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ABSTRACT

Objectives To develop a population-based risk
stratification model (COVID-19 Vulnerability Score) for
predicting severe/fatal clinical manifestations of SARS-
CoV-2 infection, using the multiple source information
provided by the healthcare utilisation databases of the
[talian National Health Service.

Design Retrospective observational cohort study.
Setting Population-based study using the healthcare
utilisation database from five Italian regions.

Participants Beneficiaries of the National Health Service,
aged 18-79 years, who had the residentship in the five
participating regions. Residents in a nursing home were
not included. The model was built from the 7655502
residents of Lombardy region.

Main outcome measure The score included gender,

age and 29 conditions/diseases selected from a list of

61 conditions which independently predicted the primary
outcome, that is, severe (intensive care unit admission)

or fatal manifestation of COVID-19 experienced during
the first epidemic wave (until June 2020). The score
performance was validated by applying the model to
several validation sets, that is, Lombardy population
(second epidemic wave), and the other four Italian regions
(entire 2020) for a total of about 15.4 million individuals
and 7031 outcomes. Predictive performance was assessed
by discrimination (areas under the receiver operating
characteristic curve) and calibration (plot of observed vs
predicted outcomes).

Results We observed a clear positive trend towards
increasing outcome incidence as the score increased. The
areas under the receiver operating characteristic curve

of the COVID-19 Vulnerability Score ranged from 0.85 to
0.88, which compared favourably with the areas of generic
scores such as the Charlson Comorbidity Score (0.60). A
remarkable performance of the score on the calibration
of observed and predicted outcome probability was also
observed.

Conclusions A score based on data used for public
health management accurately predicted the occurrence

STRENGTHS AND LIMITATIONS OF THIS STUDY

= The COVID-19 Vulnerability Score (CVS), based on
demographic (age and gender) and clinical (29 con-
ditions and diseases) predictors of the COVID-19 se-
verity, may be easily obtained from electronic health
databases covering beneficiaries of the National
Health Service.

= The CVS was developed and validated on a large
(more than 15 million Italian individuals) and unse-
lected population.

= The CVS was validated across different temporal
(first and second epidemic wave) and geographical
(five Italian regions) conditions.

= Predictors were restricted to those routinely col-
lected and available in the ltalian administrative
databases. Thus, education, functional status and
socioeconomic information were not included.

of severe/fatal manifestations of COVID-19. Use of this
score may help health decision-makers to more accurately
identify high-risk citizens who need early preventive or
treatment interventions.

INTRODUCTION

The pandemic spread of the SARS-CoV-2 has
dramatically exceeded the diagnostic and
treatment capabilities of virtually all countries
around the world. This has fuelled a debate
on the need to establish priority criteria that
might identify patients with COVID-19 at
greater risk of progressing to hospitalisation
or a fatal event, in order to make them the
preferential recipients of currently available
effective treatment strategies, the goal being
to reduce the number of deaths and prevent
collapse of hospital facilities. The problem
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involves who should receive early diagnostic testing, who
can be treated outside hospital among infected people,
who should be given new, sometimes expensive and neces-
sarily rationed drugs (eg, monoclonal antibodies') and
who should be selected for early vaccination. The case of
vaccination is particularly delicate because demand will
outstrip supply for many months ahead in low/middle-
income countries.

Associations between certain chronic diseases and
conditions and serious/critical/fatal clinical manifesta-
tions of the SARS-CoV-2 infection have been reported
from several studies,”™ which potentially helps to iden-
tify the multiple prognostic factors that are involved in
COVID-19. However, although some factors have been
accepted as ‘established’ by the scientific community,
their overall predictive value has not been robustly eval-
uated.” It should also be considered that basing predic-
tions on a list of individual conditions or diseases does
not take into account that comorbidities can make the
global risk different from that predictable by individual
contributions. Finally, some predictive scores have been
developed and validated in hospital care settings,’” their
use requiring specialised image acquisition or sophisti-
cated laboratory examinations, which may not be readily
applicable in a population context. A valuable goal would
therefore be to develop a score that could reliably predict
the risk of progression of COVID-19 to severe or lethal
forms, using simple and easily collectable information.

