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EVALUATING THE RISK OF COVID-19 INFECTION
BASED ON MACHINE LEARNING OF SYMPTOMS
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METHODS
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ABSTRACT: Objective. Evaluate a platform for
daily survey of COVID-19 signs and symptoms in
health employees. The platform was developed
to indicate the need of additional individual
diagnostic  procedures, assist institutional
planning to prevent the spread of the virus
and sustain the hospital operations during the
pandemic. Methods. We used information from
a recent meta-analysis to simulate datasets
of patients with different signs, symptoms and
comorbidities to evaluate machine-learning
algorithms for each dataset classification. The
best performing model identifying COVID-19
from other similar conditions including H1N1
and seasonal influenza was selected as the
base model for developing a platform for risk
assessment. Results and Conclusion. The
platform was deployed for surveillance of
4,200 collaborators from a tertiary hospital on a
voluntary basis, but it can be readily adapted for
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other environments or populational surveillance to assist public authorities devising strategies
to prevent the spread of the virus. The evaluation by laboratory data stratification showed that
the platform detected a significantly higher risk among infected individuals.

KEYWORDS: Coronavirus Infections, Data Science, Machine Learning.

AVALIACAO DE RISCOS DE INFECGAO POR COVID-19 COM BASE EM
APRENDIZADO DE MAQUINA DE SINTOMAS E CONDICOES VERSUS
METODOS LABORATORIAIS

RESUMO: Objetivo. Avaliar uma plataforma para levantamento diario dos sinais e sintomas
de COVID-19 em profissionais de saude. A plataforma foi desenvolvida para indicar a
necessidade de procedimentos diagnésticos individuais adicionais, auxiliar no planejamento
institucional para prevenir a propagacéo do virus e sustentar as operacdes do hospital
durante a pandemia. Métodos. Usamos informagdes de uma meta-analise recente para
simular conjuntos de dados de pacientes com diferentes sinais, sintomas e comorbidades
para avaliar algoritmos de aprendizado de maquina para cada classificacdo de conjunto de
dados. O modelo de melhor desempenho para identificar COVID-19 de outras condi¢des
semelhantes, incluindo H1N1 e influenza sazonal, foi selecionado no desenvolvimento de
uma plataforma para avaliagcdo de risco. Resultados e concluséo. A plataforma foi implantada
para vigilancia voluntaria de 4.200 colaboradores de um hospital terciario, mas pode ser
prontamente adaptada para outros ambientes ou vigilancia populacional para auxiliar o
poder publico a tracar estratégias de prevencdo a disseminagéo do virus. A avaliagdo por
estratificagcdo dos resultados laboratoriais demonstrou que a plataforma detectou risco
significativamente maior entre individuos infectados.

PALAVRAS-CHAVE: Infecgdes por Coronavirus, Ciéncia de Dados, Aprendizado de Maquina

11 INTRODUCTION

In late 2019, a novel type of coronavirus, known as SARS-CoV-2, was discovered,
causing several infections and pneumonia cases, first in Wuhan, China, with later spreading
worldwide. The World Health Organization named the acute infectious disease caused by
the SARS-CoV-2 as COVID-19 (Coronavirus Disease - 2019), a systemic infectious disease
characterized by its high transmissibility. A challenge in this type of emergency is the prompt
detection of infected people to prioritize health care and prevent the spread of the virus,
especially under low virus testing capacity, as was the case in many places including Brazil
(depicted in Fig. 1) as of early 2020.
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Figure 1 — The number of tests of COVID-19 by 1000 people according to “OurWorldInData.org” for
Brazil, EUA, France, and Spain, from March to October 2020. (Source: https://ourworldindata.org/
coronavirus#coronavirus-country-profiles)

The lack of capacity for rapid diagnostics is critical for healthcare workers (HCW) who
have been overly affected and become an easy target for the infection during the pandemic
(GRASSLY et al., 2020), mainly when laboratory tests were unavailable or limited.

