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Abstract

Background: SARS-CoV-2 is straining health care systems globally. The burden on hospitals during the pandemic could be
reduced by implementing prediction models that can discriminate patients who require hospitalization from those who do not.
The COVID-19 vulnerability (C-19) index, a model that predicts which patients will be admitted to hospital for treatment of
pneumonia or pneumonia proxies, has been developed and proposed as a valuable tool for decision-making during the pandemic.
However, the model is at high risk of bias according to the “prediction model risk of bias assessment” criteria, and it has not been
externally validated.

Objective: The aim of this study was to externally validate the C-19 index across a range of health care settings to determine
how well it broadly predicts hospitalization due to pneumonia in COVID-19 cases.

Methods: We followed the Observational Health Data Sciences and Informatics (OHDSI) framework for external validation
to assess the reliability of the C-19 index. We evaluated the model on two different target populations, 41,381 patients who
presented with SARS-CoV-2 at an outpatient or emergency department visit and 9,429,285 patients who presented with influenza
or related symptoms during an outpatient or emergency department visit, to predict their risk of hospitalization with pneumonia
during the following 0-30 days. In total, we validated the model across a network of 14 databases spanning the United States,
Europe, Australia, and Asia.

Results: The internal validation performance of the C-19 index had a C statistic of 0.73, and the calibration was not reported
by the authors. When we externally validated it by transporting it to SARS-CoV-2 data, the model obtained C statistics of 0.36,
0.53 (0.473-0.584) and 0.56 (0.488-0.636) on Spanish, US, and South Korean data sets, respectively. The calibration was poor,
with the model underestimating risk. When validated on 12 data sets containing influenza patients across the OHDSI network,
the C statistics ranged between 0.40 and 0.68.

Conclusions: Our results show that the discriminative performance of the C-19 index model is low for influenza cohorts and
even worse among patients with COVID-19 in the United States, Spain, and South Korea. These results suggest that C-19 should
not be used to aid decision-making during the COVID-19 pandemic. Our findings highlight the importance of performing external
validation across a range of settings, especially when a prediction model is being extrapolated to a different population. In the
field of prediction, extensive validation is required to create appropriate trust in a model.

(JMIR Med Inform 2021;9(4):e21547) doi: 10.2196/21547
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Introduction

Background
The novel coronavirus SARS-CoV-2, which causes COVID-19,
is quickly spreading throughout the world and burdening health
care systems worldwide [1]. Numerous prediction models are
being developed and released to the public to aid
decision-making during the pandemic [2]. Many of these models
aim to inform people of their risk of developing severe outcomes
due to COVID-19 [3-5]. A recent systematic review found that
all the then-published models suffered from high risk of bias
along with one or more limitations, including small data sets
used to develop the models and lack of external validation [2].

The COVID-19 vulnerability (C-19) index [5] is an example of
a prognostic model developed to identify people susceptible to
severe outcomes during COVID-19 infection. The model is
potentially valuable because it aims to predict hospitalization
risk in the general population [2]. At the time of the study, a
paper on the model was available as a preprint [5], and the model
itself was publicly available at a website [6]. The C-19 index
aims to predict which patients will require hospitalization due

to pneumonia (or proxies for pneumonia) within 3 months. The
model was developed using retrospectively collected Medicare
data (patients aged 65 years or older) that did not include
patients with COVID-19.

Objectives
In this paper, we aim to show the importance of external
validation and demonstrate the feasibility, during times of
urgency, of using a collaborate network for this purpose. We
chose to demonstrate this with the C-19 index because it is
available as a commercial product to the public, prior to being
peer-reviewed, as a model that can predict COVID-19 severity,
but it has not undergone any external validation. It is unknown
whether this model is currently being used for medical
decision-making, but it has been advertised as a decision-making
tool. However, the process illustrated in this paper and the
lessons learned are applicable to any COVID-19 prediction
model. Furthermore, the C-19 index model was developed using
non–COVID-19 data, and there is no guarantee that a model
trained on Medicare patients who do not have COVID-19 will
perform similarly or even adequately in patients with
COVID-19. Research has shown that there is high risk of bias
for a model that lacks external validation [7]. In addition, it is
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recommended to assess the knowledge of a model’s
reproducibility and transportability before it is used clinically
[8]. Models must be reliable, as poor predictions can be
detrimental to decision-making [2].

The Observational Health Data Science and Informatics
(OHDSI) collaboration is a group of researchers who are
collaborating to develop best practices for analyzing
observational health care data [9]. OHDSI has developed a
framework that enables timely validation of prediction models
across a large number of data sets worldwide [10]. The OHDSI
network currently contains large COVID-19 cohorts from the
United States, Europe, and Asia. In this study, we aim to
demonstrate the importance of performing external validation
of a model before its predictions can be trusted. As a case study,
we chose to investigate the predictive performance of the C-19
index when applied to COVID-19 data from databases across
the world. This study provides information about the suitability
of using the C-19 index model to aid decision-making during
the COVID-19 pandemic.

Methods

Existing C-19 Index Models
Three models were developed in the C-19 index paper [5]. The
simplest model was a logistic regression with a limited number
of predictors: age, sex, hospital usage, 11 comorbidities, and
their age interactions. The other two models were less
parsimonious gradient boosting machines with more than 500
variables. Only one of these gradient boosting machine models
was reported. Withholding a model results in noncompliance
with the TRIPOD (Transparent Reporting of a Multivariable
Prediction Model for Individual Prognosis or Diagnosis)
statement [11] and makes external validation impossible. In this
paper, we chose to evaluate the simple logistic regression model,
recognizing that COVID-19 prediction models are urgently
needed worldwide and that parsimonious models are more
readily implemented across health care settings.

