates with respect to predetection levels, possibly
ascribable to increased mask usage, sanitation precautions in
reopened commercial activities (bars, shops), and increased im-
pact of contact tracing operations, possibly determined by lower
incidence of cases. These estimates on reductions of the trans-
mission rates are in agreement with previous independent esti-
mates on the Italian context (12, 15).

Impact of Interventions. Model estimates calibrated on the actu-
ally implemented interventions (scenario 1) were compared
against 18 counterfactual scenarios aimed at showing what would
have occurred under different circumstances (Fig. 1E and Ta-
ble 1). We found that anticipating the lifting of the lockdown on
May 4 (scenario 2; Table 1 and Fig. 34) would have resulted in
25,997 (95% CI 8,189 to 66,114) cumulative hospitalizations
between May 4 and September 30, corresponding to 14,078
(bootstrap 95% CI: 13,866 to 14,382) excess hospitalizations
compared to the actual interventions, that is, a +118% increase
in cumulative incidence. We would additionally expect 1,498
(bootstrap 95% CI: 1,468 to 1,524) excess ICU admissions with
respect to the actual interventions. This additional burden is due
to the earlier stabilization of the net reproduction number close
to one, at a time characterized by higher incidence levels.

The additional reopening of educational levels up to second-
ary schools from May 4 to September 30 (scenarios 3 to 5) would
have had a limited impact on overall hospitalizations and ICUs
(Table 1); however, including the reopening of high schools
(scenario 6; Table 1 and Fig. 3B) would result in an excess of
77,401 (bootstrap 95% CI: 76,362 to 78,816) hospitalizations
(+649% period increase) and 8,317 (bootstrap 95% CI: 8,173 to
8,411) excess ICU admissions compared to the actual interven-
tions. The median ICU occupancy on September 30 in this
scenario is estimated at almost 2,100 beds (over 10 times the one
recorded at the same date), with a worst case of up to 6,700. For
comparison, the current maximum national capacity is 8,800 ICU
beds, of which 3,625 are COVID-19 dedicated.

Excess hospitalizations increased significantly with earlier
reopening: Lifting the lockdown on April 27 while keeping
schools closed (scenario 8; Table 1) would result in 36,703
(bootstrap 95% CI: 36,146 to 37,249) additional hospitalizations
compared to the actual scenario, compared to the 13,648 esti-
mated between April 27 and September 30 (+269% period in-
crease); anticipating the end of lockdown at April 20 (scenario
14; Fig. 3C) would produce 78,375 (bootstrap 95% CI: 77,753 to
79,462) excess hospitalizations, compared to the 16,604

Marziano et al.
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estimated between April 20 and September 30 (+472%). Com-
bining the ending of lockdown on April 20 with reopening of all
schools (scenario 18; Table 1) would have further amplified the
additional health burden of COVID-19: In this case, we estimate
325,352 (bootstrap 95% CI: 323,702 to 329,399) excess hospi-
talizations, that is, an over 20-fold period increase, and 36,966
(bootstrap 95% CI: 36,619 to 37,401) excess ICU admissions. In
the scenarios of a complete reversal to prepandemic contacts
(scenarios 7, 13 and 19; Table 1), a massive second wave would
have been experienced right after reopening. The temporal dy-
namics of counterfactual scenarios not shown in Fig. 3 are
reported in ST Appendix.

Fall Projections. We projected the number of hospitalizations
under the actually implemented interventions expected until
December 23, including the reopening of schools on September
14 and assuming no further interventions. Although the net re-
production number was already above the epidemic threshold by
the beginning of September (Fig. 2B), school reopening in a
context when almost all community contacts have been resumed
(Fig. 1D) and with a relatively higher incidence in the community
may hasten the epidemic growth and result in a large second
wave (Fig. 4). Hospitalization data for the month of October
were not used during calibration; thus the confidence intervals of
these projections are wide. By restricting projections to those
best reproducing hospital admissions between September 15 and
October 31, we project a peak of ~13,000 (range 5,000 to 25,000)
hospitalizations per day in absence of further interventions, that
is, a more than four-fold incidence compared to the peak ob-
served during the first wave (Fig. 4).

