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Abstract
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Background: Understanding the risk factors associated with hospital burden of COVID-19 is crucial for healthcare

Methods: An observational cohort study is performed, using data on all PCR-confirmed cases of COVID-19in
Regione Lombardia, Italy, during the first wave of infection from February-June 2020. A multi-state modelling
approach is used to simultaneously estimate risks of progression through hospital to final outcomes of either death
or discharge, by pathway (via critical care or not) and the times to final events (lengths of stay). Logistic and time-
to-event regressions are used to quantify the association of patient and population characteristics with the risks of

Results: Risks of severe outcomes such as ICU admission and mortality have decreased with month of admission (for
example, the odds ratio of ICU admission in June vs March is 0.247 [0.120-0.508]) and increased with age (odds ratio
of ICU admission in 45-65 vs 65 4+age group is 0.286 [0.201-0.406]). Care home residents aged 65 4+ are associated
with increased risk of hospital mortality and decreased risk of ICU admission. Being a healthcare worker appears to
have a protective association with mortality risk (odds ratio of ICU mortality is 0.254 [0.143-0.453] relative to non-
healthcare workers) and length of stay. Lengths of stay decrease with month of admission for survivors, but do not

Conclusions: Improvements in clinical knowledge, treatment, patient and hospital management and public health
surveillance, together with the waning of the first wave after the first lockdown, are hypothesised to have contributed
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Background
Since the start of the coronavirus disease 2019 (COVID-
19) pandemic, understanding the severe burden on

*Correspondence: anne.presanis@mrc-bsu.cam.ac.uk

*Anne M. Presanis and Kevin Kunzmann Joint first authors

"Daniela De Angelis and Danilo Cereda Joint senior authors

! Medical Research Council Biostatistics Unit, School of Clinical Medicine,
University of Cambridge, Cambridge, UK

Full list of author information is available at the end of the article

B BMC

healthcare, particularly hospitals, and the risk factors
associated with severe events has been a crucial ques-
tion. Note that by “risk factors” we mean covariates sig-
nificantly associated with the outcome. Initial research
[1-4] demonstrates that older age (>60), male sex and
having pre-existing medical conditions (comorbidities)
are risk factors associated with severe events in hospi-
talized COVID-19 patients, such as intensive care unit
(ICU) admission, intubation and mortality. However,
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much of this early work used standard survival analysis,
without accounting for the competing risks of different
pathways through hospital (e.g. death without ICU vs
ICU vs recovery without ICU; or death in ICU vs recov-
ery & transfer to a post-ICU ward). Ignoring competing
outcomes can bias estimates of risks such as the hospital-
fatality risk—the probability that a hospital admission for
COVID-19 disease can lead to death—and therefore of
effect sizes [5]. While analyses accounting for competing
events have been performed in other countries [6, 7], to
our knowledge, only standard survival analysis has been
used for data collected in Italy. We therefore present a
comprehensive study of risk factors associated with pro-
gression through hospital to either discharge or death, via
ICU or not, while accounting for competing risks.

The first Italian individual confirmed positive for the
novel SARS-CoV-2 virus was identified on 20th February
2020 in Codogno, Regione Lombardia. Confirmed cases
of COVID-19 rapidly increased to 403 in just one week
[8], peaking on 20th March 2020 and causing a pressure
build-up on the regional healthcare system. Efforts were
directed to expanding the number of beds, especially in
ICU [9]. Using a “hub-and-spoke” model [10], suspected
COVID-19 patients were admitted to one of 17 desig-
nated hub hospitals in the Infectious Disease Hospital
Network, chosen due to their skill in the fields of infec-
tious disease and intensive care. In Lombardy a substan-
tial proportion of patients were treated in hospital rather
than at home [11] and treatment changed according to
the severity of symptoms: no treatment was suggested
for asymptomatic or mildly symptomatic patients with
no comorbidities; therapy for symptoms and oxygen sup-
port were indicated for at-risk-of-progression patients
with mild symptoms or with moderate symptoms; while
critically ill patients were referred to ICU [12]. During
the first wave, the highest number of patients admitted
to hospital per day was reached in mid-March, with 838
patients, of whom 56 were admitted to ICU [13]. In addi-
tion to the “hub-and-spoke” model implemented, the
Prevention Unit of the General Directorate of Welfare
of Regione Lombardia coordinated data collection from
laboratories and healthcare on all confirmed cases of
COVID-19 into a single id-hinged register, the COVID-
19 Regional Database [14].

The aims of this study are to assess: the magnitude of
the burden of the COVID-19 pandemic on Lombardia
secondary healthcare in terms of risks of severe out-
comes and lengths of stay in hospital; and how this bur-
den varies across demographic and health groups. Use
of the subset of cases in the COVID-19 Regional Data-
base who were hospitalised allows quantification of
the within-hospital burden using a multi-state model-
ling approach [15] to account for competing risks. We
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simultaneously estimate the risks of each possible path-
way through hospital (with or without ICU admission, to
either discharge or death) and the times taken to reach
each outcome (lengths of stay both overall and in differ-
ent wards: pre-ICU, ICU and post-ICU). Detailed patient
information allows assessment of the risk factors associ-
ated with progression through hospital and outcomes.
Crucially, we assess not only patient characteristics such
as age and sex, but also population-level risk factors: (i)
month of admission, as a proxy for the external state and
public health management of the epidemic and changes
in clinical treatment and hospital management of cases;
and (ii) hospital size, as a proxy for Regione Lombardia’s
use of the “hub-and-spoke” model.