Data Source
Electronic medical records (EMRs) and administrative claims
databases from primary care and secondary care systems
containing patients from Australia, Japan, the Netherlands,
Spain, South Korea, and the United States were analyzed in a
distributed network, as detailed in Multimedia Appendix 1,
Table S1. Of these data sets, 5 contained COVID-19 cases and
9 did not. All data sets used in this paper were mapped into the
OHDSI Observational Medical Outcomes Partnership Common
Data Model (OMOP-CDM) [12]. The OMOP-CDM was
developed to provide researchers with diverse data sets with a
standard database structure. This enables analysis code and
software to be shared among researchers, which facilitates
external validation of prediction models. Deidentified or
pseudonymized data were obtained from routinely collected
records from clinical practice. Analyses were performed using
the following databases: the Australia Electronic Practice–Based
Research Network (AU-ePBRN) (linked primary and secondary
care database from Australia); Japanese Medical Data Center
(JMDC) (Japanese claims); Integrated Primary Care Information
(IPCI) (primary care EMR from the Netherlands); Information

System for Research in Primary Care (SIDIAP) (primary care
EMR from Spain); Ajou University School of Medicine
(AUSOM) and Health Insurance Review and Assessment
(HIRA) (EMR and claims database, respectively, from South
Korea); Commercial Claims and Encounters (CCAE),
ClinFormatics, Medicare (MDCR), Medicaid (MDCD) (US
claims databases), Optum EHR, Department of Veterans Affairs
(VA), Columbia University Irving Medical Center (CUIMC)
and Tufts Medical Center Research Data Warehouse (TRDW)
(US EMRs). All analyses were conducted locally in a distributed
network in which the analysis code was sent to participating
sites and only aggregate summary statistics were returned, with
no sharing of patient-level data between organizations.

Consent to Publish
Each site obtained institutional review board approval for the
study or used deidentified data; therefore, the study was
determined not to be human subject research. Informed consent
was not necessary at any site.

Participants
The purpose of the C-19 index is to identify which patients with
COVID-19 are more likely to require hospitalization due to
severe complications. The C-19 index model was developed
using non–COVID-19 data; therefore, we externally validated
it in (1) COVID-19 cohorts, to see how well the model transports
to patients it is being advertised for, and (2) non–COVID-19
cohorts, to see how well the model transports to patients similar
to those used to develop it.

We chose to investigate the performance of the model when
applied to patients with an outpatient or emergency department
(ED) visit with initial symptoms. We chose this approach
because it mimics the situation in which patients first seek
treatment or medical advice due to developing symptoms or
testing positive for COVID-19 (or influenza).

For the external validation using COVID-19 data, patients were
included in the target population if they satisfied the criteria
below:

• Presenting at an outpatient or ED visit with COVID-19
(COVID-19 was identified by a diagnosis code for
SARS-COV-2 or a positive test for SARS-COV-2 that was
recorded after January 1, 2020)

• Aged ≥18 years during the outpatient or ED visit
• ≥365 days of observation time in the data prior to the

outpatient or ED visit
• No diagnosis of influenza, influenza-like symptoms, or

pneumonia in the preceding 60 days (to ensure the index
date is the date of the most recent symptom of COVID-19)

The index date was defined as the date of the valid outpatient
or ED visit.

For the external validation using non–COVID-19 data (influenza
data), patients were included in the target population if they
satisfied the criteria below:

• Presenting at an outpatient or ED visit with a record of
influenza or influenza-like symptoms (ie, fever and either
cough, shortness of breath, myalgia, malaise, or fatigue)
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• Aged ≥18 years during the outpatient or ED visit
• ≥365 days of observation time in the data prior to the

outpatient/ED visit
• No diagnosis of influenza, influenza-like symptoms, or

pneumonia in the preceding 60 days (to ensure the index
date is the date of the most recent symptom of influenza)

The index date was defined the date of the valid outpatient or
ED visit.

Outcome
The outcome was hospitalization with pneumonia on the index
date (valid outpatient or ED visit) and within 30 days after index.

Multimedia Appendix 2 contains the definitions of pneumonia,
influenza, influenza-like symptoms, and COVID-19 used in
this study. The full details of the participant cohorts and the
outcomes used for validation can be found in the study package
[13].

Predictors
The predictors of the logistic regression version of the C-19
index are age in years, male sex, number of inpatient visits
during the prior 12 months, and indicator variables for various
Clinical Classifications Software Refined (CCSR) categories.
A table with the C-19 predictors and coefficients is presented
in Multimedia Appendix 3. The CCSR categories used were
pneumonia except that caused by tuberculosis, other and
ill-defined heart disease, heart failure, acute rheumatic heart
disease, coronary atherosclerosis and other heart disease,
pulmonary heart disease, chronic rheumatic heart disease,
diabetes mellitus with complication, diabetes mellitus without
complication, chronic obstructive pulmonary disease and
bronchiectasis, and other specified and unspecified lower
respiratory disease. Age interactions with each CCSR variable
were also included as predictors. Each CCSR category
corresponds to an aggregation of International Classification of
Disease, Tenth Revision (ICD-10) codes that belong to the
category.

In the development data, if a patient had an ICD-10 code that
was part of the CCSR “pneumonia except that caused by
tuberculosis” grouping during a specified time period prior to
index, their value for the predictor “pneumonia except that
caused by tuberculosis” was 1; otherwise, it was 0. This
assignment was repeated for each CCSR predictor. Data in the
OMOP-CDM do not use ICD-10 codes, but instead use
Systematized Nomenclature of Medicine (SNOMED) codes.
Therefore, to replicate the predictors in the OMOP-CDM data,
we needed to find the sets of SNOMED codes that corresponded
to each CCSR predictor. We accomplished this by finding the
SNOMED equivalent of each ICD-10 code in a CCSR category.

