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Abstract

Background: The difficulty in identifying SARS-CoV-2 infections has not only been

the major obstacle to control the COVID-19 pandemic but also to quantify changes

in the proportion of infections resulting in hospitalization, intensive care unit (ICU)

admission, or death.

Methods: We developed a model of SARS-CoV-2 transmission and vaccination

informed by official estimates of the time-varying reproduction number to estimate

infections that occurred in Italy between February 2020 and 2022. Model outcomes

were compared with the Italian National surveillance data to estimate changes in the

SARS-CoV-2 infection ascertainment ratio (IAR), infection hospitalization ratio (IHR),

infection ICU ratio (IIR), and infection fatality ratio (IFR) in five different sub-periods

associated with the dominance of the ancestral lineages and Alpha, Delta, and

Omicron BA.1 variants.

Results: We estimate that, over the first 2 years of pandemic, the IAR ranged

between 15% and 40% (range of 95%CI: 11%–61%), with a peak value in the second

half of 2020. The IHR, IIR, and IFR consistently decreased throughout the pandemic

with 22–44-fold reductions between the initial phase and the Omicron period. At

the end of the study period, we estimate an IHR of 0.24% (95%CI: 0.17–0.36), IIR of

0.015% (95%CI: 0.011–0.023), and IFR of 0.05% (95%CI: 0.04–0.08).

Conclusions: Since 2021, changes in the dominant SARS-CoV-2 variant, vaccination

rollout, and the shift of infection to younger ages have reduced SARS-CoV-2 infec-

tion ascertainment. The same factors, combined with the improvement of patient
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management and care, contributed to a massive reduction in the severity and fatality

of COVID-19.

K E YWORD S

IFR, IHR, infection ascertainment ratio, infection fatality ratio, infection hospitalization ratio,
SARS-CoV-2

1 | BACKGROUND

The COVID-19 pandemic has been characterized by an ever-changing

epidemiological situation, forcing almost every country in the world to

face a series of major challenges.1 During the first pandemic year,

strict non-pharmaceutical interventions (NPIs) were widely adopted

to counter the spread of SARS-CoV-2 and prevent health care sys-

tems to be overwhelmed. These included social distancing restrictions

culminating in nation-wide lockdowns, school closures, and mandatory

face masks.2–6 In Europe, the second pandemic year was character-

ized by a progressive relaxation of restrictions, the rollout of COVID-

19 vaccination campaigns,7 and, concurrently, by the emergence of

new SARS-CoV-2 variants of concern.8–12

One of the main obstacles to pandemic control has been

represented by underreported and underdiagnosed SARS-CoV-2

infections. Because of the difficulties in quantifying the extent of

unobserved SARS-CoV-2 transmission over time, many aspects of

the temporal changes in COVID-19 epidemiology that occurred over

the course of the pandemic remain unclear. Infection ascertainment

ratios (IARs) likely changed over time because of the improvement in

testing capacity, the increasing availability of diagnostics tests (also

sustained by the development of quicker and cheaper antigen-based

detection technologies), the varying intensity of contact-tracing, the

shift of infections towards segments of the population less likely to

develop symptoms, differences in pathogenicity associated with

SARS-CoV-2 variants, the impact of external regulations (e.g., the

requirement of a negative test result to access workplaces or com-

munity indoor spaces in absence of vaccination), and changes in the

people’s attitudes and behavior related to SARS-CoV-2 testing or in

the self-perception of symptoms associated with COVID-19. If the

actual number of SARS-CoV-2 infections is unknown, it is challenging

to provide a solid estimate of the proportion of infections resulting

in adverse outcomes (e.g., the infection fatality ratio [IFR]), which are

crucial to inform the design and implementation of public health

policies.