Methods

Study participants

The Lombardia COVID-19 Regional Database, as of 5th
August 2020 and covering the period 1st December 2019
to 17th July 2020, contains detailed pseudo-anonymised
retrospective individual-level data on the cohort of
all individuals in Regione Lombardia diagnosed with
COVID-19 via polymerase chain reaction (PCR) during
the first wave. This dataset is described in full elsewhere
[10, 14] (see also Additional file 1: Appendix S1), but
briefly, records age, sex, Local Healthcare Agency district
of Lombardia, presence of co-morbidities, whether the
individual is a healthcare worker or care home resident,
presence of symptoms, whether or not the individual
was hospitalised, and if so, details of the admitting hos-
pital. For each individual, dates of symptom onset, posi-
tive laboratory test, hospital admission, ICU admission,
ICU discharge, hospital discharge, recovery and death
are recorded. Here the subset of 40,550 patients who
were admitted to hospital between February and June,
with known admission date and admitting hospital, and
who had consistent date information are analysed (Addi-
tional file 1: Appendix S1, Figure S1). Seven key covari-
ates describing patient and hospital characteristics are
considered to understand risk factors associated with
progression through hospital. In order of hypothesised
importance, these are: age group (0—45, 46—65, 66 +); sex
(male, female); month of admission (Feb, Mar, Apr, May,
Jun); presence of at least one co-morbidity (defined as a
pre-existing medical condition and categorised as res-
piratory, cardio-vascular, metabolic or oncological, see
Additional file 1: Appendix S1); care home resident (yes,
no); healthcare worker (yes, no); and hospital bed capac-
ity (large, medium or small, defined according to the
numbers of hospital and ICU beds, see Additional file 1:
Appendix S1, Table S1). All methods detailed below were
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performed in accordance with the relevant guidelines
and regulations governing these data.

Multi-state model

As in Grosso, Presanis et al. (2021) [10], the progres-
sion of patients through hospital can be represented by
a multi-state model with states Hospital, ICU, Post-ICU,
Discharge, and Death (Fig. 1). The outcomes of inter-
est are: the probabilities of entering each state (a “next
event”) given the current state; the probabilities of final
events, either Death (“hospital-fatality risk’, as defined in
Additional file 1: Appendix S4) or Discharge, given hos-
pital admission or the current state; and corresponding
times to each next event, conditional on experiencing the
next event, i.e. the lengths of stay (LoS) in each state; and
the total LoS in hospital.

The type of multi-state model considered is a “mix-
ture model” [15, 16], combining multinomial or binomial
logistic regression of probabilities of different pathways
through hospital on covariates with parametric time-to-
event analyses for each LoS in a state, conditional on the
next event occurring.

In the dataset considered, outcomes are missing
for<1% of individuals in the Hospital and ICU states,
and for 15% of individuals in the Post-ICU state. It is
unknown whether the missing outcomes had not hap-
pened by the end-date of the data, 17th July, ("right-cen-
soring"), or whether the outcome had happened, but was
not recorded ("missing data/loss to follow-up"). Grosso,
Presanis et al. [10] considered two alternative assump-
tions for the Lombardia dataset, since it is impossible to
distinguish between censoring and missing outcomes: (1)
the missing outcomes are ignorable; (2) these individu-
als are right-censored at one day after their last observed
event. The results are very similar under the two assump-
tions, so in what follows, the results under assumption
(1) are reported for models with multiple covariates,
since computation for multivariable models is more fea-
sible under assumption (1). This computation is feasible
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because by ignoring missing outcomes, the multi-state
model can be split into its component parts and imple-
mented in a modular way: the logistic regression models
for the probabilities; and the parametric time-to-event
models.

The factorised models are fitted using a covariate selec-
tion procedure, as detailed in the following sections.
Point estimates and 95% confidence intervals (Cls) are
reported for each probability of interest, as well as for
the median and interquartile ranges (IQRs) of each time-
to-event distribution. The confidence intervals represent
parameter uncertainty, whereas the median and IQRs
summarise the heterogeneity across individuals in the
time-to-event distributions.

All analyses were carried out in R version 3.6.3, using
the flexsurv package [15].

Probabilities of next events
Multinomial logistic regression is carried out for the
transition probabilities from hospital admission to the
next events (discharge, ICU admission, death without
ICU admission). Binomial logistic regression is employed
for the transition probabilities: from ICU to post-ICU or
death; and from a post-ICU stay to discharge or death.
Multivariable models with main effects only are first
considered, adding covariates one at a time, in order of
hypothesised importance. The model that minimises
Akaike’s Information Criterion (AIC) is selected. To