Our population-based study was performed under
the auspices of the Italian Health Ministry. We aimed to
develop and validate a novel score predictive of severe/
fatal clinical manifestations of the SARS-CoV-2 infection
using the multiple source information provided by the
healthcare utilisation databases of the Italian National
Health Service (NHS).

METHODS

Setting

This study was based on the NHS beneficiaries of five Italian
regions that voluntarily joined the protocol and contributed
to the data collection. The regions are located in Northern
(Valle d’Aosta and Lombardy), Central (Marche), Southern
(Puglia) Italy and in the Italian islands (Sicily). Overall, the
data covered nearly 20.5million people (34% of the entire
Italian population) who, during 2020, experienced 712408
cases of COVID-19, with a total of 31957 deaths. Selected
features of the participating regions are reported in online
supplemental table SI.

Data sources

All Italian citizens have equal access to healthcare services
provided by the NHS. Computerised information systems
on the provided services have been created within each
of the 21 Italian regions and autonomous provinces,
the related regional healthcare databases including (1)
demographic and administrative data of residents who
receive NHS assistance (the NHS beneficiaries, practically

coinciding with the entire resident population); (2) hospital
discharge records reporting information on the primary
diagnosis, as well as on up to five coexisting conditions and
procedures, coded according to the International Classi-
fication of Diseases, Ninth Revision, Clinical Modification
(ICD-9-CM) classification system (http://icd9.chrisendres.
com/); and (3) drug prescriptions reimbursed by the NHS,
coded according to the Anatomical Therapeutic Chemical
(ATC) classification system (https://www.whocc.no/atc_
ddd_index/). Since the start of the COVID-19 pandemic,
almost all regions established, with the coordination of
the National Health Institute, a population-based registry
of patients with a confirmed diagnosis of infection with
SARS-CoV-2, and, among these, those who were admitted
to intensive care units or died. In the present study, these
various types of data were interconnected by using for
each citizen a single identification code in all databases.
To preserve privacy, each identification code was automat-
ically deidentified. Analyses of the regional databases were
performed under the rule that the inverse process, that
is, patient identification, was allowed only to the Regional
Health Authority upon request from the judicial authority.

Predictors of COVID-19 severity

Taking into consideration the morbidity and mortality
predictors reported in epidemiological studies,” " as well
as comorbidity scores widely used worldwide or tuned to
the Ttalian population (the Charlson Comorbidity Index'
and the Multisource Comorbidity Score (MCS), devel-
oped for the general Italian population''), we identified
61 candidate predictors. Twenty-seven candidate predictors
were traced from inpatients diagnostic codes, 5 from outpa-
tients who were prescribed drugs, and the remaining 29
from both diagnostic and therapeutic codes, depending on
the availability of specific diagnostic codes and drug ther-
apies. Four of us (FR, DM, MG and GM) independently
attributed the ICD-9 and ATC codes to the individuals in
whom 1 or more of the 61 candidate predictors were detect-
able. Discrepancies were resolved in conference. The list of
candidate predictors, and the corresponding codes, are
reported in online supplemental table S2.

Score development

Since among the five participating regions, Lombardy
has the largest resident population (16% of the entire
Italian population) and had been hit by the pandemic
more than any other region during the months
between March and June 2020 (in that period, 48% of
the COVID-19 deaths registered in Italy occurred in
Lombardy), we used the data from the first epidemic
wave that hit Lombardy to develop the score.