In this study, we propose a novel approach to quantify the

daily number of SARS-CoV-2 infections in Italy, using a mathemati-

cal model of SARS-CoV-2 transmission informed with estimates of

the time-varying reproduction number Rt13 and data on COVID-19

vaccine uptake.14 SARS-CoV-2 infections obtained through the

model are then compared with integrated surveillance data15 to

assess temporal changes in the IAR, the infection hospitalization

ratio (IHR), the infection intensive care unit (ICU) ratio (IIR), and

the IFR.

2 | METHODS

We developed an age-structured stochastic model, based on a

susceptible-infectious-removed-susceptible (SIRS) scheme,16,17 to

simulate SARS-CoV-2 transmission and vaccination in Italy between

February 21, 2020 (when the first locally transmitted case was

detected) and February 20, 2022 (Figure S1). We divided the 2 years

of simulation into five phases (background colors in Figure 1A). The

first two phases are associated with the circulation of ancestral SARS-

CoV-2 lineages, and they distinguish the first pandemic wave includ-

ing the national lockdown (Phase 1, from February 21, 2020 to the

end of June 2020) and a second phase characterized by a new

upsurge of cases in fall 2020 and by the start of the COVID-19 vacci-

nation campaign on December 27, 2020 (Phase 2, from July 1, 2020

to February 17, 2021). The three remaining phases correspond to the

periods of dominance of different SARS-CoV-2 variants in Italy: Alpha

(Phase 3, from February 18, 2021 to July 1, 2021), Delta (Phase

4, from July 2, 2021 to December 23, 2021), and Omicron BA.1

(Phase 5, from December 24, 2021 to February 20, 2022).19 Conven-

tional dates of transition between variants were chosen based on esti-

mates of the prevalence of SARS-CoV-2 lineages from genomic

surveillance data in Italy (Table S1).19 The model population is strati-

fied by age (namely, 17 5-year age groups from 0 to 84 years plus one

age group for individuals aged 85 years or older). Mixing patterns

across ages are assumed to be heterogeneous as estimated in the

study of Mossong et al.20 At the beginning of the simulation, SARS-

CoV-2 infection is seeded in a fully susceptible population, and the

number of initially infectious individuals is determined in such a way

to match COVID-19 deaths reported by the surveillance system in the

first ancestral phase (Figure S3).

The SARS-CoV-2 transmission rate on a given day was estimated

in such a way that the model reproduction number (estimated via the

Next Generation Matrix approach21,22) matches the time-varying

reproduction number Rt as estimated from the epidemiological sur-

veillance data (specifically, the number of new symptomatic cases by

date of symptom onset, Figure 1A).13,15,23,24

The model keeps into account the dynamics of age-specific popu-

lation immunity because of SARS-CoV-2 infection and vaccine uptake

of the first, second, and booster doses (Figure 1B).14 In the model,

individuals are considered eligible for vaccination, independent of a

previous SARS-CoV-2 infection. Vaccine protection is assumed to be

“leaky”, that is, successfully vaccinated individuals are partially

immune with a relative risk of infection that depends on the

SARS-CoV-2 variant and on the number of doses received.25–27
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Breakthrough infections (i.e., infections in vaccinated individuals) are

assumed to be half as infectious as those in unvaccinated

individuals.28,29

Natural infection provides complete protection against re-

infection with ancestral lineages and Alpha and Delta variants,

whereas we assume a partial cross-protection against Omicron BA.1

(set at 56%30). The case of a lower level of cross-protection (set at

13%31) is explored in a sensitivity analysis (Table S4). Protection

against re-infection is assumed to wane exponentially after recover-

ing from a natural infection with an average duration of 2 years over

all periods considered.32 Alternative durations for the protection

against re-infection are explored for sensitivity analyses (1 and

10 years, Table S4). We consider waning of protection from

vaccine-induced immune response only in the Delta and Omicron

phases.25–27 Waning of vaccine protection during the ancestral and

Alpha phases is not considered; indeed, ancestral lineages were

replaced by the Alpha variant a few weeks after the start of the

vaccination campaign in Italy, and the waning of vaccine protection

estimated in the literature during dominance of the Alpha variant is

negligible.26,33 Accordingly, we consider variant-specific average

durations of protection after two doses of vaccine and after a booster

dose.34 Shorter and longer durations of vaccine protection are

explored in the sensitivity analyses (Table S4). Further details on the

model and parameter values are provided in the Supporting

Information (Table S2).