Table 1 Covariate summaries

Covariate Level Number Proportion
(%)
Age group [0,45] 4236 1045
(45,65] 13,010 32.08
(65,Inf] 23,304 5747
Sex Female 16,063 3961
Male 24,487 60.39
Month of admission Feb 1606 3.96
Mar 28,101 69.30
Apr 8813 21.73
May 1525 3.76
Jun 505 1.25
At least 1 co-morbidity? No 14,787 3647
Yes 25,763 63.53
Care home resident? No 38,825 95.75
Yes 1725 4.25
Healthcare worker? No 38,889 95.90
Yes 1661 4.10
Hospital bed capacity Large 28,663 70.69
Medium 5288 13.04
Small 6599 16.27
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Fig. 2 Observed distributions of lengths of stay: times from starting states (hospital admission, ICU admission, post-ICU stay: rows) to next events
(ICU admission, a post-ICU stay, discharge and death: columns), by age group (colours, y-axis). Vertical scale proportional to number of individuals

investigate interactions, four additional models are con-
sidered, based on what interactions are expected to be
important: (a) age group interacting with the covariates
selected at the previous step; (b) month of admission
interacting with the covariates selected at the previ-
ous step; (c) age group interacting with all other covari-
ates; (d) month of admission interacting with all other
covariates. The final model is chosen among the interim
selected model without interactions and the interaction
models (a)-(d) as the one that minimises the AIC.

Times to next events

Conditional on patients experiencing each next event,
parametric models are fit independently for each time
from a hospital admission, ICU admission or post-
ICU state to the next event (i.e. each LoS). A two-step

procedure is used to select a model for each transition,
where first covariates (as above), then parametric dis-
tributions (generalised gamma, gamma, log-normal or
Weibull) are chosen according to AIC and likelihood
ratio tests.

Results
Data summaries
Covariate summaries for the 40,550 patients in the Lom-
bardia hospital cohort are shown in Table 1. Patients in
this cohort had a median age of 69 (interquartile range
[56—-80]), with the youngest aged 0 and the oldest aged
102.

Figure 2 displays, by age group, the empirical distri-
butions of the times between events, namely LoS in the
Hospital, ICU and Post-ICU states, by subsequent events.
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The selected models for the transition probabilities
and times-to-next-events (distributions and covariates
selected) are summarised in Additional file 1: Tables S2
and S6. Covariate effects in terms of odds ratios (ORs)

and expected time ratios (ETRs) are fully reported in
Additional files 1: S2 and S3.

For most of the selected models for either the prob-
abilities of or times to next events, age was an important
covariate, whereas sex, if significant, had only small effect
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sizes. All results in this section concern patients with
no co-morbidities in the largest capacity hospitals, who
are neither care home residents nor healthcare workers.
The probability of ICU admission was larger in men than
women and in the two older age groups than the young-
est; and reduced with month of admission (ORs April
0.644 95% confidence interval [0.553-0.750]; May 0.230
[0.143-0.372]; and June 0.247 [0.120-0.5080] relative to
March), see Fig. 3(a)). The probability of death without
ICU admission was much larger in those aged 65+ than
those younger, falling from a peak of around 30% in
March to 10% or less in June (Fig. 3a). The probability of
death in ICU increased with age and was slightly larger
for men than for women (Fig. 3b), falling from a high of
57.4% in men aged 654 (49.8% in women aged 65+) in
March to 38.3% (31.4%) in May & June. The probability of
death post-ICU is larger in the 65+ age group than those
younger; and is similar in men and women (Fig. 3c).

The probabilities of death from each stage of hospital
care combine to obtain the hospital fatality-risk, aver-
aged over pathways through hospital, as shown in Fig. 4.
Further summaries of the probabilities of each pathway
through hospital and lengths of stay by pathway through
hospital are shown in Additional file 1: Appendix S4.

The median time from hospital admission to either an
ICU admission or a discharge increased with age, did not
substantially differ by sex, and decreased with month of
admission (Fig. 5, first two columns). The median time to

ICU admission reduced from around 3 days in February
to less than a day in June; the median LoS for a patient
discharged without ICU admission decreased from more
than 20 days in 65+ year-olds in February to 6 days in the
same group in June. LoS among patients not admitted
to ICU who died did not vary much by age or sex, and
was only substantially larger, but also more uncertain,
for admissions in February (around 15-25 days) than for
later admissions (less than 10 days, Fig. 5, 3rd column).

Median LoS$ in ICU did not differ substantially by sex;
increased with age among survivors; decreased with
month from a peak in March among survivors (Fig. 6
left column); decreased with age; and did not vary sub-
stantially with month for non-survivors, other than a
decrease in May—June compared to earlier months (Fig. 6
right column).

Median LoS post-ICU increased with age, was slightly
longer in women than men, and decreased with month
of admission, among patients who survived to discharge
(Fig. 7). The number of deaths observed post-ICU was
small, so month of admission, age and sex were not
selected as significant covariates for post-ICU LoS among
Non-survivors.

Care home residence

Being a care home resident aged 65+ was substan-
tially associated with the probabilities of being admit-
ted to ICU (odds ratio 0.251 [0.143-0.439] relative to
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non-care-home residents) and of dying without ICU
admission (odds ratio 3.037 [2.698-3.419] relative to
non-care-home residents), resulting in the predicted
probabilities shown in Fig. 8a, right-hand two columns.
Care home residency was less associated with the prob-
ability of survival from an ICU admission (Fig. 8b).

Care home residence among 65 + year-olds was signifi-
cantly associated with LoS (Fig. 9), substantially reduc-
ing both the hospital LoS for non-survivors not admitted
to ICU (ETR 0.796, [0.736-0.860] relative to non-care-
home residents) and the ICU LoS for survivors (ETR
0.480 [0.262—-0.878] relative to non-care-home residents).