The SNOMED groupings per CCSR category used by the
OHDSI implementation of the C-19 are presented in Multimedia
Appendix 3.

Sample Size
We identified 41,381 patients with an outpatient or ED visit for
COVID-19 in 2020: 1985 patients from South Korea, 37,950
patients from Spain, and 1446 patients from the United States.

We also identified a total of 9,429,285 patients with an
outpatient or ED visit for influenza or influenza-like symptoms
in databases from six countries. The number of visits for
influenza or influenza-like symptoms per database ranged
between 2793 and 3,146,801.

Missing Data
The prediction models used a cohort design that included any
patient who satisfied the inclusion criteria. We did not exclude
patients who were lost to follow-up during the 30-day period
after the valid outpatient or ED visit.

Statistical Analysis Methods
The model performance was evaluated using the standard
discriminative metrics: area under the receiver operating
characteristic (AUROC) curve (equivalent to the C statistic)
and area under the precision recall curve (AUPRC). The latter
is a useful addition to the AUROC when assessing rare outcomes
[14]. An AUROC of 1 corresponds to a model that can always
assign a higher risk to patients who will experience the outcome
compared to those who will not. An AUROC of 0.5 corresponds
to a model that randomly guesses a patient’s risk. Precision is
defined as the number of true positives over the number of true
positives plus the number of false positives. Recall is defined
as the number of true positives over the number of true positives
plus the number of false negatives. The precision-recall curve
shows the tradeoff between precision and recall for different
thresholds. The AUPRC performance is relative to the rareness
of the outcome. An AUPRC greater than the percentage of the
population with the outcome indicates that the model is
discriminating, and the greater the value (closer to 1), the better
the discrimination. The AUPRC gives some insight into the
false positive rate; a low AUPRC value indicates that the model
will lead to many false positives. The calibration was determined
by creating deciles based on the predicted risk and plotting the
mean predicted risk versus the observed risk in each decile. If
a model is well calibrated, the mean predicted risk will be
approximately equal to the observed risk for each decile.

We followed the TRIPOD statement guidelines [11] for
reporting the model validation throughout this paper. For
transparency, an open source package for implementing the
model on any OMOP-CDM data is available on GitHub [13].

Development Versus Validation
The differences between the C-19 index model development
settings and the validation settings include a different target
population and different data sets. Our validation design settings
were chosen to mimic the situation in which a clinician needs
to decide whether to admit a patient with COVID-19.
Importantly, we validated the C-19 index model on patients
with COVID-19.

The C-19 index was developed using a cohort design that
entered adult patients into the cohort on September 30, 2016,
and predicted whether they would be hospitalized for pneumonia
or proxies (influenza, acute bronchitis, or other specified upper
respiratory infections) in the following 3 months. Patients were
required to have data for 6 or more months, and patients who
left the database within 3 months of index and whose deaths
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were not recorded were excluded. In our external validation,
we used a cohort design but entered adult patients into the cohort
when they had an initial outpatient/ED visit for influenza (or
COVID-19) rather than a fixed date; also, we predicted
hospitalization due to pneumonia in 30 days rather than 3
months. We excluded patients with influenza or pneumonia
within the 60 days prior to index to restrict the data to initial
visits. This mimics the situation during the COVID-19 pandemic
in which clinicians need to decide whether to hospitalize a
patient initially presenting with COVID-19. We required 12
months of prior observation and did not exclude patients who
left the database within 3 months of index.

The C-19 index was developed using a subset of patients from
the MDCR database prior to the pandemic. This is a US claims
database containing patients aged 65 years or older. In this study,

we were able to externally evaluate the C-19 index model on
COVID-19 data, including adult patients under 65 years of age,
from South Korea, Spain, and the United States.

Results

Web-Based Results
The complete results of our analysis are available as an
interactive app [15].

The characteristics of the MDCR data (same data source as the
development data but different patient subset) and the HIRA,
SIDIAP, and VA data (patients with COVID-19) are displayed
in Table 1. The characteristics for all data sets used in the study
are available in Multimedia Appendix 4.

Table 1. Characteristics of patients at baseline in MDCR (database similar to the development data) and the data sets with COVID-19 data.

Target population hospitalization during 30 days after index by data setPredictor

VAcSIDIAPbHIRAaMedicare supplemental

NoneRequiredNoneRequiredNoneRequiredNoneRequired

58.0769.6449.6163.2845.0965.5376.4180.92Mean age (years)

0.220.32——d0.681.380.350.58Mean number of inpatient visits in prior 365 days

8095435946564552Male sex (%)

Fraction of patients with a history of each condition (not including index)

————0000Acute rheumatic heart disease

0.210.270.030.060.210.380.250.43Chronic obstructive pulmonary disease and
bronchiectasis

————000.020.03Chronic rheumatic heart disease

0.130.170.010.020.090.210.150.19Coronary atherosclerosis and other heart disease

0.240.380.010.030.130.310.180.24Diabetes mellitus with complication

0.320.500.050.130.200.430.320.38Diabetes mellitus without complication

0.120.230.010.020.070.200.200.37Heart failure

0.060.110.010.010.010.020.150.25Other and ill-defined heart disease

0.450.580.380.430.880.920.590.73Other specified and unspecified lower respiratory
disease

0.140.200.060.060.150.310.200.39Pneumonia (except that caused by tuberculosis)

————0.000.000.040.09Pulmonary heart disease

aHIRA: Health Insurance Review and Assessment.
bSIDIAP: Information System for Research in Primary Care.
cVA: Department of Veterans Affairs.
d—: Data not included due to a low cell count.