According to worldwide publications, these workers represent 19% of all reported
COVID-19 cases in Spain (ISCIII, 2020), 9% in ltaly (ICN, 2020), 4.6% in Germany (RKI,
2020), and 3.8% in China (WU & MCGOOGAN, 2021). According to PAN et al. (2020) and
KLUYTMANS-VAN DEN BERGH et al. (2020), these figures represent a higher incidence
of the infection than observed in general population. This outcome is a consequence of the
HCW'’s exposure to infection from patients and daily interaction with fellow staff that may
have been already infected and undiagnosed.

The high rate of infection of HCW poses additional risks, as stated by the Imperial
College COVID-19 response team, “Transmission to and potentially among this high-risk
group compromises both their health and may contribute to nosocomial spread within
hospitals” (GRASSLY et al., 2020).

Such a spread raises the issue of protecting vulnerable patients from a potentially
infectious workforce, as social distancing is not possible while caring for patients. Moreover,
MCALONAN et al. (2007) verified that HCW screening programs positively influence the team’s
self-confidence, decrease absenteeism, and reduce psychological problems. Therefore,
establishing strategies for protecting HCW from the infection by the new coronavirus and
the screening and surveillance of symptoms should be a priority to assist the management
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of hospitals and healthcare facilities. Reliable data sources and analytic tools are essential
for healthcare decision-makers to establish policies to mitigate the pandemic disruption.
Often, surveys rely only on simple models based on the number of symptoms declared by the
respondent, e.g. as those assessed by ROSSMAN et al. (2020) and RIVETT et al. (2020),
and have limited discrimination power to discriminate from common symptoms associated
with other viral diseases, such as influenza and H1N1 — refer to the earlier Influenza study by
TANG et al. (2010) and COVID meta-analysis by MA et al. (2020).

Screening of HCW for identifying the most likely employee at risk of infection by the
SARS-CoV-2 was paramount considering the availability of other diagnostic tools. Thus, LIMA
et al. (2020) proposed a platform to assess COVID-19 risk score based on a machine-learning

model. COVIDuc (COVID under control) was then developed as an application based on a
set of signs, symptoms and comorbidities that may affect the susceptibility or the intensity of
the infection for daily surveys to assess the risk among HCWs. We evaluated the COVIDuc
platform after collecting laboratory data from HCWs in a tertiary hospital, and we found that
COVIDuc detected a significantly higher risk in infected HCWs.

21 2. METHODS

2.1 Predictive model for COVID-10 risk from symptoms and conditions

We reviewed diagnostic studies of influenza viruses and SARS-CoV-2 for the affected
populations’ characteristics, the prevalence of symptoms, conditions, and laboratory results in
severe and moderate risk groups. TANG et al. (2010) described the similar symptomatology of
pandemic, seasonal, and no-influenza cases in a large prospective study with 2,683 patients.
MA et al. (2020) performed a systematic review and meta-analysis of 20 studies, involving 19
Health Centers and 11 Multi-Centers, and with around 53,000 patients with COVID-19. The
symptoms and conditions found in these studies related to the disease were fever, cough,
fatigue, expectoration, headache, diarrhea, myalgia, shortness of breath, sore throat, nausea
or vomiting, chill, nasal congestion or rhinorrhea, dyspnea, anorexia, dizziness, hypertension,
diabetes, cardiovascular disease (CVD), cerebrovascular disease, chronic obstructive
pulmonary disease (COPD).

Assuming symptoms and conditions as independent and normal variables, we simulated
groups at different risk levels by random sampling of multivariate normal distributions, with
similar prevalence of the reviewed clinical studies’ symptoms and conditions. We prepared
a data set comprising five groups with the following numbers of case studies: Group 1: 5000
simulating the “non-influenza”; Group 2: 5000 simulating the “seasonal influenza”; Group 3:
5000 simulating the “H1N1-2009”; Group 4: 7500 simulating the “non-severe COVID+"; Group
5: 7500 simulating the “severe COVID+” group. In this data set, 50% of the simulated case
studies were COVID-positive, and 50% were COVID-negative (Fig. 2). We then adjusted
linear support vector classifiers (SVC) to verify the “severe COVID+ “ group’s separability
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from the rest of the data.