Healthcare workers

Being a healthcare worker aged 45-65 was slightly asso-
ciated with a lower risk of death from hospital without
ICU, particularly in the earlier months of admission
(Fig. 10a). It is notable that being a healthcare worker in
the youngest age group showed little difference in the risk

of death from hospital without ICU compared to other
patients. Healthcare workers had a significantly lower
risk of death from an ICU admission (odds ratio 0.254
[0.143-0.453] relative to non-healthcare workers), result-
ing in predicted probabilities less than 10% in healthcare
workers, compared to greater than 10% in other ICU
patients (Fig. 10b).

Being a healthcare worker shortened the median LoS in
hospital amongst survivors aged under 65 and not admit-
ted to ICU (Fig. 11, first two columns). Healthcare work-
ers were also significantly associated with a shorter LoS
post-ICU for survivors aged under 65 (Fig. 11, third col-
umn) and for those aged 65+ (ETR 0.818 [0.702-0.953]
relative to non-healthcare workers).

Co-morbidities

Having at least one co-morbidity was significantly
associated with probabilities of next events among
65+ year-olds, although with small effect sizes:
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(See figure on next page.)

Fig. 9 Estimated length of stay, by care home residence, sex and period of admission, in: a hospital for 65 + year-old women in large hospitals with
no co-morbidities, who are not healthcare workers, and who die without ICU admission; b ICU for 65+ year-old patients in large hospitals with no
co-morbidities, who are not healthcare workers, and who survive till a post-ICU stay. Note the small sample sizes and hence uncertain estimate of
the median times for care home residents: although these are the sample sizes only for the baseline strata of other covariates, the estimates are also
influenced by the sample sizes in non-baseline strata
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reducing the risk of ICU admission, but increasing
the risk of death, from either a hospital ward or ICU
(Fig. 12). There was a small but significant association
of co-morbidity with LoS among survivors not admitted
to ICU, with 65+ year-old patients with co-morbidities
having a longer LoS than those with none (ETR 1.120
[1.071-1.172]). Co-morbidity was also slightly associ-
ated with ICU LoS among non-survivors, with a small
but just significant effect size (654 year-old patients
have a shorter time to death, ETR 0.915 [0.837-1.000]
relative to patients with no co-morbidities).

Hospital bed capacity

Grosso, Presanis et al. [8] found hospital bed capacity was
significantly associated with both probabilities and times
in univariable models. Here the association remained
when adjusting also for patient characteristics. In fact,
the effect size on probabilities of next events became
larger, for those aged 65+ in the multivariably-adjusted
model: the smallest hospitals have both the lowest risk of
ICU admission (odds ratio 0.305 [0.254—0.367] relative to
the largest hospitals) and the lowest risk of death without
ICU admission (odds ratio 0.547 [0.507—-0.590] relative to
the largest hospitals) for this age group (Fig. 13). The risk
of death in ICU, for all age groups, was also smaller in
the smallest hospitals compared to the largest (odds ratio
0.270 [0.202-0.363] for 65+). As previously noted [8],

the lower risks of ICU-related events in smaller hospitals
may, however, be an artefact of the smaller hospitals hav-
ing less ICU capacity.

Discussion and conclusions

This analysis is one of the first to demonstrate the associ-
ation of key risk factors with hospital burden of COVID-
19 in Regione Lombardia during the first wave, while
correctly accounting for confounders, censoring and the
competing risks of different pathways through hospital.
To our knowledge, similar studies have been conducted
in England, investigating trends in severe outcomes for
hospitalised COVID-19 cases [6, 7]. Their findings are
comparable to ours in terms of direction and magni-
tude of the investigated associations; nevertheless, our
findings provide important confirmation of these asso-
ciations, particularly given the differences between the
Italian and the English health systems. We estimated
a steady decrease in the risks of severe events such as
ICU admission and mortality. Lengths of stay in hospi-
tal among survivors who are eventually discharged have
reduced over time. In contrast, there is less evidence
of any change in the lengths of stay for non-survivors.
Our hypothesis is that the decreasing risks of severe
events and lengths of stay by month of admission reflect
a combination of factors: (1) improvement in clinical
knowledge, patient management and treatment [17]; (2)
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improvements in the surveillance system, which allowed
identification of infected individuals earlier in their infec-
tion, resulting in better management of their disease [18];
(3) the decrease in infection rates over the months fol-
lowing the introduction of the strict lockdown [19]. The
implication of these results in terms of specific risk fac-
tors are discussed below.

Consistently with other studies [20], risks of ICU
admission and fatality increase with age group, pres-
ence of comorbidities, and are generally higher for men
than for women. Similarly, lengths of stay in hospitals
increase with age for survivors, but slightly decrease with
age for non-survivors, although the differences are small
for non-survivors. This latter finding may be because
patients who die may be fragile in terms of unobserved
confounders not already captured by the co-morbidities
and other covariates, so that younger age does not confer
any substantial advantage. Sex appears to be only mar-
ginally associated with length of stay.

