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COVID-19 is a pandemic viral disease with catastrophic global impact. This disease is
more contagious than influenza such that cluster outbreaks occur frequently. If patients
with symptoms quickly underwent testing and contact tracing, these outbreaks could be
contained. Unfortunately, COVID-19 patients have symptoms similar to other common
ilnesses. Here, we hypothesize the order of symptom occurrence could help patients
and medical professionals more quickly distinguish COVID-19 from other respiratory
diseases, yet such essential information is largely unavailable. To this end, we apply
a Markov Process to a graded partially ordered set based on clinical observations
of COVID-19 cases to ascertain the most likely order of discernible symptoms (i.e.,
fever, cough, nausea/vomiting, and diarrhea) in COVID-19 patients. We then compared
the progression of these symptoms in COVID-19 to other respiratory diseases, such
as influenza, SARS, and MERS, to observe if the diseases present differently. Our
model predicts that influenza initiates with cough, whereas COVID-19 like other
coronavirus-related diseases initiates with fever. However, COVID-19 differs from SARS
and MERS in the order of gastrointestinal symptoms. Our results support the notion that
fever should be used to screen for entry into facilities as regions begin to reopen after the
outbreak of Spring 2020. Additionally, our findings suggest that good clinical practice
should involve recording the order of symptom occurrence in COVID-19 and other
diseases. If such a systemic clinical practice had been standard since ancient diseases,
perhaps the transition from local outbreak to pandemic could have been avoided.
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INTRODUCTION

The current pandemic of Coronavirus Disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has undergone an observed exponential
increase of cases that has overrun hospitals across the world (1). Many people have mild forms
of the disease and are advised not to go to the hospital or to seek a diagnostic test because they can
recover at home. A large number of others are asymptomatic (2). Infected individuals are highly
contagious and can transmit the disease even if they are asymptomatic, and this fact furthers the
need to isolate and test often (2). In addition, COVID-19 is two to three times more contagious
than influenza (3). Due to these characteristics, outbreaks of COVID-19 occur in clusters (4).
Identifying COVID-19 early could reduce the number and size of clusters, but early symptoms are
not well-defined. The Center for Disease Control and Prevention (CDC) in the USA and the World
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FIGURE 4 | The most likely path of common respiratory symptoms in COVID-19. The most likely path of seven common symptoms of COVID-19, determined by the
transition probabilities that are also listed between nodes, of two datasets here.

that fever is most likely to occur first, followed by an undetectable ~ and nausea/vomiting occur with an undetectable difference
difference in transition probability of cough and myalgia, which  in likelihood.

is similar to the other coronavirus-related diseases (Figure 5C). To illustrate the uniqueness of the most likely path of COVID-
Next, headache is most likely. Finally, diarrhea, sore throat 19, we found the transition probabilities of the same path in
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FIGURE 5 | The most likely paths of symptoms in influenza, MERS, and SARS vs. COVID-19. (A) The most likely path of seven common symptoms of influenza with
the transition probabilities listed between nodes. (B) The most likely path of seven common symptoms of MERS with the transition probabilities listed between nodes.
(C) The most likely path of seven common symptoms of SARS with the transition probabilities listed between nodes. For each path, the transition probabilities in
COVID-19 are listed on the right. The most likely paths for each respective disease here are determined from the transition probabilities listed between nodes on the

the other respiratory diseases (Figure 6). When comparing and
contrasting the probabilities, we found that the implementation
representing COVID-19 strongly asserts that the first symptom
will be fever and cough will soon follow because the transition
probabilities are 0.731 and 0.783, respectively (Figure 6A),
whereas the influenza implementation indicates that fever is
very unlikely to occur first with a probability of only 0.035
(Figure 6B). Additionally, the implementations of MERS and
SARS data also have a high likelihood of transitioning to
fever first, with a probability of 0.627 and 0.988, respectively
(Figures 6C,D). The second symptom of the most likely path of
COVID-19 is cough, with a probability of 0.783, but the others do
not have a similar high probability. For example, the respiratory

disease with the highest probability at that transition is MERS
at 0.536. However, after fever and cough, COVID-19 and the
other three respiratory diseases have a similarly high likelihood
of the three subjective symptoms (i.e., sore throat, headache,
and myalgia). Finally, the most likely path of COVID-19 ends
with nausea/vomiting and then diarrhea. These observations are
consistent with the symptoms described by the CDC and support
the notion that fever followed by cough seems highly likely to be
diagnosed as COVID-19 (5).