Figure 2 — Principal steps involved in the modeling of the risk score for COVID-19.

Following, we evaluated several machine learning (ML) algorithms for the classification
of the groups. (1) GaussianNB and BernoulliNB: Naive Bayes models for multivariate
Gaussian and Bernoulli distributions, that is, with normal and binary-valued variables,
respectively (MCCALLUM & NIGAM, 1998). (2) DecisionTree: if-then-else decision trees
learned by splitting attributes’ values into subsets of minimal (Gini index) classification error
(BREIMAN et al., 1984; QUINLAN, 1987). (3) Ridge and LogisticRegression: the regularized
and logit regression models for binary-valued output variables, adjusted by liblinear’s dual
coordinate-descent method (CHOU et al., 2020) — for theory and other linear models, see
NELDER & WEDDERBURN (1972). (4) KNneighbors and RadiusNeighbors: indexed search
of k=5 neighbors in a kd-tree (BENTLEY, 1975) or ball-tree (OMOHUNDRO, 1989), optionally
limited to a radius r = 1 in the Minkowski metric space near the query point. (5) Decision
Tree Ensembles (Random Forest, Extra Trees, AdaBoost): which are compound versions
based on decision trees, such as of randomized and bootstrapped decision trees (BREIMAN,
1996; 2001), with random splitting thresholds (GEURTS, ERNST & WEHENKEL, 2006), and
adaptive gradient boosting (FREUND & SCHAPIRE, 1995). (6) Perceptron: the classic linear
model with step function output, inspired by how biological neurons work (ROSENBLATT,
1958).

We compared each classifier's predictive performance using receiver operating
characteristics (ROC) analysis at each new iteration of evaluation and adjustment of the
symptoms and conditions list. Finally, we scaled the weights of the probability estimator
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of the logistic output to weights of a weighted average with an output between 0 and 10,
which defines the range of the risk score for COVID-19. Figure 2 represents the main steps
involved in modeling the risk score for COVID-19, where the ML algorithms replace the logistic
regression.

The training was carried out with 80% of the data in 5-fold cross-validation, and the
remaining 20% of the data were used to analyze the classifiers’receiver operating characteristics
curve (ROC curve). These analyses were executed in a Dell XPS8930 workstation with
Intel i7-8700 CPU, 16GB RAM, 1TB HDD, and NVIDIA 1050Ti-4GB GPU; using Microsoft
Excel [RRID SCR_016137], Python [RRID SCR_008394], Pandas [RRID SCR_018214],
and NumPy [RRID SCR_008633] for data preparation; MatPlotLib [RRID SCR_008624] for
visualization; SciPy [RRID SCR_008058] and StatsModels [RRID SCR_016074] for statistical
analyses; and Scikit-Learn [RRID SCR_002577] for ML.

2.2 Development and Deployment of the COVIDuc web application

We have elaborated an online survey in collaboration with the hospital’s clinical
specialists to implement a pilot application for COVID-19 risk assessment of the hospital’s
employees. The questionnaire was based on a simplified subset of the symptoms and
conditions used in the predictive model. We regrouped and selected new variables (the
subset of symptoms and conditions) and trained the model using this simplified data set, then
implemented the online application prototype.

The probability of positive COVID-19 estimated by the logistic regression model was
adjusted as weights of a weighted average, with output between 0 and 10. After the revision
performed by clinicians, and the re-training of the developed model with the reduced set
of symptoms and conditions, we implemented a web application for risk assessment of the
employees in a tertiary hospital, called COVID Under Control (COVIDuc). The implemented
model takes into account the possible presence of the following pre-conditions and symptoms:

1. Signals and Symptoms: dry cough or phlegm; muscle aches; headache;

sore throat; shortness of breath; stuffy or runny nose; diarrhea, nausea or vomit;
chills or fever (> 38" Celsius); loss of taste or smell.