We estimated the SARS-CoV-2 IAR, IHR, IIR, and IFR as the num-

ber of SARS-CoV-2 ascertained infections, the number of hospitalized

COVID-19 cases, the number of COVID-19 cases admitted to an ICU,

and the number of COVID-19 deaths, respectively, divided by the

number of SARS-CoV-2 infections estimated by the model (Figure 2

and Table S3). All the numerators refer to numbers reported to the

Italian Integrated Surveillance System.15 All the metrics were com-

puted across the five considered phases, assigning reported infections

to phases based on their date of diagnosis.

F I G U R E 2 Schematic representation of the metrics of interest.
Infection ascertainment ratio (IAR), ratio between SARS-CoV-2
ascertained infections and total infections estimated by the model;
infection hospitalization ratio (IHR), ratio between hospitalized
COVID-19 cases and total infections estimated by the model;
infection intensive care unit (ICU) ratio (IIR), ratio between COVID-19
cases admitted to an ICU and total infections estimated by the model;
infection fatality ratio (IFR), ratio between COVID-19 deaths and total
infections estimated by the model.

F I GU R E 1 The COVID-19 pandemic in Italy. (A) Mean estimates of the time-varying reproduction number Rt as obtained from epidemic
curves of symptomatic cases by date of symptom onset collected by the National Integrated Surveillance System13 (mean, grey solid line; shaded
area, 95% CI; y-axis on the left). Horizontal dotted line: epidemic threshold (Rt = 1). Grey bars represent the daily incidence per 1000 individuals
of SARS-CoV-2 confirmed symptomatic infections by date of symptom onset as reported to the Italian Integrated Surveillance System15,18 (y-axis
on the right). Background colors indicate the classification in different phases, and the dates indicated within the graph denote the day of
transition between consecutive phases. The vertical dotted line denotes the start of the vaccination campaign on December 27, 2020. (B) Daily
number of vaccine doses administered in Italy per 1000 individuals (stacked bar chart, y-axis on the left).14 Line and bar colors, from lighter to
darker shades, respectively indicate first, second, and booster doses. Solid lines show the cumulative vaccination coverage in the Italian
population (y-axis on the right). In Italy, by February 2022, administration of two doses was recommended to all individuals aged 5 years or more;
administration of one booster dose was recommended to all individuals aged 12 years or more.

MARZIANO ET AL. 3 of 10

 17502659, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/irv.13181 by IR

C
C

S O
spedale San R

affaele, W
iley O

nline L
ibrary on [11/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3 | RESULTS

Despite the explosive spread of SARS-CoV-2 in the early phase of the

pandemic, which threatened to overwhelm the Italian health system,

we estimate that the adoption of a strict nationwide lockdown man-

aged to limit the SARS-CoV-2 cumulative incidence in the first phase

to 2.8% (95%CI: 1.8–3.6) (Figure 3). During the second phase, in the

context of less stringent NPIs, we estimate a cumulative incidence of

11.4% (95%CI: 7.3–15.2). In both phases dominated by ancestral line-

ages, the SARS-CoV-2 cumulative incidence was substantially homo-

geneous across age groups (Figure 3). By mid-February 2021, the

ancestral SARS-CoV-2 lineages were replaced by the more

transmissible Alpha variant,8 which remained dominant until early July

2021. During this period, we estimate that Alpha infected about

10.1% (95%CI: 7.1–13.0) of the Italian population, with a marked het-

erogeneity across ages: The highest cumulative incidence is estimated

in the age group 0–19 years (16.4%, 95%CI: 12.3–20.1), whereas the

lowest in people aged over 80 years (3.7%, 95%CI: 2.4–5.1) who had

been prioritized for vaccination in the early months of 2021 (Figure 3

and Figure S2). The second half of 2021 was characterized by the cir-

culation of the Delta variant, in the context of a progressive relaxation

of NPIs, with an estimated cumulative incidence of 17.3% (95%CI:

11.4–23.4). Our results suggest that the progression of the vaccina-

tion campaign, including the administration of booster doses, led to a

F I G U R E 3 SARS-CoV-2 cumulative
incidence. Estimated phase-specific SARS-CoV-2
cumulative incidence (%) between February
21, 2020 and February 20, 2022 in the overall
population and by age classes. Colors indicate the
considered phases. Bars, mean estimates; vertical
lines, 95% CI; n = 300 stochastic model

realizations.

F I GU R E 4 Validation of SARS-CoV-2 seroprevalence. (A) Grey dots represent weighted point estimates of the infection-induced
seroprevalence in high-income European countries, as reported in a published meta-analysis of population-based serological studies.35 Red
asterisks represent the mean proportion of the Italian population who had a previous natural infection, independently of vaccination status as
estimated through the model. Vertical lines indicate 95%CI. (B) Grey dots represent weighted point estimates of the overall seroprevalence, that
is, either induced by natural infection or vaccination, in high-income European countries as reported in a published meta-analysis of population-
based serological studies.35 Red asterisks represent the mean proportion of the Italian population who had a previous natural infection or has
received one or more vaccine doses as estimated through the model. Vertical lines indicate 95%CI. Background colors indicate the classification in
different phases, the vertical dotted line denotes the start of the vaccination campaign on December 27, 2020.
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further shift of infections towards children and young adults, with

over one third of infections occurring among individuals aged 20 years

or less (Figure S4). By the end of December 2021, the Delta variant

was replaced by Omicron BA.1. We estimate that, as of February

20, 2022, about 51.1% (95%CI: 32.8–69.6) of the Italian population

had been infected with Omicron BA.1, with age-specific cumulative

incidence ranging from 28.5% (95%CI: 15.0–46.5) in individuals aged

80 years or more to 67.2% (95%CI: 51.8–80.7) in those younger than

20 years. Model estimates of the (infection-induced and overall)

seroprevalence of SARS-CoV-2 in Italy are consistent with

population level seroprevalence estimates for high-income European

countries as obtained through a meta-analysis of serological studies35

(Figure 4A,B).

We estimated an IAR of about 15.1% (95%CI: 11.2–22.7) in the

first phase, corresponding to about one out of seven infections being

detected by the Italian Integrated Surveillance System (Figure 5). In

the second phase, we estimate a higher IAR of 40.5% (95%CI: 29.5–

61.4). For the Alpha, Delta, and Omicron phase, we estimate a

decrease of the IAR to 22.9% (95%CI: 17.3–31.8) in the Alpha phase,

21.6% (95%CI: 15.5–31.8) in the Delta phase, and 21.4% (95%CI:

15.2–32.2) in the Omicron phase.

We estimated the IHR, IIR, and IFR in the different epidemic

phases (Figure 6, first row). The first ancestral phase was character-

ized by the highest risk of developing severe clinical outcomes, with

an IHR of 5.4% (95%CI: 4.0–8.2), an IIR of 0.65% (95%CI: 0.48–0.97),

F I GU R E 6 Changes in SARS-CoV-2 infection hospitalization ratio, intensive care unit (ICU) ratio and fatality ratio. (A) Infection
hospitalization ratio (IHR). (B) Infection ICU ratio (IIR). (C) Infection fatality ratio (IFR). (D) Estimated relative reductions in the IHR compared with
the first ancestral phase (%). (E) As D but for the IIR. (F) As D but for the IFR. Bars: mean estimates; vertical lines: 95% CI; n = 300 stochastic
model realizations.