Although risk of being infected with SARS-CoV-2
is three-fold higher for healthcare workers than in the
general population [21], and this group has an elevated
prevalence of prior infection [22, 23], they appear more

protected in terms of shorter lengths of stay in ICU
and hospital, among individuals under 65 years of age;
and to have overall significantly lower risk of death
in ICU. Working-age healthcare workers have similar
hospital-fatality risks to other patients, particularly in
the 0-45 year-old group, but have lower ICU-fatality
risks. These findings are consistent with other studies in
healthcare workers during the MERS epidemic [24, 25].
Having easy access to the hospital and clinicians and
being physically present for long shifts may have been an
advantage for those that fell ill, allowing early diagnosis,
close monitoring and timely treatment. Also, we cannot
rule out that part of the protection may be attributed to
some sort of empathetic “comrade effect” Further studies
are needed to ascertain this protective association.
COVID-19 outbreaks in care homes have been hot-
spots of the pandemic in Lombardia. In April, hospitals
overwhelmed with in-patients, and required to provide
more and more beds, were allowed to discharge patients
still in need of low-intensity care to suitable care homes
[26]. Debate is ongoing about whether these discharges
might have increased transmission in this setting,
although a survey from the Italian National Institute of
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Health on care homes in Italy highlighted that deaths in
Lombardia care homes occurred mostly during 16"-31°
March 2020 [27]. Burton et al. [28] reported that 4% of
deaths among care home residents in Scotland occurred
in hospitals, whereas the European Center for Disease
Control [29] reported that in Belgium, the correspond-
ing proportion was 28%. We have shown that being a
care home resident was associated with a significant risk
of not being admitted to ICU and dying in hospital with-
out going through ICU. The largest effect sizes were seen
for care home residents in the 65+ age group, who are
at greater risk of death, and for whom lengths of stay are
shorter, whether they survive or not. Note that the num-
bers of care home residents observed to be admitted to
hospital as a confirmed COVID-19 case in the first few
weeks of the epidemic were small (24 in February, 344 in
March), and of these, none were admitted to ICU. These
small sample sizes result in uncertain estimates of the
probability of ICU admission among care home residents
in these months (around 3-5% in 65+ year olds, com-
pared to 10-30% in 65+ year old non-care-home resi-
dents), that were therefore influenced by the downward
trend observed in non-care-home residents (Fig. 8a).
More care home residents were admitted in April, two
months after the start of the pandemic, when hospitals
were already overwhelmed. Our hypothesis is that these
extremely fragile patients reached the hospital in too
severe condition to be considered eligible for ICU and
many also died before being admitted to ICU. A poten-
tial contribution to the elevated risk for care home resi-
dents may be that in the relatively wide 65+-age group,
care home residents have an older age distribution than
non-residents. Further studies are needed to investigate
this sensitive issue.

The multi-state modelling approach employed allows
comprehensive and simultaneous estimation of all hos-
pital case-severity risks and lengths of stay of interest,
under some assumptions. The dataset used is relatively
complete and is a comprehensive census of confirmed
cases hospitalised during the first wave, so is thought
to be representative of hospitalised cases in the region.
We have, however, assumed missingness is ignorable for
some key covariates and for final outcomes [10] and that
exclusions (Additional file 1: Appendix S1, Figure S1)
have not biased results in any way. However, although
uni- and bi-variable models were not sensitive to the
ignorable missing outcomes assumption [10], sensitiv-
ity for the multivariable analyses has not been assessed,
due to computational complexity. A selection bias due
to only tested and confirmed cases being included in the
register could in theory be present, since untested and
undiagnosed cases would more likely have been infected
in the early part of the first wave when testing was not
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yet widely available. However, such cases were also more
likely to have been only mildly symptomatic or asympto-
matic, and therefore unlikely to have been hospitalised.
We thus believe such selection is unlikely to have biased
our analyses based on the hospitalised subset of cases,
since the vast majority of hospitalised cases will have
been tested and confirmed as a case. Risk factors poten-
tially associated with hospital burden and severity that
were not available in the register of confirmed cases were
ethnicity, socio-economic deprivation and severity of ill-
ness at hospital admission, so we were not able to assess
any such association.

Further work is underway to apply a similar multi-state
model to the subset from the Milano Local Healthcare
Agency district, where good information is available on
symptom onset dates, to understand the burden in the
community, such as the proportion of symptomatic cases
that are hospitalised or who die in the community, as
well as the corresponding distributions of times to these
events. Such an analysis, combined with the within-hos-
pital analysis here, will provide further crucial evidence
on the burden of COVID-19 in Lombardia, in particular
the overall symptomatic case-fatality risk.

Abbreviations

AIC: Akaike's Information Criterion; Cl: Confidence Interval; COVID-19: Coro-
navirus Disease 2019; ETR: Expected Time Ratio; ICU: Intensive Care Unit; IQR:
Interquartile Range; LoS: Length of Stay; PCR: Polymerase chain reaction; SARS-
CoV-2: Severe Acute Respiratory Syndrome-Coronavirus-2.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512879-021-06750-z.

[ Additional file 1. Additional figures and tables. }

Acknowledgements

We gratefully acknowledge the clinicians, data reporters and patients in
Regione Lombardia, as well as all Regione Lombardia colleagues involved in
the COVID-19 response.

Authors’ contributions

AMP and KK are co-first authors and contributed equally to the work. DDA
and DC are co-senior authors and contributed equally to the work. DDA

and DC had full access to all the data in the study and take responsibility for
the integrity of the data and the accuracy of the data analysis. FMG, GG, MS,
MG, DC collated the data. AMP, KK, AC carried out the data analyses. CHJ, KK
developed the software to fit the statistical models. AMP, FMG, DDA, DC wrote
the initial draft of the manuscript. All authors contributed to the interpretation
of the results and approved the manuscript.