2. Comorbidities: hypertension; diabetes mellitus; heart disease; pulmonary
disease; smoking.
The COVIDuc application’s front-end was developed using Angular 10, Enterprise
Java Beans was used in the back-end, and Oracle 12C as the application database. In order
to monitor the use of the questionnaire by hospital employees and the resulting scores, we
implemented two dashboards with metrics and statistics of accesses, using the Qlik Sense
tool'.

1 Qlik Sense tool. Link: https://glik.com/products/glik-sense. Accessed 04 aug. 2021.
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31 RESULTS

3.1 Predictive model for COVID-10 risk from symptoms and conditions

Figure 3 (left) presents the ROC curves displaying the performance of the classifiers
tested for the simulated groups with the complete set of symptoms from TANG et al. (2020) and
MA et al. (2020). Figure 3 (right) displays the classification performance considering only the
simplified set of variables (Section 2.2), which have been adopted in the online questionnaire
that was implemented. It is evident that SVC, Nu-SVC, Bernoulli Naive Bayes, Ridge, Logistic
Regression, Extra Trees, Random Forest and AdaBoost obtained the largest areas under the
curve (AUC) of 96% with the complete set, and Ridge, Logistic Regression and Extra Trees
obtained the largest AUCs of 91% with the simplified variables.

Figure 3 — Comparative ROC analysis of binary classification algorithms between “COVID+ Severe”
and “other groups”. Left: ROC curves for SVC and other ML algorithms using the original variables from
TANG et al. (2020) and MA et al. (2020). Right: ROC curves for ML algorithms without SVC, using only

the simplified set of symptoms and conditions.

Figure 4 — Left: Distribution of predicted probabilities of “severe COVID” in each patient group (1 to 5),
and aggregated COVID (non-severe or severe COVID) and Non-COVID (H1N1-2009, seasonal flu or
non-influenza) groups. Right: Distribution of COVIDuc risk scores, after adjustment, in each group (1 to
5), and aggregated COVID and Non-COVID groups.
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After comparing the performance of the classification algorithms, we adopted the
Logistic Regression, whose coefficients define the weights for each symptom and condition.
Figure 4 (left) presents the distribution of predicted probabilities for “severe COVID”
occurrence in groups 1 to 5, where we see a clear distinction between Non-COVID and
COVID symptoms and conditions but a significant overlap between non-severe and severe
COVID groups. Figure 4 (right) presents the distribution of post-adjustment risk scores in
groups 1 to 5. After evaluating this distribution, we set the risk score “3.0” as the threshold
for risk of COVID-19 based on the set of symptoms and conditions from the chosen model’s
distribution of risk scores.

3.2 Deployment of the COVIDuc web application

To register in the COVIDuc app, the user has to provide some personal information
relevant to the application, such as age, weight, and height, and point out (if present) the
symptoms and conditions. The COVIDuc application presents the resulting score with the
indication (or not) of the suspicion for COVID-19. After a few minutes, an SMS is sent to the
user showing the risk score. Figure 5 shows the sequence of COVIDuc screens of the first
access, from the initial page, with the consent form, to the result score and SMS.

Figure 5 (In Portuguese) — The sequence of COVIDuc screens for the first access (in Portuguese). (1)
From the QR code, the user can access the application. The QR code has been sent previously by
email to all employees and is still available at multiple points at the hospital. (2) Disclaimer page. (3)

Personal information page. (4) Screen with symptoms and pre-conditions. In the example screen, the

person reported having diabetes as a pre-condition and the following symptoms: body pain, chills, or
fever. (4) COVIDuc score page. For this example, there is a suspect of infection. Thus, the person is

advised to go to the medical department for tests. (5) SMS is sent to the mobile phone number provided
on the personal information page (6).
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Figure 6 — Dashboard presenting the data related to the respondents of the COVIDuc, daily access for
area, how many persons in each risk range, among others.