F I GU R E 5 SARS-CoV-2 infection ascertainment ratio (IAR).
Estimated phase-specific SARS-CoV-2 infection ascertainment ratio
between February 21, 2020 and February 20, 2022 (%). Bars: mean
estimates; vertical lines: 95% CI; n = 300 stochastic model realizations.
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and an IFR of 2.2% (95%CI: 1.7–3.4). Estimates of all these ratios pro-

gressively decreased throughout the pandemic.

The IHR was estimated to decrease to 3.3% (95%CI: 2.4–5.0) in

the second ancestral phase (39.5% reduction compared with first

ancestral phase), 1.8% (95%CI: 1.4–2.5) in the Alpha phase (66%

reduction compared with first ancestral phase; 43.9% compared with

second ancestral phase), 0.66% (95%CI: 0.47–0.97) in the Delta phase

(87.6% reduction compared with first ancestral phase; 63.7% com-

pared with Alpha phase), and 0.24% (95%CI: 0.17–0.36) in the

Omicron phase (95.5% reduction compared with first ancestral phase

and 63.6% compared with Delta phase) (Figure 6A,D).

The IIR was estimated to decrease to 0.47% (95%CI: 0.34–0.72)

in the second ancestral phase (26.7% reduction compared with first

ancestral phase), 0.26% (95%CI: 0.19–0.35) in the Alpha phase (60%

reduction compared with first ancestral phase; 45.5% compared

with second ancestral phase), 0.07% (95%CI: 0.05–0.1) in the Delta

phase (89.4% reduction compared with first ancestral phase and

73.6% compared with Alpha phase), and 0.015% (95%CI:

0.011–0.023) in the Omicron phase (97.6% reduction compared

with first ancestral phase and 77.6% compared with Delta phase)

(Figure 6B,E).

Finally, the IFR was estimated to decrease to 1.0% (95%CI: 0.8–

1.6) in the second ancestral phase (53.5% reduction compared with

first ancestral phase), 0.39% (95%CI: 0.3–0.55) in the Alpha phase

(82.1% reduction compared with the first ancestral phase; 61.5% com-

pared with second ancestral phase), 0.12% (95%CI: 0.09–0.18) in the

Delta phase (94.5% reduction compared with first ancestral phase;

69.2% compared with Alpha phase), and 0.05% (95%CI: 0.04–0.08) in

the Omicron phase (97.7% reduction compared with first ancestral

phase; 59% compared with Delta phase) (Figure 6C,F). Estimates of

the IHR, IIR, and IFR by age group show temporal trends compatible

with the overall estimates (Figures S5–S7).

3.1 | Sensitivity analyses

The results are only minimally affected by different assumptions on

the duration of protection against re-infection provided by immunity

after natural infection (Figure S10–S13), on the duration of protection

provided by vaccination (Figure S14–S17), and on the level of cross-

protection against Omicron BA.1 provided by infection with previous

lineages (Figures S18 and S19).

We conducted a sensitivity analysis considering the same age-

specific relative susceptibility to SARS-CoV-2 infection in ancestral

lineages and variants (as opposed to considering an age-independent

susceptibility for SARS-CoV-2 variants, as assumed in the main analy-

sis). In particular, assuming a reduced susceptibility in children below

15 years and an increased in adults above 64 years resulted in a shift

of infections towards older age groups compared with the main analy-

sis in phases related to Alpha, Delta, and Omicron variants

(Figure S20). Estimates obtained for the IAR, IHR, IIR, and IFR are,

however, consistent with those obtained in the main analysis

(Figures S20 and S21).

4 | DISCUSSION AND CONCLUSIONS

In this work, we analyzed the first 2 years of the COVID-19 pandemic

in Italy to quantify changes in the SARS-CoV-2 IAR, IHR, IIR, and IFR,

over five different pandemic phases associated to key events: the

early phase, the second wave, and the periods of dominance of Alpha,

Delta, and Omicron BA.1 variants.