Subnational Analysis. In Italy, there was a clear north—south
gradient in the burden of SARS-CoV-2 infection during the first
wave, which, however, was not associated with a different path-
ogen transmissibility (6, 16) but rather with different timings of
introduction of the virus and relative timing of interventions. To
evaluate possible effects of subnational heterogeneities on the
effect of reopening strategies, we calibrated the model to sub-
national data, taking Lombardy, Lazio, and Campania as rep-
resentative regions for northern, central, and southern Italy.
These three regions represent over one-third of the Italian
population and are also home to the three largest metropolitan
areas in Italy (Milan, Rome, and Naples, respectively). The
model was equally able to reproduce the observed epidemio-
logical trend of daily hospital admissions in each region (10),
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Table 1. Characteristics of considered scenarios and simulation results
Reopening of Hospital bed ICU bed
selected productive Lifting of Schools Complete Cumulative Cumulative ICU occupancy on occupancy on
Scenario ID sectors lockdown reopened* reopening hospitalized cases cases September 30 September 30
Observed May 4 May 18 — No 95,076 (10) — 3,327 (11) 280 (11)
1 (actual May 4 May 18 — No 95,843 11,088 2,406 [329-8,552] 228 [33-779]
interventions) [63,597-140,269] [7,324-16,037]
2 — May 4 — No 110,764 12,647 5,905 [810-20,104] 575 [83—1,895]
[71,637—168,761]  [8,209—19,040]
3 = May 4 K No 114,197 13,020 6,829 [959-24,064] 663 [96-2,243]
[73,119-176,226]  [8,386—19,837]
4 — May 4 KP No 118,992 13,545 8,060 780 [113-2,621]
[75,621-188,231]  [8,651-20,834]  [1,079—28,083]
5 — May 4 KPS No 124,097 14,105 9,311 906 [133-2,964]
[78,221-200,305]  [8,944-22,308]  [1,277—31,364]
6 — May 4 KPSH No 175,302 19,537 21,015 2,074
[97,744-334,136] [11,142-36,332]  [3,067—68,574] [320-6,687]
7 — May 4 KPSH Yes 514,625 57,052 88,520 9,369
[216,832—1,049,453] [24,132—116,002] [22,572-235,129]  [2,395-24,695]
8 — April 27 — No 133,288 15,112 10,966 1,078
[83,118-217,441]  [9,520-23,883]  [1,600—35,804] [163-3,360]
9 = April 27 K No 140,154 15,821 12,712 1,248
[85,184-233,096] [9,784-25,622]  [1,837—41,427] [190-3,897]
10 — April 27 KP No 151,546 17,065 15,093 1,496
[89,636—254,764] [10,264—28,086]  [2,196—48,219] [230-4,620]
1 = April 27 KPS No 162,826 18,272 17,503 1,733
[93,852-281,858] [10,743-30,711]  [2,628-54,285] [270-5,221]
12 — April 27 KPSH No 279,040 31,316 35,513 3,680
[134,112-557,688] [15,408—62,136] [6,771—104,783] [738-10,567]
13 — April 27 KPSH Yes 693,107 79,265 71,184 7,920
[320,178—1,326,405] [35,525—15,1046] [14,729-207,311]  [1.677-22,874]
14 — April 20 — No 175,199 19,702 18,560 1,868
[100,967—303,521] [11,594-33,172]  [2,927-56,596] [303-5,588]
15 — April 20 K No 188,052 21,117 20,956 2,143
[105,408—327,889] [12,126-35,969]  [3,427-62,752] [354-6,175]
16 — April 20 KP No 210,768 23,518 24,511 2,486
[113,259-372,427] [12,977-40,682]  [4,112-73,466] [437-72,22]
17 — April 20 KPS No 232,739 26,046 27,419 2,815
[121,787-417,170] [13,872-45,712]  [4,691-82,160] [507-8,241]
18 — April 20 KPSH No 421,287 47,985 39,501 4315
[202,008-825,324] [23,179-93,677]  [8,529—119,580] [951-12,832]
19 — April 20 KPSH Yes 835,260 96,747 36,821 4211