Also, comparing the transition probabilities of paths in
the same disease illustrates the significance of the most likely
pathways. For example, the lowest transition probability in the
most likely path of influenza is 0.578 (Figure 5A), whereas when

Frontiers in Public Health | www.frontiersin.org

August 2020 | Volume 8 | Article 473


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Larsen et al.

Modeling the Onset of Symptoms of COVID-19
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FIGURE 6 | The most likely path of symptoms in COVID-19 vs. influenza, MERS, and SARS. (A) The most likely path of seven common symptoms of COVID-19 with
the transition probabilities listed between nodes. (B) The transition probabilities of the path of influenza. (C) The transition probabilities of the path of MERS. (D) The
transition probabilities of the path of SARS. The most likely path here is determined from the transition probabilities listed between nodes for COVID-19.

analyzing influenza as it traverses down the most likely path
of COVID-19, the transition probabilities observed are 0.5 or
less (Figure 6B). However, in that same path, the transition
probability from fever and cough to fever, cough, sore throat,
headache, and myalgia is >0.999. This value displays how
unlikely nausea/vomiting and diarrhea are to be initial symptoms
of influenza. Additionally, when observing the most likely path
of COVID-19, the first two symptoms seem to have a strong
probability of occurring in the order of fever and then cough,
with a likelihood of 0.731 (Figure 5A). However, the likelihood
of cough occurring first in COVID-19 is 0.229, which is a low
probability (Figure 5A). This observation further supports the
hypothesis of fever occurring first and cough occurring second.

Recall and Selectivity When Linking First

Symptom and Disease
The COVID-19 and influenza implementations of the Stochastic
Progression Model suggest that there is a high likelihood

of fever and cough occurring first, respectively. We desired
to find metrics quantifying the possible link between first
symptom and these two diseases. So, we determined the recall
and the selectivity when using the initial symptom as an
indicator of COVID-19 or influenza, with all other possible
diseases excluded in a theoretical patient population. First,
we simulated patient datasets using reported data that were
independent from all previous work that we integrated in our
analyses above (Supplemental Table5) (20). Two simulated
patient datasets were created to analyze COVID-19 and influenza
separately to portray the specific link of each disease with the
corresponding initial symptom that we determined, fever and
cough, respectively. The simulated data contained information
about the patients’ state of disease (COVID-19, influenza
or not) and their first symptom experienced. Based on the
information of the first symptom alone, we categorized the
simulated patient data as infected with COVID-19 or not and
influenza or not. The recall was calculated as the number of
simulated patients that we correctly identified as having the
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TABLE 1 | Recall and selectivity of linking fever as a first symptom of patients with
COVID-19.

COVID-19
Recall Selectivity

Mean Standard Mean Standard

deviation deviation
10 Patients out of 200 0.980 0.063 0.661 0.030
20 Patients out of 400 0.990 0.021 0.665 0.030
30 Patients out of 600 0.977 0.035 0.668 0.017
40 Patients out of 800 0.973 0.018 0.665 0.020
50 Patients out of 1,000 0.966 0.031 0.665 0.016

The mean and standard deviation of the recall and the selectivity of various simulations at
different sample sizes that were each performed 10 times.

TABLE 2 | Recall and selectivity of linking cough as a first symptom of patients
with influenza.