Funding

This work has been funded by the Medical Research Council (De Angelis,
Jackson, Presanis: Unit programme number MC_UU_00002/11; Kunzmann:
Unit programme number MC_UU_00002/10); and the UKRI-MRC/NIHR/
DHSC COVID-19 rapid response call (Presanis, De Angelis, Corbella, grant no
MC_PC_19074).


https://doi.org/10.1186/s12879-021-06750-z
https://doi.org/10.1186/s12879-021-06750-z

Presanis et al. BMC Infect Dis (2021) 21:1041

Availability of data and materials

The pseudo-anonymised data that support the findings of this study are
available from the General Directorate of Welfare of Regione Lombardia but
restrictions apply to the availability of these data, which were used under
license for the current study, and so are not publicly available. Data are how-
ever available from the authors upon reasonable request and with permission
of the COVID-19 Research Committee of the General Directorate of Welfare of
Regione Lombardia.

Declarations

Ethics approval and consent to participate

Data collection and analysis were part of outbreak investigations during a
public health emergency. Processing of COVID-19 data is necessary for rea-
sons of public interest in the area of public health, such as protecting against
serious cross-border threats to health or ensuring high standards of quality
and safety of health care, and therefore exempted from institutional review
board approval (Regulation EU 2016/679 GDPR). The use of the data for this
retrospective cohort study was approved by the COVID-19 Research Commit-
tee of Regione Lombardia. The research question, design and data collection
were motivated by the public health emergency response to the COVID-19
epidemic early in March 2020. Regione Lombardia collected data during the
emergency using the existing information system for infectious diseases,
regulated by a 2004 regional decree, that was then updated in May 2020 to
regulate the COVID-19 data flows. Data are pseudo-anonymized. Informed
consent from all subjects and legal guardians of minor patients for this data
collection at patient level is given prior to the data collection in hospitals and
laboratories, which send the data to Regione Lombardia. Although patients
were not directly involved in the study design, the experiences of clinicians
and public health officials interacting with patients were crucial to the design
of the data collection.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

"Medical Research Council Biostatistics Unit, School of Clinical Medicine, Uni-
versity of Cambridge, Cambridge, UK. ?Postgraduate School of Public Health,
Department of Biomedical Sciences for Health, University of Milan, Milan, Italy.
3University of Warwick, Coventry, UK. “Fondazione IRCCS Ca’Granda Ospedale
Maggiore Policlinico, University of Milan, Milan, Italy. *Welfare General Directo-
rate, Regione Lombardia, Milan, Italy.

Received: 30 April 2021 Accepted: 24 September 2021
Published online: 07 October 2021

References

1. Verity R, Okell LC, Dorigatti I, Winskill P, Whittaker C, Imai N, et al. Estimates
of the severity of coronavirus disease 2019: a model-based analysis.
Lancet Infect Dis. 2020;20(6):669-77.

2. ZhouFYuT DuR, Fan G, LiuY, Liu Z, et al. Clinical course and risk factors
for mortality of adult inpatients with COVID-19 in Wuhan, China: a retro-
spective cohort study. Lancet. 2020;395(10229):1054-62. https://doi.org/
10.1016/50140-6736(20)30566-3.

3. Haggs, Jylhava J,Wang Y, Xu H, Metzner C, Annetorp M, et al. Age,
frailty, and comorbidity as prognostic factors for short-term outcomes
in patients with coronavirus disease 2019 in geriatric care. J Am Med Dir
Assoc. 2020;21(11):1555-1559.e2. https://doi.org/10.1016/j. jamda.2020.08.
014.

4. Nandy K, Salunke A, Kumar S, Pandey A. Coronavirus disease (COVID-19):
a systematic review and meta-analysis to evaluate the impact of various
comorbidities on serious events. Diabetes Metab Syndr. 2020. https://doi.
0rg/10.1016/j.dsx.2020.06.064.

5. Andersen PK, Geskus RB, De Witte T, Putter H. Competing risks in epide-
miology: possibilities and pitfalls. Int J Epidemiol. 2012;41(3):861-70.

20.

21.

22.

23.

24.

Page 150f 16

Kirwan PD, Elgohari S, Jackson CH, Tom BD, Mandal S, De Angelis D,
Presanis AM. Trends in risks of severe events and lengths of stay for
COVID-19 hospitalisations in England over the pre-vaccination era: results
from the Public Health England SARI-Watch surveillance scheme. 2021.
arXiv preprint arXiv:2103.04867.

Docherty AB, Mulholland RH, Lone NI, Cheyne CP, De Angelis D, Diaz-
Ordaz K, et al. Changes in in-hospital mortality in the first wave of
COVID-19: a multicentre prospective observational cohort study using
the WHO Clinical Characterisation Protocol UK. Lancet Respir Med.
2021,9(7):773-85.

Ministero della Salute. Covid-19 Bollettino Protezione Civile del 27 Feb-
braio ore 18:00 [Internet]. 2020. http://www.salute.gov.it/portale/news/
p3_2_1_1_1jsp?lingua=italiano&menu=notizie&p=dalministero&id=
4124. Accessed 3 Feb 2021.