Model Performance
When C-19 was transported to patients with COVID-19, it
achieved AUROCs between 0.36 and 0.56; full details are
provided in Table 2. The AUROC and calibration plots are
presented in Figure 1. The internal discriminative performance
of the C-19 index was an AUROC of 0.73. When we validated
the model on patients in the MDCR database (patients aged ≥65
years with supplemental Medicare coverage), but with our target
population consisting of symptomatic influenza patients, the

performance was 0.65, a substantial drop from the development
performance of 0.73. The AUROC performance when externally
validated across other databases containing influenza patients
ranged between 0.40 and 0.68. Full results are presented in
Table 3, and the AUROC and calibration plots are presented in
Multimedia Appendix 5. As a sensitivity analysis, we also
validated the C-19 index on a target population consisting of
patients who had COVID-19 or symptoms of the disease in
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2020; the results were similar and are presented in Table S2 in Multimedia Appendix 1.

Table 2. External validation of the COVID-19 vulnerability index model on COVID-19 data. The target cohort was patients with an outpatient or
emergency department visit with a COVID-19–positive record in 2020 and no symptoms in the prior 60 days.

AUPRCcAUROCa (95% CI)bOutcome size, n (%)Target size, nDatabase

0.070.56 (0.488-0.636)89 (4.48)1985HIRAd

0.030.3631223 (3.22)37950SIDIAPe

0.140.529 (0.473-0.584)149 (10.30)1446VAf

aAUROC: area under the receiver operating characteristic curve.
bThe 95% CI is reported when the outcome count is <1000.
cAUPRC: area under the precision recall curve.
dHIRA: Health Insurance Review and Assessment.
eSIDIAP: Information System for Research in Primary Care.
fVA: Department of Veterans Affairs.

Figure 1. Receiver operating characteristic and calibration plots of the COVID-19 vulnerability index model for the three data sets with sufficient and
suitable COVID-19 data. HIRA: Health Insurance Review and Assessment; SIDIAP: Information System for Research in Primary Care; VA-OMOP:
Department of Veterans Affairs– Observational Medical Outcomes Partnership.
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Table 3. External validation of the COVID-19 vulnerability index model on influenza patient data (non–COVID-19 data).

AUPRCcAUROCa (95% CI)bOutcome size, n (%)Target population size, nDatabase

0.160.6832,987 (6.15)536,806Medicaid

0.0040.58 (0.55-0.60)728 (0.06)1,276,478Japanese Medical Data Center

0.210.6531,059 (12.47)248,989Medicare supplemental

0.040.5833,824 (1.07)3,146,801Commercial Claims and Encounters

0.070.6234,229 (2.07)1,654,157Optum EHRd

0.170.67105,030 (5.04)2,082,277ClinFormatics

0.040.52 (0.41-0.63)49 (1.58)3105Ajou University School of Medicine

0.060.63 (0.58-0.69)147 (2.34)6272Tufts Medical Center Research Data Warehouse

0.030.59 (0.45-0.72)29 (1.04)2793Australia Electronic Practice–Based Research Network

0.100.641121 (5.10)27,356Columbia University Irving Medical Center

0.000.40 (0.26-0.54)22 (0.08)29,132Integrated Primary Care Information

0.000.49 (0.45-0.52)512 (0.12)415,119SIDIAPe

aAUROC: area under the receiver operating characteristic curve.
bThe 95% CI is reported when the outcome count is <1000.
cAUPRC: area under the precision recall curve.
dEHR: electronic health record.
eSIDIAP: Information System for Research in Primary Care.

Discussion

The C-19 index is available on the web as a tool to predict
severity in patients with COVID-19; however, it lacks validation
for this population. Our validation across three data sets with
sufficient COVID-19 data showed poor discriminative
performance (AUROCs <0.6) and calibration. We observed
similarly poor performance when the model was validated across
12 data sets with influenza patients, with the best AUROCs
<0.70.

Interpretation
The key finding of this study is the performance of the C-19
index model when transported to patients with COVID-19. The
model performance was poor (AUROCs 0.36-0.56) across the
COVID-19 data sets. The performance was worse than random
guessing in the SIDIAP data, which is consistent with the poor
performance seen when the model was applied to European
patients with influenza. The calibration plots show that the C-19
index consistently underestimated risk in the patients with
COVID-19.

The data sets used to perform the validation had very different
patient populations. MDCR had the oldest patient population,
and many patients in this data set had comorbidities. Compared
to MDCR, the CCAE and JMDC data sets presented healthier
and younger patients (mean age approximately 40 years) in the
target population. Although the MDCD data set contained
younger patients, these patients often had comorbidities (ie,
20% these patients had chronic obstructive pulmonary disease,
11% had heart failure, and 17% had a history of pneumonia).
The rate of hospitalization ranged greatly across the data sets,
with values between 0.1% (JMDC) and 12.4% (MDCR). The
rate of the outcome in the data set used to develop the C-19

index was 0.23%, much lower than that in the MDCR data set
used to validate the model in this study. This is because our
study was restricted to patients at the point they had an
outpatient or ED visit due to influenza or COVID-19. Although
five data sets contained patients with COVID-19, only four
(VA, HIRA, SIDIAP, and CUIMC) contained sufficient data
for external validation. The result of the C-19 index model when
applied to patients with COVID-19 in CUIMC was poor, with
an AUROC <0.5; however, this data set consisted mostly of
hospitalized patients and therefore did not seem to be suitable
for validating a model that predicts hospitalizations.