Since the beginning of May 2020, more than 4,200 employees from a tertiary hospital
have been using the web application voluntarily to assess their daily risk for COVID-19. The
application has proven a valuable tool for HCW surveillance. The data collected is available
for the managers at an Institutional dashboard. Figure 6 shows a dashboard screenshot
with daily accesses from all hospital areas and all risk ranges. The scores were available for
the occupational medicine department, which contacts the persons that have obtained high
scores and did not show up for health evaluation with a physician.

Figure 7 presents the number of people using the application, both daily and cumulative;
they also present the number of persons that had any COVIDuc score greater or equal to 3.0,
which was the adjusted threshold value of risk for COVID-19 by the developed model. The
panels display how many people have been answering COVIDuc, how many had higher risks,
the cumulative and the daily percentages of HCW with higher risk scores.
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Figure 7 (in Portuguese) — Left: The daily number of people answering the questionnaire (blue line) and
the number of persons with COVIDuc scores equal to or higher than 3.0 (red line), who were considered
at risk for COVID-19 between May 2020 and July 2020. Right: The accumulated (blue) and daily (red)
percentages of individuals with COVIDuc scores equal to or higher than 3.0.

3.3 Model evaluation with Laboratory data

After its deployment, COVIDuc was used by more than 4,200 HCWs of the
hospital to assess their risk score for COVID infection. From those HCWs, around 3,200
individuals were tested for SARS-CoV2 presence in blood serum by quantifying anti-SARS-
CoV2 immunoglobulin M (IgM) and immunoglobulin G (IgG) antibodies, also called viral
load. Furthermore, 311 HCWs had SARS-CoV2 infections confirmed by external reverse
transcriptase—polymerase chain reaction (RT-PCR) testing. Figure 8 displays the detection
windows for the three methods: PCR, IgM and IgG.

Figure 8 — Diagnostic windows for RT-PCR, IgM and IgG since the onset of symptoms (day 0). The
curves represent the relative viral load of anti-SARS-CoV2 for each method. Adapted from NOGUEIRA
& SILVA (2020).

According to NOGUEIRA & SILVA (2020), the laboratory methods have different
detection windows varying between -7 and +18 days from day 0 of the symptom onset.
Therefore, itis not trivial to compare the laboratory results to the onset of symptoms as assessed
by COVIDuc risk score. For this reason, we executed separate comparisons for each method.
The comparison was between risk scores for positive and non-positive individuals assessed
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by each method, using independent T-tests, with p < .05 indicating significant differences
between the mean risk scores. As the reported PCR tests have no negatives, we compare the
PCR-positive individuals and PCR-missing individuals directly. In all methods, we considered
the maximum and average risk scores from 10 days before to 10 days after the blood sample
for each individual.

n_. + g PCR+ IgM+ 19G+
Score <3 2,768 24.0% 8.3% 8.0% 18.6%
Score>=3 367 45.5% 22.4% 18.2% 36.4%
Score >=6 33 71.4% 28.6% 42.9% 57.1%

Table 1 — Prevalence of positive tests in low-risk and high-risk HCW (N=3,135), n is the number of
individuals in each score stratum, “+” is the percentage of positive individuals (by any test).

Table 1 displays the prevalence of individuals with positive results for each risk
stratum. In the low-risk stratum (score < 3), 8% of HCW had active infections when they
answered the COVIDuc questionnaire (positive PCR, IgM), while 19% have had past
exposure (by IgG). In the high-risk stratum (score >= 3) the SARS-CoV2 infections were
18-22% (2.5 times) by PCR, IgM and 36% (2.0 times) by IgG, showing correspondence

between infections and higher risks.

Max(risk) Avg(risk)
Method T P T P
PCR+ 6.0731 <.0001 6.9537 <.0001
IgM+ 5.4454 <.0001 4.7763 <.0001
IgG+ 4.9666 <.0001 4.9071 <.0001
IgM ou IgG+ 5.6793 <.0001 5.3986 <.0001
IgM, 1gG ou PCR+ 6.3828 <.0001 6.1771 <.0001

Table 2 — Independent T-tests for asserting that positive individuals have a higher mean risk score than
non-positive groups (PCR) or negative groups (others).