The detection of SARS-CoV-2 infections changed throughout the

pandemic. We estimated that the IAR increased from about 15% in

the first ancestral phase, characterized by the first pandemic wave

and the national lockdown, to 40% in the second ancestral phase,

when the second pandemic wave occurred (Figure 5). Such increase is

likely ascribable to the expansion of testing capacity (Figure S8), the

strengthening of regional reporting systems, and an aggressive imple-

mentation of the test, track and trace strategy. In contrast, starting

from the Alpha phase, the IAR stabilized to lower values around 20%.

The decrease of the IAR with respect to the second ancestral phase is

likely related to a combination of factors, including the availability of

home testing leading to self-diagnoses that were not notified to the

surveillance system, the reduction in the frequency of contact tracing

since 2021, and the significant increase of asymptomatic infections

following the expansion of the vaccination program. Indeed, vaccina-

tion brought a shift of infections towards younger age groups

(Figure S4) and increased the proportion of breakthrough infections

(Figure S9); both trends reduced the overall probability of having

symptoms given an infection,36–38 and therefore the overall probabil-

ity of test-seeking by unaware infected individuals.39

The large number of infections estimated during the Delta and

Omicron phases may be ascribable to several factors, such as a possi-

ble decline in adherence to residual COVID-19 restrictions due to

pandemic fatigue40; the high transmissibility of these variants8–10,41;

the reduced efficacy of the vaccine in preventing infection for these

variants25–27; the increased risk of reinfection during the Omicron

BA.1 phase compared with previous epidemic phases42; the progres-

sive release of restrictions, sustained by a lower morbidity among vac-

cinated individuals37,38 and by a reduced intrinsic severity of

Omicron.43,44

Estimates obtained for the IHR, IIR, and IFR in the first phase of

the pandemic (5.4%, 0.64%, and 2.2%, respectively) are in line with

values reported in the literature for the pre-vaccination period45–48

(Figure 6). We found that the severity of SARS-CoV-2 infections has

progressively declined throughout the pandemic, with the IFR in 2022

falling close to the levels of 2009 H1N1 pandemic influenza (esti-

mated at about 0.02%49). Compared with the first pandemic wave, we

estimated a 22-fold lower IHR, 42-fold lower IIR, and 44-fold lower

IFR during the Omicron BA.1 phase. The estimated decrease in the

IFR in the post-vaccination period is comparable to that reported in

another study focusing on the Italian context.50 The estimated reduc-

tion in COVID-19 severity is attributable to a combination of factors.

Improved knowledge on the pathogen and patient management, and

the relieving of the pressure on the health care system allowed by the

national lockdown likely reduced severity between the first and sec-

ond ancestral phases.51,52 From the Alpha phase on, the vaccination
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program increased the population protection against severe dis-

ease.25,26 In the absence of vaccination, the impact of SARS-CoV-2

variants could have been remarkably different.17,53

Regarding the IIR, we note that our estimates do not necessarily

reflect the probability of critical disease but may include the effect of

patient management choices concerning trade-offs between the

usage of limited ICU resources and the expected benefits for

the patient. In periods characterized by an intense pressure on the

health-care system and by a saturation of ICU bed occupancy,52 an

expansion of ICU capacity may result in an increase of the IIR that

does not necessarily correspond to an increase in the risk of critical

disease.

The proposed model does not allow to disentangle the relative

weight of individual determinants (e.g., vaccination, expanded thera-

peutic options, or variations in the intrinsic severity of SARS-CoV-2

variants) in the estimated reduction of the severity of SARS-

CoV-2 infections.

In addition, estimates obtained for COVID-19 severity rely on the

assumption that all COVID-19 cases who were hospitalized, admitted

to ICUs, or died were reported to the Italian National Surveillance sys-

tem. Although COVID-19 cases with mild symptoms are more likely

to remain undetected, we expect the proportion of underdiagnosed

severe COVID-19 cases to be negligible.