We chose a target population of symptomatic patients because
this resembles the situation in which COVID-19 prediction
models may be clinically implemented during the pandemic:
clinicians would not be likely to admit asymptomatic patients.
This suggests that the internal C-19 AUROC estimate, which
was evaluated within the general population rather than among
people with symptoms, may be optimistic compared to its use
in a realistic setting due to the inclusion of many healthy patients
in the model development data. When applied to predict
hospitalization in influenza patients across US data, the
discriminative performance ranged between 0.58 and 0.68. The
performance was worse on the CCAE data set with younger
patients, likely because age is a key predictor in the model.
When the C-19 index was transported across non-US data sets,
the discrimination was poor to reasonable in the Australian and
Asian data (0.52-0.64) and poor in the European data (0.4-0.49).
The European data were extracted from general practice settings,
but the C-19 index model was developed using US claims data.
Given the differences in clinical settings, it is not surprising that
the performance was poor. This finding highlights that models
often may not transport to different health care settings. The
AUROC of 0.36 when the C-19 index model was validated in
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SIDIAP was worse than random guessing, and inverting the
predicted risk would lead to an AUROC of 0.64. This may be
a result of the C-19 including age interaction terms, which
resulted in a negative age coefficient. Table 1 shows that in
SIDIAP, the model’s age-interacting comorbidities are not
recorded as often as in the other databases. As a result, younger
patients may have been assigned higher risks than older patients
in SIDIAP.

The calibration was poor when applying the C-19 to COVID-19
data. This is not unexpected, as it is known that patients with
COVID-19 have a higher risk of hospitalization due to
pneumonia than the general COVID-19–free population. The
calibration could likely be improved by performing recalibration
using a sample of data from patients with COVID-19.

Implications
The results provide extensive insight into the performance of
the logistic regression C-19 index when used for COVID-19
data. The external validation uncovered that the logistic
regression C-19 index model is unreliable when predicting
hospitalization risk for patients with COVID-19. Given this
result, we do not recommend using the logistic regression C-19
index to aid decision-making during the COVID-19 pandemic.
The model did not appear to transport to patients with
COVID-19, highlighting the importance of externally validating
models, especially models whose target population differs from
the development population.

There are numerous potential reasons why the logistic regression
C-19 index model failed to predict hospitalization due to
pneumonia in the investigated patients with COVID-19. The
first reason may be that the model was developed on patients
aged 65 years or older but was applied to patients aged 18 or
older. Age had a negative coefficient in the model, which may
have caused issues when the model was applied to younger
patients. A second reason may be due to incorrect phenotyping
of the predictors. We matched the SNOMED codes to the CCSR
ICD-10 codes provided; however, the predictors may require
database-specific phenotypes due to coding differences across
data sets and health care settings. This may explain the poor
performance in the European data sets, which were obtained
from databases that may record entries differently than those in
the United States. A third reason is the study design. The C-19
index was developed to predict hospitalization from a set date
in 2016; however, we validated it in a target cohort of
symptomatic patients with an outpatient or ED visit, as this
more closely matches the clinical use case of the model.
Therefore, we were likely to have a sicker population, in which
discrimination may have been more difficult. A fourth potential
reason is that the C-19 index model was developed using data
prior to 2017 but was validated on data from 2020: temporal
changes and concept drift may have negatively impacted the
performance. Although we do not know the reason for the
unreliability of the C-19 index model on patients with
COVID-19, we were able to quantify it by large-scale external
validation across a network of data sets. In future work, it would
be beneficial to develop techniques that can identify reasons
for poor external validation performance, as this may inform
new best practices for model development.

This study highlights the importance of performing extensive
external validation across different settings. During times of
uncertainty, such as pandemics, medical staff who are under
pressure to make important decisions could benefit from
implementing vetted prediction models. However, it is important
to gain an unbiased and reliable evaluation of a model’s
performance across numerous patient populations before the
model is used. Internal validation can often be biased (eg, the
population used to develop the model does not match the
intended target population) and can provide optimistic
performance estimates (eg, a poor design or small data set may
result in overestimated discriminative performance). The
approach used by the OHDSI collaboration enables efficient
external validation of models across multiple data sets, and this
is a valuable resource when urgency is required.

Limitations
A common issue when using observational health care data,
especially across a network of databases, is the difficulty in
developing phenotypes that are valid on all data sets. In this
study, we used predictor definitions given by the researchers
who developed the model. However, these definitions may not
transport across all the data sets and may account for some of
the decrease in performance. We were also limited to validating
the less complex C-19 index model due to the large number of
variables and lack of transparency for the more complex models.

The C-19 index model used in this paper to demonstrate the
importance of external validation may have limited use for
medical decision-making. Other COVID-19 models, such as
those including physiological measurements, may be making
more clinical impact. However, we choose the C-19 index model
because it was available early in the pandemic and was being
advertised to the public as a useful tool while being reported in
a preprint paper with no formal peer review.

Conclusions
We have demonstrated the importance of implementing external
validation in multiple data sets to determine the reliability of
prediction models. We picked a newly developed model, the
C-19 index, that aimed to predict which patients with COVID-19
are at risk of severe complications due to SARS-CoV-2. The
model reported an internal AUC of 0.73 but was deemed to
have a high risk of potential bias [2]. The C-19 index addresses
an important issue that could have greatly aided decision-making
during the COVID-19 pandemic; however, its performance in
patients with COVID-19 was unknown. Our results show that
the C-19 index performs poorly when applied to newly
diagnosed patients with COVID-19 in Asia, Europe, and the
United States. Overall, we suggest that the model currently only
be used to predict hospitalization due to pneumonia in older
patients in the United States. The results of this study
demonstrate that internal validation performance should be
considered optimistic estimates and that a prediction model
requires validation across multiple data sets in the target
population where it will be used (or a close proxy) before it
should be trusted.