We included all the NHS beneficiaries who on 21
February 2020 were residents in Lombardy for at least
2years, were aged 18-79 years and did not reside in
a nursing home. Multivariate logistic regression was
fitted for investigating the association between gender,
four age classes (18-45, 46-59, 60-69 and 70-79 years)
plus the above-mentioned 61 candidate predictors,
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and the odds of experiencing the outcome of interest,
which was the composite of hospitalisation in an inten-
sive care unit or death with a COVID-19 diagnosis,
up to 30 June 2020. Candidate predictors entered as
dichotomous variables in the model, with value 1 or 0
according to whether the specific condition was or was
not recorded at least once within the 781 days prior to
the baseline period, that is, from 1 January 2018 until
20 February 2020. The least absolute shrinkage and
selection operator (LASSO) method was applied for
selecting the conditions able to predict the outcome. '
Finally, a score was assigned to each condition selected
with the LASSO method by using the coefficient esti-
mated from the model. The coefficient was converted
into a score by multiplication by 10 and rounding to
the nearest whole number. Scores were sequentially
summed to produce a total aggregate score. The
index so obtained was termed COVID-19 Vulnerability
Score (CVS). To verify the extension of the associa-
tion between the increasing value of the score and the
increasing occurrence of severe/fatal forms of COVID-
19, CVS categories of width 10 was plotted against the
outcome incidence. The prevalence of the Lombardy
cohort members according to CVS categories was also
calculated. Restricted cubic spline with 3 df was used
to represent the corresponding smoothed trends."”

Score validation and performance

To validate the model across different temporal and
geographical conditions (ie, to assess the performance
of CVS for different treatment options, climatic char-
acteristics, intensity of the epidemic spread, etc),
the score developed from the Lombardy cohort was
applied to several validation sets selected by using
the same inclusion/exclusion criteria of the original
(Lombardy) one. One validation set consisted of the
cohort of Lombardy NHS beneficiaries who were free
from COVID-19 up to 1 July 2020, after which date a
new observation period was started and continued until
censorship at the outcome occurrence (intensive care
admissions or deaths) or at 31 December 2020, whatever
happened first. Other validation sets consisted of NHS
beneficiaries from each of the other regions included
in the study. For these other regional cohorts, observa-
tions started on 1 March 2020 and were censored at the
outcome occurrence or at 31 December 2020, whatever
happened first.

The performance of CVS was assessed through
discrimination and calibration. Discrimination was eval-
uated by the receiver operating characteristic (ROC)
curves and the corresponding underlying areas (area
under the ROC curves (AUCs)).!* Calibration plots
displayed observed versus predicted outcome probabil-
ities. The Hosmer-Lemeshow goodness-of-fit test modi-
fied by Yu et al'® was used for testing the null hypothesis
of agreement between observed and predicted outcome
probabilities.

Patient and public involvement

No patient was involved in setting the research question
or the outcome measures, nor were patients involved in
developing plans for design or implementation of the
study. No patients were asked to advise on interpretation
or writing up of results.

RESULTS

COVID-19 Vulnerability Score

The 31 demographic and clinical conditions that signifi-
cantly contributed to CVS are reported in table 1. As
expected, older age was the major contributor to the
outcome of interest, but also male gender gave a relevant
contribution. Nearly 40% of NHS beneficiaries had at
least one clinical condition contributing to CVS. Diabetes
(especially if under insulin therapy), psychosis, coronary
and peripheral vascular disease, gout, use of corticoste-
roids, HIV infection, malignancies and anaemias were
the most relevant contributors to the outcome. However,
other 19 clinical conditions (ranging across all major
nosologic macrocategories) contributed to CVS.

Figure 1A shows that the probability of experiencing
the outcome of interest had a clear positive trend as
CVS increased, the risk being lower than 0.05% for CVS
value <29, progressing to 2% for a CVS value between 60
and 69, and reaching a much higher value (around 4%)
for CVS values >80. Sixty-nine per cent of NHS beneficia-
ries had a CVS value <29, almost 30% ranged from 30 and
69, and less than 1% (0.16%) exhibited a CVS value >70
(figure 1B).