[417,971-1,541,439] [48,681-178,010]

[5,423-143,778]

[590-16,219]

For all scenarios, all educational levels are closed on March 5 and reopened on September 14, and national lockdown initiates on March 11. For scenarios
reopening schools after lockdown, the natural summer break is assumed between June 10 and September 14 for all educational levels except kindergartens,
which are assumed to be closed between August 1 and September 14. Median and 95% Cl are reported for the cumulative number of patients admitted to a
hospital or ICU before September 30, and the hospital and ICU bed occupancy on September 30. Purple represents observed values, pink is the scenario
representing actual interventions, and different shades of blue differ by the date of lifting of lockdown.

*K, kindergartens; P, primary; S, secondary; H, high schools. Reopening is assumed on the same day the lockdown is lifted.

with estimated posterior distributions of parameters at the regional
level being largely compatible with national ones (SI Appendix).
The effect of reopening is projected to be heterogeneous
across regions in terms of cumulative hospitalization rates per
100,000 population (Fig. 5 A-C). In particular, the infection in-
cidence and the immune fraction at the end of lockdown are
estimated to be highest in Lombardy and lowest in Campania
(Fig. 5 D and E). This results in a projection of cumulative
hospital burden until the end of September that is expected to be
lowest in Campania (Fig. 5F), due to a combination of low in-
fection incidence at reopening (Fig. 5D) and a comparatively
younger demographic (SI Appendix). Lombardy, on the other
hand, would likely have the benefit of some reduction of trans-
missibility due to a nonnegligible fraction of immune individuals
estimated by the model (about 11%, compared to 2% in Lazio
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and 1% in Campania, Fig. 5E), so that its cumulated hospitali-
zation incidence is lower than Lazio (Fig. 5F), despite much
higher incidence levels at reopening.

Discussion

Our analysis shows that the governmental decision to reactivate
selected production sectors between May 4 and May 18 before
lifting most of the lockdown restrictions maintained the repro-
duction number at low levels (around 0.50 to 0.70), allowing the
prevalence of infection to decrease to lower levels. After May 18,
the reproduction number rose progressively to a value slightly
above one until mid-September, thereby resulting in a slowly
growing incidence. According to our simulations, anticipating
the lifting of lockdown on May 4 would have resulted in an ap-
proximately twofold incidence (+118%) of hospital admissions
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Fig. 3. Daily hospitalizations with COVID-19 over time in Italy, according to surveillance data (10) (gray bars) and as estimated in (A) scenario 2 (end of
lockdown anticipated to May 4), (B) scenario 6 (end of lockdown anticipated to May 4 + reopening of all educational levels), and (C) scenario 14 (end of

lockdown anticipated to April 20). Solid line, median; shaded area, 95% Cl.

over the period May 4 to September 30. This effect was even
more marked if lockdown restrictions had been lifted on April
20, with an almost sixfold incidence of hospitalization (+472%)
over more than 5 mo. This highlights the importance of timing in
exit strategies from lockdown during COVID-19 epidemics,
suggesting that a successful reopening requires two critical con-
ditions: a low value of the reproduction number and a sufficiently
low incidence of infection. The first is needed to allow some
margin for Ry to expand after the lifting of restrictions; the
second is needed because the level of incidence will be approx-
imately maintained constant after the reproduction number has
grown to values close to one. This interpretation is confirmed
when analyzing epidemiological trends across regions in the
postreopening phase; regional differences in hospitalization rates
are associated with the epidemiological conditions after the lifting of
lockdown (e.g., prevalence of infection and prevalence of immunity
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Fig. 4. Daily hospitalizations with COVID-19 (thousands) over time in Italy,
according to surveillance data (10) (gray bars, used for calibration; green
bars, additional data points) and as projected under the assumption that the
reopening of all educational levels and community contacts are maintained
unchanged until December 23, without further control interventions. Red
indicates projections from 10,000 model realizations; blue indicates the
subset of 1,000 simulations with highest Poisson likelihood over hospital
admissions occurring between September 15 and October 31. Solid line,
median; shaded area, 95% ClI.