JMIR Med Inform 2021 | vol. 9 | iss. 4 | e21547 | p. 8https://medinform.jmir.org/2021/4/e21547
(page number not for citation purposes)

Reps et alJMIR MEDICAL INFORMATICS

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Acknowledgments
We would like to acknowledge the patients who have contracted or died of this devastating disease, as well as their families and
caregivers. We would also like to thank the health care professionals involved in the management of COVID-19 during these
challenging times, from primary care to intensive care units. The authors appreciate the health care professionals dedicated to
treating patients with COVID-19 in Korea and the Ministry of Health and Welfare and the Health Insurance Review & Assessment
Service of Korea for sharing invaluable national health insurance claims data in a prompt manner. This project has received support
from the European Health Data and Evidence Network (EHDEN) project. EHDEN received funding from the Innovative Medicines
Initiative 2 Joint Undertaking (JU) under grant agreement No 806968. The JU receives support from the European Union’s
Horizon 2020 research and innovation programme and EFPIA. This work was also supported by the Bio Industrial Strategic
Technology Development Program (20001234, 20003883) funded by the Ministry of Trade, Industry & Energy (Korea) and a
grant from the Korea Health Technology R&D Project through the Korea Health Industry Development Institute (KHIDI), funded
by the Ministry of Health & Welfare, Republic of Korea [grant number: HI16C0992]. This project is funded by the Health
Department from the Generalitat de Catalunya with a grant for research projects on SARS-CoV-2 and COVID-19 disease organized
by the Direcció General de Recerca i Innovació en Salut. The University of Oxford received a grant related to this work from the
Bill & Melinda Gates Foundation (Investment ID INV-016201) and partial support from the UK National Institute for Health
Research (NIHR) Oxford Biomedical Research Centre. DPA is funded through a NIHR Senior Research Fellowship (Grant
number SRF-2018-11-ST2-004). The views expressed in this publication are those of the author(s) and not necessarily those of
the National Health Service, the National Institute for Health Research, the Department of Health, the Department of Veterans
Affairs, or the United States Government. BSKH is funded through Innovation Fund Denmark (5153-00002B) and the Novo
Nordisk Foundation (NNF14CC0001). This project is part funded by the University of New South Wales Research Infrastructure
Scheme grant. SLD and MEM report funding from NIH NHBLI R-01, NIH NIDDK R-01 grant, and VA HSR&D. This work
was supported using resources and facilities of the Department of Veterans Affairs (VA) Informatics and Computing Infrastructure
(VINCI), VA HSR RES 13-457.

Conflicts of Interest
DPA reports grants and other funding from AMGEN, grants, nonfinancial support and other from UCB Biopharma, and grants
from Les Laboratoires Servier outside the submitted work; also, Janssen, on behalf of IMI-funded EHDEN and EMIF consortiums
and Synapse Management Partners, has supported training programs organized by DPA's department and open for external
participants. PRR reports grants from Innovative Medicines Initiative and grants from Janssen Research and Development, during
the conduct of the study. CGR and KK report that they are employees of IQVIA. JMR, PBR, AS, and GR are compensated
employees of Janssen Research & Development, JNJ. MAS reports receiving grants from US National Institutes of Health, grants
from IQVIA, personal fees from Janssen Research and Development, personal fees from Private Health Management, during the
conduct of the study. DM is supported by a Wellcome Trust Clinical Research Development Fellowship (Grant 214588/Z/18/Z)
and reports grants from the Chief Scientist Office, Health Data Research UK, and NIHR outside the submitted work. GH reports
receiving grants from the US National Institutes of Health National Library of Medicine during the conduct of the study and from
Janssen Research outside the submitted work. BSKH reports receiving grants from Innovation Fund Denmark and Novo Nordisk
Foundation outside the submitted work. SLD reports grants from Anolinx LLC, Astellas Pharma Inc, AstraZeneca Pharmaceuticals
LP, Boehringer Ingelheim International GmbH, Celgene Corporation, Eli Lilly and Company, Genentech Inc, Genomic Health
Inc, Gilead Sciences Inc, GlaxoSmithKline PLC, Innocrin Pharmaceuticals Inc, Janssen Pharmaceuticals Inc, Kantar Health,
Myriad Genetic Laboratories Inc, Novartis International AG, Parexel International Corporation through the University of Utah
or Western Institute for Veteran Research outside the submitted work.

Multimedia Appendix 1
Supplemental tables describing the databases used in this study and sensitivity results.
[DOCX File , 18 KB-Multimedia Appendix 1]

Multimedia Appendix 2
Code set used to define each condition.
[XLSX File (Microsoft Excel File), 173 KB-Multimedia Appendix 2]

Multimedia Appendix 3
COVID-19 vulnerability index model and Systematized Nomenclature of Medicine phenotype codes.
[DOCX File , 19 KB-Multimedia Appendix 3]

JMIR Med Inform 2021 | vol. 9 | iss. 4 | e21547 | p. 9https://medinform.jmir.org/2021/4/e21547
(page number not for citation purposes)

Reps et alJMIR MEDICAL INFORMATICS

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=medinform_v9i4e21547_app1.docx&filename=1ce0fb1054a4540eab3435eb1c47d158.docx
https://jmir.org/api/download?alt_name=medinform_v9i4e21547_app1.docx&filename=1ce0fb1054a4540eab3435eb1c47d158.docx
https://jmir.org/api/download?alt_name=medinform_v9i4e21547_app2.xlsx&filename=522a9fbf31772a35dea18d91f3a93a75.xlsx
https://jmir.org/api/download?alt_name=medinform_v9i4e21547_app2.xlsx&filename=522a9fbf31772a35dea18d91f3a93a75.xlsx
https://jmir.org/api/download?alt_name=medinform_v9i4e21547_app3.docx&filename=459a3df6fb7c36218a622a3dcf8a6b1c.docx
https://jmir.org/api/download?alt_name=medinform_v9i4e21547_app3.docx&filename=459a3df6fb7c36218a622a3dcf8a6b1c.docx
http://www.w3.org/Style/XSL
http://www.renderx.com/