Grasselli G, Pesenti A, Cecconi M. Critical care utilization for the COVID-19
outbreak in Lombardy, Italy: early experience and forecast during an
emergency response. JAMA. 2020;323(16):1545-6.

. Grosso FM, Presanis AM, Kunzmann K, Jackson C, Corbella A. Decreasing

hospital burden of COVID-19 during the first wave in Regione Lombar-
dia : an emergency measures context. BMC Public Health. 2021. https://
doi.org/10.1186/512889-021-11669-w.

. Pecoraro F, Luzi D, Clemente F. Analysis of the different approaches

adopted in the italian regions to care for patients affected by covid-19.
Int J Environ Res Public Health. 2021;18(3):1-15.

. Lombardy Section Italian Society Infectious and Tropical Diseases. Vade-

mecum for the treatment of people with COVID-19. Edition 2.0, 13 March
2020. Le Infez Med. 2020;28(2):143-52.

. Welfare Directorate of Regione Lombardia. Regione Lombardia COVID-19

Dashboard [Internet]. 2020. https://www.regione.lombardia.it/wps/
portal/istituzionale/HP/servizi-e-informazioni/cittadini/salute-e-preve
nzione/coronavirus/dashboard-covid19. Accessed 3 Feb 2021.

. Welfare Directorate of Regione Lombardia. Regional Decree N° XI/3019,

DELIBERAZIONE N° XI /3019 Seduta del 30/03/2020 [Internet]. 2020
https.//www.regione.lombardia.it/wps/wcm/connect/d03075bd-b440-
4b93-b98b-d45447d27915/DGR+n.+XI_3019+4del+430.03.2020.pdf?
MOD=AJPERES&CACHEID=ROOTWORKSPACE-d03075bd-b440-4b93-
b98b-d45447d27915-n8feox6. Accessed 3 Feb 2021.

. Jackson C, Tom B, Kirwan P, Mandal S, Seaman S, Kunzmann K, et al. A

comparison of two frameworks for multi-state modelling, applied to
outcomes after hospital admissions with COVID-19. Statistical Methods in
Medical Research. 2021; In press.

. Larson MG, Dinse GE. A mixture model for the regression analysis of

competing risks data. J R Stat Soc Ser C Appl Stat. 1985;34(3):201-11.

. Editorial TLID. Curing COVID-19. Lancet Infect Dis. 2020;20(10):1101.

https://doi.org/10.1016/51473-3099(20)30706-4.

. Welfare Directorate of Regione Lombardia. Regional Decree N° XI/3114,

attachment |, 07/05/2020 [Internet]. 2020 https://anci.lombardia.it/
documenti/9928-DGR3114_ALLEGATO.pdf. Accessed 3 Feb 2021.

. Guzzetta G, Riccardo F, Marziano V, Poletti P, Trentini F, Bella A, et al.

Impact of a nationwide lockdown on SARS-CoV-2 transmissibility, Italy.
Emerg Infect Dis J. 2021,27(1):267.

Zheng Z, Peng F, Xu B, Zhao J, Liu H, Peng J. Risk factors of critical &
mortal COVID-19 cases: a systematic literature review and meta-analysis. J
Infect. 2020. https://doi.org/10.1016/},jinf.2020.04.021.

Nguyen LH, Drew DA, Graham MS, Joshi AD, Guo CG, Ma W, et al. Risk of
COVID-19 among front-line health-care workers and the general commu-
nity: a prospective cohort study. Lancet Public Heal. 2020;5(9):e475-83.
Lahner E, Dilaghi E, Prestigiacomo C, Alessio G, Marcellini L, Simmaco

M, et al. Prevalence of Sars-Cov-2 infection in health workers (HWs) and
diagnostic test performance: the experience of a teaching hospital in
central Italy. Int J Environ Res Public Health. 2020;17(12):1-12.

Hall VJ, Foulkes S, Charlett A, Atti A, Monk EJM, Simmons R, et al. SARS-
CoV-2 infection rates of antibody-positive compared with antibody-
negative health-care workers in England: a large, multicentre, prospective
cohort study (SIREN). Lancet. 2021;397(10283):1459-69.

Elkholy AA, Grant R, Assiri A, Elhakim M, Malik MR, Van Kerkhove MD.
MERS-CoV infection among healthcare workers and risk factors for death:
retrospective analysis of all laboratory-confirmed cases reported to WHO
from 2012 to 2 June 2018. J Infect Public Health. 2020;13(3):418-22.
https://doi.org/10.1016/jjiph.2019.04.011.