Marziano et al.
Retrospective analysis of the Italian exit strategy from COVID-19 lockdown

in the population), without the need for assuming changes in the
underlying structure of contacts or transmission parameters.

We suggest that, under low prevalence levels and the reduced
overall transmission rates estimated for Italy in the postlockdown
phase, the reopening of lower educational levels (up to sec-
ondary schools) in spring might have had a marginal effect on the
burden and reproduction numbers of SARS-CoV-2. However,
the effect of school reopening may have been larger when
SARS-CoV-2 incidence in the community was more sustained,
and thus individual-level strategies (e.g., case isolation, contact
tracing) may be less effective. Potential challenges for public
health ensuing from transmission in schools are also highlighted
by our finding that reopening of all educational levels in spring
(including high schools) might have had a major impact on the
expected burden despite the limited time frame over which
schools would reopen (5 wk to 7 wk, depending on the consid-
ered scenario). This result is also reflected in our projections of a
brisk acceleration of transmission during the fall due to school
reopening under an almost complete resuming of social activity
(Fig. 1D) and given increased levels of community incidence.
However, we note that we are unable to quantify the effect of
protocols adopted to reduce transmission within school settings,
such as reactive quarantine of classes, mask usage, physical dis-
tancing among students, promotion of hand hygiene, air venti-
lation of rooms, and improved sanitation of surfaces. In addition,
classmates often have frequent contacts among themselves out-
side school buildings, for example, on transportation means,
during study groups, or in non—school-related activities such as
team sports. These contacts are not recorded as additional
contacts in the POLYMOD study (17), since only the primary
setting associated with a given contact is recorded. Therefore,
the adopted contact matrix cannot distinguish transmission oc-
curring properly within educational buildings from that related
to activities associated with school reopening. We do not ex-
plicitly consider a potential increase in community contacts oc-
curring among unemployed and suspended workers or students
not attending schools. Finally, our projections do not take into
account interventions being taken by the national and local
governments to contrast the ongoing second wave (8).

Our findings highlight the importance of maintaining smart
working for all job types for which it is sustainable: In a scenario
where we assume that, on May 4, schools were reopened and all
workers got physically back to work (thereby resuming the
amount of social contacts at prepandemic levels), even in
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Fig. 5. Subnational analysis for Campania, Lazio, and Lombardy. (A-C). Model estimated daily hospital admissions per 100,000 individuals under scenario 1
(actual interventions) after the lifting of lockdown in the three regions (solid lines, median; shaded area, 95% Cl). (D) Model estimated incidence of infection
per 10,000 individuals at the date of lifting of lockdown for selected scenarios (mean and 95% Cl). (E) Estimated proportion of immune individuals on May 18
(mean and 95% ClI). (F) Model estimated cumulative hospital admissions per 100,000 individuals under selected scenarios (mean and 95% Cl).

presence of a significant reduction of the transmission rates after
release of lockdown, the COVID-19 disease burden was expec-
ted to escalate quickly, with a median of 57,000 (and up to
116,000) cumulative ICU admissions by September 30 (Table 1).