CVS performance

Figure 2A shows that the AUC of CVS was 0.89. This area
compared favourably with the AUC of the models based
on scores not specifically addressing COVID-19, the AUC
values being 0.60 for the Charlson Comorbidity Index and
0.77 for MCS. The 95% ClIs are not indicated in the figure
because, due to the very large sample size, they practically
coincided with the AUC values. As shown in figure 2B, the
CVS AUC values were almost superimposable between the
different regions participating in the study, that is, 0.88,
0.86, 0.86, 0.85 and 0.86 for Lombardy, Valle d’Aosta,
Marche, Puglia and Sicily cohorts, respectively.

Figure 3 shows that there was a good agreement between
the observed and the predicted outcome probabilities, with
the calibration intercept close to the ideal value of 0 and
the recalibration slope close to the ideal value of 1 (0.93).
The null hypothesis of agreement between observed and
predicted frequencies could not be rejected according to
the modified Hosmer-Lemeshow test.

DISCUSSION

Our study shows that a score based on demographic and
clinical information derived from healthcare utilisation
data currently used throughout Italy for the management
of NHS is able to stratify NHS beneficiaries aged 18-79
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years for their risk to develop severe/fatal clinical mani-
festations of COVID-19. The score (developed in a very
large number of individuals from several Italian regions)
exhibited a significantly better discriminating power
than the Charlson Comorbidity Index, that is, the most
widely used comorbidity score'’ which has been recently
validated also for predicting mortality in patients with
COVID-19 hospitalised for pneumonia.'® It also outper-
formed a comorbidity score validated by our group for
the general Italian population and also found to be better
than the Charlson Comorbidity Index. This allows to
conclude that the score we developed (termed COVID-19
Vulnerability Score or CVS) can reliably identify people in
whom age, gender and a variety of comorbidities interact
to make them more at risk of the clinically severe and
fatal manifestations of SARS-CoV-2 infection. This makes
CVS a potentially useful tool for establishing priority in
the future vaccination programmes for the general Italian
population up to 79 years of age which has so far been
based in a descending fashion on age alone as well as on
individually listed conditions or diseases that have shown
a greater prevalence of severe or lethal COVID-19 in clin-
ical studies. CVS may also find a useful future application
to the determination of priority access to the third dose
of vaccine, or to the delivery of future treatment options,
such as new antiviral agents and monoclonal antibodies,
if their cost will be too high to allow an extended use.
Our study identified several prognostic factors that,
in addition to age and gender, predict the severity of
COVID-19 and are included among the medical illnesses
and dispensed drugs retrievable in the healthcare utilisa-
tion database. Consistently with a recent meta-analysis,*
diabetes (mainly when under insulin therapy), cardiovas-
cular disease (mainly coronary and peripheral vascular
disease), hypertension, malignancies, chronic respiratory
and kidney diseases, dementia and obesity were all asso-
ciated with the COVID-19 outcome. People with HIV,"
and those who had a history of severe clinical manifes-
tations of an infectious disease, including tuberculosis,18
also showed a significant association with the severity of
COVID-19. Additionally, and according to other studies,
we found that diseases of the neurological system (eg,
epilepsy, recurrent seizures'’ and Parkinson disease and
parkinsonism®), of the gastrointestinal tract (eg, liver
cirrhosis and other liver chronic diseasesgl), of metab-
olism (eg, gout®), of the skin (eg, psoriasis™), and of
the blood and blood-forming organs (eg, coagulation
defects® and anaemias®) contributed to the COVID-19-
related clinical frailty. We also confirmed the involvement
in a greater risk of severe or lethal forms of COVID-19
of mental disorders, such as psychosis and depression®
as well as of recent dispensations of drugs with immu-
nosuppressive properties (eg, corticosteroids>’), agents
against chronic pain (eg, narcotic analgesics>) or with an
anticoagulant® action. This confirms the now established
notion that alterations of the structure and function of
virtually all organs and systems of the body may adversely
affect resistance to COVID-19. It should be emphasised
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Figure 1