https://doi.org/10.1016/S0140-6736(20)30566-3
https://doi.org/10.1016/S0140-6736(20)30566-3
https://doi.org/10.1016/j.jamda.2020.08.014
https://doi.org/10.1016/j.jamda.2020.08.014
https://doi.org/10.1016/j.dsx.2020.06.064
https://doi.org/10.1016/j.dsx.2020.06.064
https://arxiv.org/abs/2103.04867
http://www.salute.gov.it/portale/news/p3_2_1_1_1.jsp?lingua=italiano&menu=notizie&p=dalministero&id=4124
http://www.salute.gov.it/portale/news/p3_2_1_1_1.jsp?lingua=italiano&menu=notizie&p=dalministero&id=4124
http://www.salute.gov.it/portale/news/p3_2_1_1_1.jsp?lingua=italiano&menu=notizie&p=dalministero&id=4124
https://doi.org/10.1186/s12889-021-11669-w
https://doi.org/10.1186/s12889-021-11669-w
https://www.regione.lombardia.it/wps/portal/istituzionale/HP/servizi-e-informazioni/cittadini/salute-e-prevenzione/coronavirus/dashboard-covid19
https://www.regione.lombardia.it/wps/portal/istituzionale/HP/servizi-e-informazioni/cittadini/salute-e-prevenzione/coronavirus/dashboard-covid19
https://www.regione.lombardia.it/wps/portal/istituzionale/HP/servizi-e-informazioni/cittadini/salute-e-prevenzione/coronavirus/dashboard-covid19
https://www.regione.lombardia.it/wps/wcm/connect/d03075bd-b440-4b93-b98b-d45447d27915/DGR+n.+XI_3019+del+30.03.2020.pdf?MOD=AJPERES&CACHEID=ROOTWORKSPACE-d03075bd-b440-4b93-b98b-d45447d27915-n8feox6
https://www.regione.lombardia.it/wps/wcm/connect/d03075bd-b440-4b93-b98b-d45447d27915/DGR+n.+XI_3019+del+30.03.2020.pdf?MOD=AJPERES&CACHEID=ROOTWORKSPACE-d03075bd-b440-4b93-b98b-d45447d27915-n8feox6
https://www.regione.lombardia.it/wps/wcm/connect/d03075bd-b440-4b93-b98b-d45447d27915/DGR+n.+XI_3019+del+30.03.2020.pdf?MOD=AJPERES&CACHEID=ROOTWORKSPACE-d03075bd-b440-4b93-b98b-d45447d27915-n8feox6
https://www.regione.lombardia.it/wps/wcm/connect/d03075bd-b440-4b93-b98b-d45447d27915/DGR+n.+XI_3019+del+30.03.2020.pdf?MOD=AJPERES&CACHEID=ROOTWORKSPACE-d03075bd-b440-4b93-b98b-d45447d27915-n8feox6
https://doi.org/10.1016/S1473-3099(20)30706-4
https://anci.lombardia.it/documenti/9928-DGR3114_ALLEGATO.pdf
https://anci.lombardia.it/documenti/9928-DGR3114_ALLEGATO.pdf
https://doi.org/10.1016/j.jinf.2020.04.021
https://doi.org/10.1016/j.jiph.2019.04.011

Presanis et al. BMC Infect Dis

25.

26.

27.

28.

(2021) 21:1041

Ahmed AE. The predictors of 3- and 30-day mortality in 660 MERS-CoV
patients. BMC Infect Dis. 2017;17(1):1-8.

Welfare Directorate of Regione Lombardia. Regional Decree N° XI/3018;
30 March 2020 [Internet]. 2020 https://www.sicp.it/wp-content/uploa
ds/2020/04/DGR-3018-Lombardia_gestione-emergenza-covid-in-RSA-e-
RSD_30-mar-20_cprd.pdf. Accessed 3 Feb 2021.

Italian National Institute of Health. National Survey on COVID-19 Out-
breaks in Care Homes [Internet]. 2020. https://www.epicentro.iss.it/coron
avirus/pdf/sars-cov-2-survey-rsa-rapporto-2.pdf. Accessed 3 Feb 2021.
Burton JK, Bayne G, Evans C, Garbe F, Gorman D, Honhold N, et al. Evolu-
tion and effects of COVID-19 outbreaks in care homes: a population
analysis in 189 care homes in one geographical region of the UK. Lancet

29.

Page 16 of 16

Heal Longev. 2020;1(1):e21-31. https://doi.org/10.1016/S2666-7568(20)
30012-X.

European Centre for Disease Prevention and Control. Increase in fatal
cases of COVID-19 among long-term care facility residents [Internet].
2020. https://www.ecdc.europa.eu/en/2019-ncov-background-disease.
Accessed 3 Feb 2021.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://www.sicp.it/wp-content/uploads/2020/04/DGR-3018-Lombardia_gestione-emergenza-covid-in-RSA-e-RSD_30-mar-20_cprd.pdf
https://www.sicp.it/wp-content/uploads/2020/04/DGR-3018-Lombardia_gestione-emergenza-covid-in-RSA-e-RSD_30-mar-20_cprd.pdf
https://www.sicp.it/wp-content/uploads/2020/04/DGR-3018-Lombardia_gestione-emergenza-covid-in-RSA-e-RSD_30-mar-20_cprd.pdf
https://www.epicentro.iss.it/coronavirus/pdf/sars-cov-2-survey-rsa-rapporto-2.pdf
https://www.epicentro.iss.it/coronavirus/pdf/sars-cov-2-survey-rsa-rapporto-2.pdf
https://doi.org/10.1016/S2666-7568(20)30012-X
https://doi.org/10.1016/S2666-7568(20)30012-X
https://www.ecdc.europa.eu/en/2019-ncov-background-disease

	Risk factors associated with severe hospital burden of COVID-19 disease in Regione Lombardia: a cohort study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study participants
	Multi-state model
	Probabilities of next events
	Times to next events

	Results
	Data summaries
	Month of admission trends by age and sex
	Care home residence
	Healthcare workers
	Co-morbidities
	Hospital bed capacity

	Discussion and conclusions
	Acknowledgements
	References