The observed outcome of the Italian postlockdown exit strat-
egy depended on the reduction of overall transmissibility allowed
by the adaptation of human behavior (e.g., adoption of personal
protective equipment, improved hand hygiene, social distancing,
and adherence to governmental indications), societal organiza-
tion (e.g., reducing human density and improving sanitation in
shops, restaurants, and public transport; specific adjusted risk
management at workplaces; and increase of smart working) and
public health prevention measures (e.g., tracing, testing, and
isolation of contacts of cases; improvement of infection control
procedures in hospitals and long-term care facilities; and sys-
tematic testing of health care workers independently of the
presence of symptoms). Although these factors likely improved
continuously over time, they were summarized in the model as
stepwise changes in the transmission rates, due to the lack of
more granular data and to avoid overfitting issues in parameter
calibration. Despite this approximation, the model was able to
capture with excellent accuracy the observed temporal changes
of the effective reproduction number. In particular, there were
insufficient data to explicitly model the isolation of positive in-
dividuals (in hospitals or at home) and the precautionary quar-
antine of case contacts following tracing activities. We
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acknowledge the limitation that the effectiveness of these in-
terventions in reducing transmission may be dependent on the
prevalence of infection. We estimate that the case ascertainment
ratio during the summer, a period of low incidence, was about
25%, compared to less than 10% until June 30. The higher case
ascertainment allowed by a limited circulation of the virus likely
contributed to interrupt transmission chains and to maintain the
net reproduction number close to the epidemic threshold. In
counterfactual scenarios with higher incidence, we might expect
the contribution of contact tracing to the reduction of trans-
missibility to be limited by the saturation of available resources;
thus, our estimate of the excess hospitalizations and ICU ad-
missions may be optimistic.

During the lockdown, a number of work activities in each
considered employment sector remained open, as they were
necessary for the maintenance of Italy’s basic needs. The suc-
cessive reopening, between May 4 and May 18, of work activities
in selected critical sectors for the country’s economy (construc-
tion sites and manufacturing industries) did not result in a sig-
nificant additional burden of SARS-CoV-2 transmission. We
acknowledge limitations in the quantification of the integrated
occupational risks in some work sectors that may be character-
ized by specific prevention and protection measures (e.g., the use
of personal protective equipment and infection control precau-
tions among health care workers), or by specific work environ-
ment conditions (such as low temperature, high humidity, and
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great aerosolization in meat processing plants). However, sen-
sitivity analyses with respect to modifications in the integrated
occupational risks show that our conclusions are robust with
respect to these limitations (SI Appendix). We note that the
definition of the integrated occupational risks is strictly related
to country-specific production systems and processes, organiza-
tional and hygiene regulations, and practices related to housing
and transportation of workers; therefore, the specific integrated
occupational risks defined in this work cannot be directly gen-
eralized to other countries.

Additional model limitations are linked to the persisting un-
certainties on the contribution of children to overall transmis-
sion. There seems to be a consensus that children are less
susceptible to infection given exposure [between 29% and 69%
compared to adults, according to a review of eight different
contact tracing studies (18)], and recent analyses found no dif-
ference in infectiousness between children and adults (19, 20).
Several studies found equivalent viral loads in children and
adults (21-24), and transmission in schools (25) and other youth
settings (26) has been now widely documented. The assumptions
of our baseline model are consistent with these findings; how-
ever, our conclusions remained qualitatively robust when con-
sidering alternative hypotheses on child infectiousness and
susceptibility to infection, and relevant deviations occurred only
for scenarios including the opening of high schools (ST Appen-
dix). We did not consider possible differences between the in-
fectiousness of asymptomatic and symptomatic cases. The viral
load in symptomatic and asymptomatic individuals seems to be
similar (27-29); while symptomatic individuals may be shedding
more virus per unit time due to coughing and other respiratory
symptoms, on the other hand, they may expose a smaller number
of contacts, due to the higher probability of being detected and
isolated (whether at home or in a hospital). We stress the need
for updated contact surveys in Italy, since the only available di-
rect data on age-specific mixing patterns were collected in 2007
(17). Finally, we did not take into account possible changes over
time in hospital admission probabilities. In principle, there might
have been changes in criteria related to the severity of symptoms
requiring hospital admission in periods and regions of severe
hospital strain. However, we expect that such local and tempo-
rally limited changes had a minor effect on hospitalization rates
at the national level; this is reflected in the model’s ability to
correctly reproduce at the same time both trends in hospitali-
zations (Fig. 24) and trends in transmissibility (Fig. 2B) with a
temporally constant hospitalization rate.