Relationship between categories of COVID-19 Vulnerability Score and (A) the risk of occurrence of severe/fatal forms

of COVID-19, (B) its distribution among National Health Service beneficiaries. Columns indicate the observed values (of risk and
prevalence, respectively). Solid and dashed lines, respectively, represent the fitted cubic spline with the corresponding 5th and
95th percentiles. The analysis was based on the cohort of 7655502 beneficiaries of the Lombardy Region Health Service for at
least 2years, who on 21 February 2020 were alive, aged between 18 and 79 years and did not reside in a nursing home. During
the first epidemic wave (until June 2020), this cohort experienced 9160 severe (intensive care unit admitted and mechanically
ventilated via intubation) and/or fatal outcomes. The average incidence rate during the first wave was therefore 12.0 cases per

10000 people at risk.

that the association between the severity of COVID-19
and the dispensed drugs we found in our study is not
in contrast with the use of some of these drugs for the
treatment of COVID-19, because in our analysis, previous
drug therapies were searched for to track background
comorbidities and not to investigate their possible direct
effect on the disease. In this context, it is likely that use
of corticosteroids and other immunosuppressive agents
reflected the existence of autoimmune diseases, while use
of anticoagulants reflected the existence of atrial fibril-
lation, thromboembolic states or other cardiovascular

disorders, which have been shown to reduce patients’
defence against the virus.”

Our study has implications for several aspects of
the public health policy against COVID-19, the most
important of which is the priority criteria to adopt for the
third dose of vaccine to be delivered to the Italian popula-
tion by the Italian Ministry of Health. As done in the first
vaccination campaign, the plan is to offer an early cost-
free priority third dose to people residing in a nursing
home and aged 80 years or older. This has a strong ratio-
nale because of the 24 575 severe /fatal cases of COVID-19
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Figure 2 Receiver operating characteristic (ROC) curves comparing discriminant power (A) of COVID-19 Vulnerability Score
(CVS), Charlson Comorbidity Index (CCI) and Multisource Comorbidity Score (MCS) from the derivation set (B) of CVS from
several validation sets. Derivation set (left box) was based on the cohort of 7655502 beneficiaries of the Lombardy Region
Health Service for at least 2 years, who on 21 February 2020 were alive, aged between 18 and 79 years and did not reside

in a nursing home. During the first epidemic wave (until June 2020), this cohort experienced 9160 severe (intensive care unit
admitted and mechanically ventilated via intubation) and/or fatal outcomes. Validation sets (right box) were based on: (1)
7575924 resident in Lombardy whom observation started on 1 July 2020 and who experienced 2822 severe/fatal outcomes
within 31 December 2020; (2) 92 267, 1 110 570, 3012754 and 3649518 beneficiaries of Valle d’Aosta, Marche, Puglia and
Sicily regional health services, whom observation started on 1 March 2020 and who, respectively, experienced 173, 542, 1953

and 1541 severe/fatal outcomes within 31 December 2020.

registered in Lombardy during 2020, 12593 (51%)
occurred in people aged 80 years and older. Furthermore,
in Italy, the average age of COVID-19 fatalities during the
entire pandemic period has been reported to be 82 years,
which means that in octogenarians and nonagenarians,
search for and use of a risk score more complex than age
alone may carry a limited practical advantage. However,
this is not the case for the vaccination programme to be
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implemented in people aged 79 years or less, in which
administration of the third dose vaccine is planned after
completion of the third dose vaccination in older indi-
viduals. In these people, use of CVS may offer the possi-
bility of identifying more accurately those at a high risk
of development of a severe or lethal form of COVID-19
and thus to predispose their vaccination reinforcement at
an earlier time. The same advantage can be foreseen for
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Figure 3 Calibration plot of observed (X-axis) versus predicted (Y-axis) risk of severe/fatal outcomes. The analysis was based
on the pooled validation sets of 15441 033 residents from Lombardy, Valle d’Aosta, Marche, Puglia and Sicily who experienced
7031 severe/fatal outcomes from starting (1 July 2020 in Lombardy, or 1 March 2020 in the other regions) until 31 December

2020.