Multimedia Appendix 4
Descriptive table for each of the non–COVID-19 case databases.
[XLSX File (Microsoft Excel File), 17 KB-Multimedia Appendix 4]

Multimedia Appendix 5
Receiver operating characteristic and calibration plots for the non–COVID-19 case databases.
[DOCX File , 1291 KB-Multimedia Appendix 5]

References

1. Remuzzi A, Remuzzi G. COVID-19 and Italy: what next? Lancet 2020 Apr;395(10231):1225-1228. [doi:
10.1016/s0140-6736(20)30627-9]

2. Wynants L, Van Calster B, Collins GS, Riley RD, Heinze G, Schuit E, et al. Prediction models for diagnosis and prognosis
of covid-19 infection: systematic review and critical appraisal. BMJ 2020 Apr 07;369:m1328 [FREE Full text] [doi:
10.1136/bmj.m1328] [Medline: 32265220]

3. Zhang H, Wang X, Fu Z, Luo M, Zhang Z, Zhang K, et al. Potential factors for prediction of disease severity of COVID-19
patients. medRxiv. Preprint posted online on March 23, 2020. [doi: 10.1101/2020.03.20.20039818]

4. Lu J, Hu S, Fan R, Liu Z, Yin X, Wang Q, et al. ACP Risk Grade: a simple mortality index for patients with confirmed or
suspected severe acute respiratory syndrome coronavirus 2 disease (COVID-19) during the early stage of outbreak in
Wuhan, China. SSRN Journal. Preprint posted online on February 28, 2020. [doi: 10.2139/ssrn.3543603]

5. DeCaprio D, Gartner J, McCall CJ, Burgess T, Garcia K, Kothari S, et al. Building a COVID-19 vulnerability index. ArXiv.
Preprint posted online on March 16, 2020 [FREE Full text]

6. C-19 index. URL: http://c19survey.closedloop.ai/ [accessed 2021-03-05]
7. Wolff RF, Moons KG, Riley RD, Whiting PF, Westwood M, Collins GS, et al. PROBAST: a tool to assess the risk of bias

and applicability of prediction model studies. Ann Intern Med 2019 Jan 01;170(1):51. [doi: 10.7326/m18-1376]
8. Van Calster B, Wynants L, Timmerman D, Steyerberg EW, Collins GS. Predictive analytics in health care: how can we

know it works? J Am Med Inform Assoc 2019 Dec 01;26(12):1651-1654 [FREE Full text] [doi: 10.1093/jamia/ocz130]
[Medline: 31373357]

9. Hripcsak G, Duke J, Shah N, Reich CG, Huser V, Schuemie MJ, et al. Observational Health Data Sciences and Informatics
(OHDSI): opportunities for observational researchers. Stud Health Technol Inform 2015;216:574-578 [FREE Full text]
[Medline: 26262116]

10. Reps J, Williams RD, You SC, Falconer T, Minty E, Callahan A, et al. Feasibility and evaluation of a large-scale external
validation approach for patient-level prediction in an international data network: validation of models predicting stroke in
female patients newly diagnosed with atrial fibrillation. Research Square. Preprint posted online on May 06, 2020. [doi:
10.21203/rs.2.11750/v3]

11. Collins G, Reitsma J, Altman D, Moons K. Transparent Reporting of a multivariable prediction model for Individual
Prognosis Or Diagnosis (TRIPOD): the TRIPOD Statement. Br J Surg 2015 Feb 07;102(3):148-158. [doi: 10.1002/bjs.9736]
[Medline: 25627261]

12. Voss EA, Makadia R, Matcho A, Ma Q, Knoll C, Schuemie M, et al. Feasibility and utility of applications of the common
data model to multiple, disparate observational health databases. J Am Med Inform Assoc 2015 May;22(3):553-564 [FREE
Full text] [doi: 10.1093/jamia/ocu023] [Medline: 25670757]

13. ohdsi-studies: Covid19 Prediction Studies. GitHub. URL: https://github.com/ohdsi-studies/Covid19PredictionStudies/tree/
master/CovidVulnerabilityIndex [accessed 2021-03-05]

14. Saito T, Rehmsmeier M. The precision-recall plot is more informative than the ROC plot when evaluating binary classifiers
on imbalanced datasets. PLoS One 2015 Mar 4;10(3):e0118432 [FREE Full text] [doi: 10.1371/journal.pone.0118432]
[Medline: 25738806]

15. Can we trust the prediction model? Demonstrating the importance of external validation by investigating the COVID-19
Vulnerability (C-19) Index across an international network of observational healthcare datasets. C-19 Validation. URL:
http://evidence.ohdsi.org/C19validation [accessed 2021-03-05]

Abbreviations
AU-ePBRN: Australia Electronic Practice–Based Research Network
AUPRC: area under the precision recall curve
AUROC: Area under the receiver operating characteristic curve
AUSOM: Ajou University School of Medicine
C-19: COVID-19 vulnerability
CCAE: Commercial Claims and Encounters
CCSR: Clinical Classifications Software Refined

JMIR Med Inform 2021 | vol. 9 | iss. 4 | e21547 | p. 10https://medinform.jmir.org/2021/4/e21547
(page number not for citation purposes)