This study provides a framework for assessing the health im-
pact of exit strategies from the COVID-19 lockdown, based on
data-driven modeling of social contacts, work attendance, inte-
grated occupational risks, human mobility, and time use. Similar
approaches, with different focus on the types of modeled con-
tacts, have been previously proposed to model COVID-19 exit
strategies (30). The proposed model structure does not realisti-
cally reproduce contacts in individual households, schools, and
workplaces, and therefore does not allow for specific inference
on the contribution to transmission of each of these routes. It
should rather be interpreted as a robust framework to model the
temporal evolution of epidemiological trends at the national
level via changes in age-specific contact patterns. The insights
provided here reinforce the need to wait for interventions to
bring the infection prevalence to low levels before reopening
productive and societal sectors, and caution against complete
resuming of prepandemic social dynamics (including physical
attendance at work for jobs that can be executed remotely) even
in the presence of important reductions in the transmission rates.

Materials and Methods

Baseline Model. We use a mathematical model of SARS-CoV-2 transmission,
informed with detailed socioeconomic data on 1) age-structured contact

Marziano et al.
Retrospective analysis of the Italian exit strategy from COVID-19 lockdown

rates, which allow estimating contacts relevant to the transmission of SAR-
S-COV-2 in the most critical settings; 2) human mobility and time use, which
allow estimating how contacts into transportation means (stations, trains,
buses, taxis, etc.), leisure venues (restaurants, bars, discos, sport facilities,
concerts venues, museums, parks, etc.), and other generic settings (shops,
offices, banks, etc.) have changed over time; 3) work attendance over time
(as determined by implemented mitigation policies, e.g., suspension of cer-
tain employment sectors, smart working) and integrated occupational risk
by employment sector, which allows characterization of the risk of infection
in the different employment sectors (health care, manufacturing, etc.).
Contacts within households were assumed to not change over time, while
school contacts are regulated by implemented policies on school closure.

The transmission model is an age-structured SIR model with a gamma-
distributed generation time with mean 6.6 d (27) and operates at the
country level (however, a regional implementation of the model was also
simulated to evaluate interregional epidemiological heterogeneities). The
model includes contacts in multiple settings, such as households, schools,
workplaces, and in the community (further distinguished into transportation
means, leisure venues, and other generic settings; Fig. 1 A and B) (17).
Workers are disaggregated into seven employment sectors (essential ser-
vices, health care, manufacturing, commerce, constructions, accommoda-
tion/food services, and others) and are assumed to have contacts at work
based on official data on age-specific workplace attendance in the different
sectors before and after lockdown. For each sector, we considered an as-
sociated occupational risk of SARS-CoV-2 exposure, estimated by the Italian
Workers' Compensation Authority (Fig. 1C and S/ Appendix) (31). Occupa-
tional risks by employment sector were obtained by combining three dif-
ferent indexes, estimated in ref. 31: 1) the exposure index, that is, the
likelihood to be in contact with potential sources of infection during work
activity; 2) the proximity index, that is, the intrinsic features of work activity
that cannot guarantee an adequate social distancing; 3) the aggregation
index, that is, work activities conditions that determine contacts with people
other than workmates.

We used publicly available data on human mobility (32) and time use (33)
to modulate temporal changes in community contacts ensuing from both
spontaneous behavioral response to risk perception by individuals and
governmental interventions (Fig. 1D and S/ Appendix). Fig. 1D also shows
key events of the COVID-19 epidemic in Italy, from the detection of the first
COVID-19 case in Italy (February 21) to the national closure of schools (March
5), the national lockdown (March 11), the gradual lifting of the lockdown
(May 4 and 18), and the reopening of schools in the fall (September 14).