Another limitation of our analysis is that we assumed instanta-

neous transitions through the analyzed pandemic phases, roughly cor-

responding to the times at which different variants became dominant

(Table S1). Furthermore, during the COVID-19 pandemic, social mix-

ing patterns may have been altered by NPIs and behavioral changes in

the population. We could not consider changes in the age-specific

proportion of contacts over time in absence of longitudinal data on

contact patterns by age collected during the pandemic period. This is

obviously a simplification as, for example, some restrictions targeted

preferentially contacts in specific age groups (e.g., school closure).

Despite these conservative assumptions, we show that the model

approximates well age-specific trends in SARS-CoV-2 infection

dynamics (Figure S4) as well as observed temporal changes in sero-

prevalence (Figure 4).

Estimates of severity and lethality are essential to assess the true

burden of COVID-19 on health care systems and to evaluate the

effectiveness and cost-effectiveness of control interventions. They

are often measured as the fraction of severe or lethal cases among

the reported ones (e.g., case hospitalization ratio or case fatality ratio),

as these values are easily obtainable from surveillance data. However,

these measures may change depending on case-finding efforts that

are in place at a given time place. Less biased and more comparable

measures of severity and lethality are IHR, IIR, and IFR. They are espe-

cially difficult to estimate because they require knowledge on the

number of infections (a variable proportion of which goes undiag-

nosed). Here, we propose a method to estimate them from another

quantity derived from surveillance data, namely the time-varying

reproduction number Rt.

Most studies estimating the proportions of severe outcomes

among SARS-CoV-2 infections focus on COVID-19 deaths and

provide estimates of the IFR at specific time-points, applying statisti-

cal regression models to serological data, possibly in association with

contact tracing records.46–48 One previously published SARS-CoV-2

transmission model provides estimates of the IHR and IFR over time

in United Kingdom using data from repeated serological surveys.54

The dependence of these approaches on serological data limits their

applicability to settings where serological surveys were performed,

and estimates obtained need to be interpreted considering the study

population and the time point of data collection. One key advantage

of our approach is that it relies on surveillance data routinely collected

at the national level and can be applied in the absence of up-to-date

serological data. Moreover, this study is among the first ones provid-

ing estimates of IHR, IIR, and IFR both in the pre- and post-

vaccination period.50,55 The application of our methodology to assess

changes in COVID-19 severity in real-time may be limited by the lack

of up-to-date estimates on vaccine effectiveness and cross-protection

against circulating variants. However, we believe that our approach

may be suitable to assess in quasi-real-time the severity and lethality

of a newly emerging pathogen in absence of vaccination.

Quantitative estimates provided in this study apply to the case of

Italy and may depend on the many country-specific factors that char-

acterized the response to the COVID-19 pandemic, such as govern-

mental choices on the adoption of NPIs, or differences in COVID-19

vaccines uptake. Despite these heterogeneities, estimates of the Ital-

ian SARS-CoV-2 seroprevalence obtained through the proposed

modeling approach are in line with those estimated for high-income

European countries.35,56 We thus expect the general trends and con-

clusions of this study may apply also to other high-income European

countries, as well as to other countries that have adopted a similar

mitigation approach throughout the pandemic. Finally, our results sug-

gest that our approach may represent a valid alternative to assess

SARS-CoV-2 infection rates based on routinely collected surveillance

data, when serological data are not available.

Despite the large number of confirmed SARS-CoV-2 infections in

2022, also fueled by the emergence of new partially immune-escaping

Omicron sub-variants (e.g., BA.2 and BA.5) and recombinant lineages,

the burden of COVID-19 in Italy had a manageable impact on hospi-

tals. However, the possible future emergence of new variants that

may escape previous immunity (natural or from vaccine) and are more

transmissible and/or pathogenic stresses the need of maintaining

careful genomic surveillance on SARS-CoV-2 variants and epidemic

trends.57
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