Reps et alJMIR MEDICAL INFORMATICS

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=medinform_v9i4e21547_app4.xlsx&filename=98b45690201ad822a19bfc1c4002ee3b.xlsx
https://jmir.org/api/download?alt_name=medinform_v9i4e21547_app4.xlsx&filename=98b45690201ad822a19bfc1c4002ee3b.xlsx
https://jmir.org/api/download?alt_name=medinform_v9i4e21547_app5.docx&filename=28185b49a891e6365c57d2312d0e1aec.docx
https://jmir.org/api/download?alt_name=medinform_v9i4e21547_app5.docx&filename=28185b49a891e6365c57d2312d0e1aec.docx
http://dx.doi.org/10.1016/s0140-6736(20)30627-9
http://www.bmj.com/lookup/pmidlookup?view=long&pmid=32265220
http://dx.doi.org/10.1136/bmj.m1328
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32265220&dopt=Abstract
http://dx.doi.org/10.1101/2020.03.20.20039818
http://dx.doi.org/10.2139/ssrn.3543603
https://arxiv.org/abs/2003.07347
http://c19survey.closedloop.ai/
http://dx.doi.org/10.7326/m18-1376
http://europepmc.org/abstract/MED/31373357
http://dx.doi.org/10.1093/jamia/ocz130
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31373357&dopt=Abstract
http://europepmc.org/abstract/MED/26262116
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26262116&dopt=Abstract
http://dx.doi.org/10.21203/rs.2.11750/v3
http://dx.doi.org/10.1002/bjs.9736
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25627261&dopt=Abstract
http://europepmc.org/abstract/MED/25670757
http://europepmc.org/abstract/MED/25670757
http://dx.doi.org/10.1093/jamia/ocu023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25670757&dopt=Abstract
https://github.com/ohdsi-studies/Covid19PredictionStudies/tree/master/CovidVulnerabilityIndex
https://github.com/ohdsi-studies/Covid19PredictionStudies/tree/master/CovidVulnerabilityIndex
https://dx.plos.org/10.1371/journal.pone.0118432
http://dx.doi.org/10.1371/journal.pone.0118432
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25738806&dopt=Abstract
http://evidence.ohdsi.org/C19validation
http://www.w3.org/Style/XSL
http://www.renderx.com/


CUIMC: Columbia University Irving Medical Center
ED: emergency department
EHDEN: European Health Data and Evidence Network
EMR: electronic medical record
HIRA: Health Insurance Review and Assessment
ICD-10: International Classification of Disease, Tenth Revision
IPCI: Integrated Primary Care Information
JU: Joint Undertaking
MDCD: Medicaid
MDCR: Medicare
NIHR: National Institute for Health Research
OHDSI: Observational Health Data Science and Informatics
OMOP-CDM: Observational Medical Outcomes Partnership Common Data Model
SIDIAP: Information System for Research in Primary Care
SNOMED: Systematized Nomenclature of Medicine
TRDW: Tufts Medical Center Research Data Warehouse
TRIPOD: Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis Or Diagnosis
VA: Veterans Affairs

Edited by C Lovis; submitted 17.06.20; peer-reviewed by D Maslove, J Wang, A Austin; comments to author 28.10.20; revised version
received 12.11.20; accepted 27.02.21; published 05.04.21

Please cite as:
Reps JM, Kim C, Williams RD, Markus AF, Yang C, Duarte-Salles T, Falconer T, Jonnagaddala J, Williams A, Fernández-Bertolín
S, DuVall SL, Kostka K, Rao G, Shoaibi A, Ostropolets A, Spotnitz ME, Zhang L, Casajust P, Steyerberg EW, Nyberg F, Kaas-Hansen
BS, Choi YH, Morales D, Liaw ST, Abrahão MTF, Areia C, Matheny ME, Lynch KE, Aragón M, Park RW, Hripcsak G, Reich CG,
Suchard MA, You SC, Ryan PB, Prieto-Alhambra D, Rijnbeek PR
Implementation of the COVID-19 Vulnerability Index Across an International Network of Health Care Data Sets: Collaborative
External Validation Study
JMIR Med Inform 2021;9(4):e21547
URL: https://medinform.jmir.org/2021/4/e21547
doi: 10.2196/21547
PMID: 33661754

©Jenna M Reps, Chungsoo Kim, Ross D Williams, Aniek F Markus, Cynthia Yang, Talita Duarte-Salles, Thomas Falconer,
Jitendra Jonnagaddala, Andrew Williams, Sergio Fernández-Bertolín, Scott L DuVall, Kristin Kostka, Gowtham Rao, Azza
Shoaibi, Anna Ostropolets, Matthew E Spotnitz, Lin Zhang, Paula Casajust, Ewout W Steyerberg, Fredrik Nyberg, Benjamin
Skov Kaas-Hansen, Young Hwa Choi, Daniel Morales, Siaw-Teng Liaw, Maria Tereza Fernandes Abrahão, Carlos Areia, Michael
E Matheny, Kristine E Lynch, María Aragón, Rae Woong Park, George Hripcsak, Christian G Reich, Marc A Suchard, Seng
Chan You, Patrick B Ryan, Daniel Prieto-Alhambra, Peter R Rijnbeek. Originally published in JMIR Medical Informatics
(http://medinform.jmir.org), 05.04.2021. This is an open-access article distributed under the terms of the Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work, first published in JMIR Medical Informatics, is properly cited. The complete
bibliographic information, a link to the original publication on http://medinform.jmir.org/, as well as this copyright and license
information must be included.

JMIR Med Inform 2021 | vol. 9 | iss. 4 | e21547 | p. 11https://medinform.jmir.org/2021/4/e21547
(page number not for citation purposes)

Reps et alJMIR MEDICAL INFORMATICS

XSL•FO
RenderX

https://medinform.jmir.org/2021/4/e21547
http://dx.doi.org/10.2196/21547
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33661754&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