Table 2 displays the results of the independent T-tests, asserting that individuals
that tested positive for SARS-CoV2 in any laboratory method have had significantly higher
risk scores than those individuals with negative, missing or inconclusive results with 95%
confidence i.e. p < .05 in all hypotheses.

4| DISCUSSION AND RELATED WORK

Even though SARS-CoV2 infection was common among HCWs (25%), only a few HCWs
of those with positive SARS-CoV2 infection (4.2%) answered to have symptoms correlated
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with severe COVID-19 syndrome. Our evaluation indicated that symptom-based models like
COVIDuc cannot detect asymptomatic SARS-CoV2 infections, and ML models for accurate
SARS-CoV2 detection must use additional variables considering laboratory and other tests,
such as complete blood counts and immunoassays. With this in mind, COVIDuc correctly
assigned higher risks to infected individuals, meaning that individuals with SARS-CoV2 may
develop worse symptoms than those of concurrent respiratory infections like Influenza, H1N1
and other agents. COVIDuc’s main achievement was the ability to indicate the proportion of
HCWs with more severe symptoms, and how fast the infection spread among HCWs in early
2020 when the laboratory tests like RT-PCR and immunoassays were unavailable or limited.

Early studies of COVID-19 data were focused on addressing the epidemiological
aspects of the disease, the preparedness of hospitals for receiving patients, and the patient
conditions in emergency care settings. The more general aspects of infectibility and disease
spread are addressed by well-known epidemiological models, and are included in the WHO
Global Influenza Surveillance and Response System (GISRS) protocols. Other studies
analyze clinical parameters from readily available laboratory methods, e.g., complete blood
count analysis (BATISTA et al., 2020). Another category of studies, such as in DREW et
al. (2020), focused on active identification of suspects based on symptom assessment, as
the COVIDuc objectives but for the general public instead. As the computational approaches
require data for model development, many studies also focus on preparing, integrating and
publishing the clinical data for future retrospective studies. MELLO et al. (2020) exemplify this
approach, describing a collaborative effort in sharing laboratory data related to COVID-19
from several hospitals in Sao Paulo, Brazil.

51 CONCLUSIONS

The developed model provides a method to assess the risk of COVID-19 based on the
severity of signs and symptoms and conditions for COVID-19. We used data from a meta-
analysis to define the weight of the factors contributing to influence the risk, and this measure
can be modified as other specific diagnostics verify definitive outcomes. The method does not
use precise variables, such as laboratory and imaging exams and it is not meant for diagnostics,
COVIDuc must be used as a tool for surveillance and screening only. The employees from
a tertiary hospital have used it as a surveillance tool since May 2020 voluntarily, with the
occupational medicine department continually assessing the correspondence between the
outcomes of COVIDuc and the employee’s medical files. COVIDuc was developed for daily
surveillance of HCWs, but it can be readily adapted for other environments or populational
surveillance to assist public authorities in devising strategies to prevent the spread of the
virus. It was first used in a study carried out by the Solidary Research Network to evaluate
public policies during the COVID-19 pandemic. Furthermore, since the middle of August 2020,
COVIDuc has been the screening tool to call outpatients to resume the medical activities on
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the same tertiary hospital after the peak of the pandemic period in the city of Sdo Paulo.

After evaluation with laboratory data, we verified that COVIDuc correctly assigned
higher risks to infected individuals. COVIDuc also tracked the proportion of HCWs with more
severe symptoms and how fast the infection spread among HCWs daily. These results indicate
that COVIDuc is calibrated to detect worse symptoms, not positive infections, as most SARS-
CoV2 cases have lighter symptoms or no symptoms at all.

As future work, we will continue to support the monitoring platform, open collaborations
to collect data from WHO GISRS and monitor other infections in the tropical and subtropical
climates, such as Malaria, Zikavirus and possibly other neglected tropical diseases. Those
future improvements will provide a complete dashboard for high-level decision support in

public infection control.
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