We considered an age-specific susceptibility to SARS-CoV-2 infection
(i.e., the probability of developing infection upon effective exposure to an
infectious case with respect to a reference age group). Specifically, we used
the posterior distributions estimated by Zhang et al. (9): taking the age
group 15y to 64 y as the reference, we consider an average relative sus-
ceptibility of 0.33 (95% Cl: 0.24 to 0.47) for children under 15 y of age, and
1.47 (95% ClI: 1.16 to 2.06) for older adults (above 65 y). These values are in
line with those reported in seven other independent studies reviewed in ref.
18. We assume the same infectiousness across individuals of different ages.

A scaling factor for transmission in the days preceding the detection of the
first COVID-19 case in Italy (February 20) was computed using the next-
generation matrix approach (34) in such a way as to match the reproduction
number at the onset of the COVID-19 epidemics in Italy, estimated at about
three (6, 16, 27), in line with estimates from other parts of the world (30,
35-38). The reductions in transmission rates in the two successive periods
(until the end of lockdown and after reopening) were free model parame-
ters estimated via calibration.

The transmission model provides estimates of the age-specific daily inci-
dence of SARS-COV-2 infections from February 1, 2020 (20 d before the first
case of local transmission was confirmed by the Italian authorities) up to
September 30, 2020. We used information on 1) age-specific probability of
developing respiratory symptoms (39), 2) probability of requiring intensive
care (40), 3) delays between symptom onset and hospitalization and be-
tween hospitalization and admission to ICU (40), and 4) length of stay in
hospital and ICU (40) to estimate the daily incidence of cases admitted to the
hospitals and ICU and the daily number of occupied hospital and ICU beds.
The probability of hospitalization for individuals with respiratory symptoms
was a free model parameter estimated via calibration.

The baseline model accounting for the governmental interventions (sce-
nario 1; Fig. 1E) was calibrated by using a Markov chain Monte Carlo ap-
proach applied to the Poisson likelihood of observing the actual daily
number of COVID-19 hospital admissions until September 30 (10), as recor-
ded by the national surveillance system (described in ref. 16).

Modeling details are reported in S/ Appendix.
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Impact of Interventions. To evaluate the impact of governmental interven-
tions (scenario 1), we compared epidemiological outcomes experienced
under actual interventions with those obtained under a number of coun-
terfactual scenarios where the dates of reopening decisions are anticipated
and considering the additional reopening of different educational levels and
society (Fig. 1E). In particular, in scenario 2, we simulate the epidemic tra-
jectory by assuming that the lifting of lockdown is anticipated from May 18
to May 4, skipping the intermediate phase of reopening selected productive
activities; in scenarios 3 to 6, we additionally consider the progressive
reopening of educational levels (from kindergarten to high schools); in
scenario 7, we assumed that all leisure, transport, and other community
contacts, as well as work attendance and school openings, revert to the
prepandemic situation instantaneously after the end of lockdown (*com-
plete reopening”); in scenarios 3 to 7, schools close for the summer break on
June 10 and kindergartens close on July 30; scenarios 8 to 13 and 14 to 19
replicate the same assumptions as scenarios 2 to 7, but further anticipate the
date of lifting of lockdown by 1 and 2 wk, respectively (on April 27 and 20);
all educational levels reopen in all scenarios on September 14.

Fall Projections. We project model simulations until December 23 to simulate
the impact of school reopening in absence of further interventions, using
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10,000 model realizations. Because of the wide variability of the Cls, we
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likelihood of observing the recorded daily numbers of COVID-19 hospital
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Subnational Analysis. We recalibrated the model to hospital admission data
(10) in three large Italian regions (Campania, Lazio, and Lombardy), by
adjusting inputs for the population age structure and the estimated basic
reproduction number. Full details are reported in S/ Appendix.

Data Availability. Epidemic curves by date of symptom onset and hospital
admission have been deposited in Zenodo (10.5281/zenodo0.4300101).
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