Corrao G, et al. BMJ Open 2021;11:€053281. doi:10.1136/bmjopen-2021-053281

1ybuAdoa Aq paroaaloid eubojog Ip 1pnis 16ap ViISIaAIUN
- 03UBNY,p 0LLDB10I|gIg BWAISIS T8 2207 ‘¥T Jaqualdas uo /wod fwq uadofwa//:dny woly papeojumod TZ0z 18qudsAoN 8T U0 T8ZES0-TZ0z-Uadolwa/9eTT 0T se paysiignd 1s1y :usdo CING


http://bmjopen.bmj.com/

the criteria to adopt for the delivery of future treatment
strategies such as new antiviral drugs or monoclonal anti-
bodies, if current research will prove their life-saving role.
In this case, the high cost of these treatments will make
priority criteria for their use absolutely necessary.

The present study has several strengths and some
limitations. An important strength is that our sample of
NHS beneficiaries was not only extremely large but it also
reflected an unselected population. Another strength
is that the Italian healthcare utilisation database allows
to track services provided by the NHS with considerable
accuracy because providers must document services to
claim reimbursement, and incorrect reports carry legal
consequences. Finally, a remarkable finding of our study
is that, although built from the Lombardy data collected
during the first epidemic wave (ie, before the summer
2020), CVS performed similarly well during the second
epidemic wave (ie, after the summer 2020), despite differ-
ences in treatment options for inpatients and outpatients
as well as hospitalisation criteria compared with the first
epidemic wave. It is also remarkable that the CVS perfor-
mance was virtually superimposable in all regions of Italy,
despite their different social features, climatic character-
istics and intensity of the epidemic spread. This suggests
that the advantages of the CVS score for stratification
of the risk of COVID-19 complications extend across
different temporal and geographical conditions.

The limitations are that the predictors of COVID-19
complications we searched for are restricted to those
routinely collected and available in the administra-
tive databases (the same for all regions of Italy), that is,
hospital admissions and drug dispensed. Thus, educa-
tional factors, functional status, socioeconomic character-
istics and other extraclinical variables that can affect the
prognosis of patients with COVID-19 were not included.
Our scoring system also did not capture the severity of
associated comorbidities, health services and treatments
supplied by private providers, and misdiagnosis (due to
poor accuracy in reporting diagnoses and comorbidities)
and upcoding of hospital records.

Finally, our approach may have failed to identify comor-
bidities that, although increasing the risk of severe/
fatal clinical manifestations of COVID-19 limited social
contacts, thereby favouring an escape from the SARS-
CoV-2 virus infection of the individuals affected. However,
because the purpose of our study was to identify indi-
viduals to which offer earlier protection, patients with
a disease that makes them unexposed to the infection
should receive later preventive interventions (ie, treat-
ments or vaccination). Of course, exclusion from the
scoring system of diseases so debilitating or incapacitating
to limit social contacts but requiring a caregiver is a major
limitation of our study.

CONCLUSION
In summary, we developed and validated a score derived
from data used for public health management, which

predicts severe/fatal outcomes of COVID-19 in a large
number of beneficiaries of the Italian NHS more accu-
rately than other available scores. Our findings show that
this can be achieved by combined use of demographic
(age and gender) and clinical (29 conditions/diseases)
predictors of the COVID-19 outcome. Because of its
performance, use of this score may help health decision-
makers to achieve a more accurate identification of high-
risk citizens who need early preventive interventions.
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