Influenza
Recall Selectivity

Mean Standard Mean Standard

deviation deviation
10 Patients out of 200 0.810 0.110 0.369 0.031
20 Patients out of 400 0.820 0.067 0.364 0.030
30 Patients out of 600 0.777 0.061 0.364 0.015
40 Patients out of 800 0.765 0.092 0.367 0.023
50 Patients out of 1,000 0.804 0.051 0.362 0.014

The mean and standard deviation of the recall and the selectivity of various simulations at
different sample sizes that were each performed 10 times.

disease over the number of simulated patients that truly had
the disease (27). Selectivity was defined here as the number of
simulated patients that we correctly identified as not having
the disease over the number of simulated patients that truly
did not have the disease (28). For both diseases, we performed
this analysis for five simulated samples of different sizes, each
containing 5% infected individuals. We repeated this process
10 times and calculated the average and standard deviation
across each sample size for both COVID-19 and influenza
(Tables 1, 2).

The recall ranges from 0.966 to 0.990 with a standard
deviation of 0.031 and 0.021, respectively when analyzing the
link between COVID-19 and fever as a first symptom. The
maximum standard deviation of any sample size is 0.063 for
the mean of 0.980. On the other hand, the selectivity of fever
as a first symptom of COVID-19 ranges from 0.661 to 0.668
with a standard deviation of 0.030 and 0.020, respectively, and
0.030 is the maximum standard deviation with corresponding
means of 0.661 and 0.665 (Table1). As for cough as a first
symptom of influenza, the recall ranges from 0.765 to 0.820
with corresponding standard deviations 0.092 and 0.067. The
highest standard deviation is 0.110 with a mean of 0.810, and the
selectivity ranges from 0.362 to 0.369 with standard deviations

of 0.014 and 0.031, respectively, and the maximum standard
deviation is 0.031 (Table 2).

The recall in both cases is lower than the selectivity,
and this observation indicates that this analysis categorizes
patients as infected when they are not, but the high recall
indicates that most infected patients did align with the first
symptom that we predicted. In the future, we expect to
confirm this analysis with data on first symptoms, as opposed
to simulated data, but the purpose of this analysis was to
display that further study of order of symptoms might lead to
earlier recognition.

DISCUSSION

In this study, we found evidence that supports the notion
that there is a most common order of discernible symptoms
in COVID-19 that is also different from other prominent
respiratory diseases. The most likely initial symptom is fever
in the three diseases studied that are caused by coronaviruses
(i.e., COVID-19, SARS, and MERS) and cough in influenza.
The most likely order of the four easily discernible symptoms
is identical in MERS and SARS, but the most likely path of
COVID-19 has one key difference. The first two symptoms of
COVID-19, SARS, and MERS are fever and cough. However,
the upper GI tract (i.e., nausea/vomiting) seems to be affected
before the lower GI tract (i.e., diarrhea) in COVID-19, which
is the opposite from MERS and SARS. In all diseases, we found
that fever and cough occur before nausea/vomiting and diarrhea.
When observing the set of seven symptoms including three
subjective ones (i.e., sore throat, headache, and myalgia), we
found that the initial symptoms of the most likely path are the
same as in the most likely path of the four discernible symptoms.
Also, in both the four and seven symptoms implementations,
the GI tract symptoms are last. A separate MERS dataset
included the initial symptoms of patients on admission, which
listed the symptoms from highest to lowest probability as fever,
myalgia, cough, and diarrhea (18). This order is similar to the
most likely path that we determined. A very small percent
of patients experienced diarrhea as an initial symptom. This
report suggests that diarrhea as an early symptom indicates a
more aggressive disease, because each patient in this dataset
that initially experienced diarrhea had pneumonia or respiratory
failure eventually (Supplemental Table 3). We propose that
these patients may be experiencing a more aggressive form
of the disease and have accelerated through the most likely
path, having already experienced diarrhea. These findings align
with another dataset provided for SARS, which also contained
the percentage of the various symptoms to be reported first
(Supplemental Table 4). The highest reported symptom is fever,
followed by cough or dyspnea, and then finally, a small percent
of patients reported diarrhea (19). This order confirms the most
likely paths that we have determined. The observation that
diarrhea was very uncommon as a first symptom and had a non-
zero probability of occurrence is consistent with our analysis.
This aligns with our hypothesis that early occurrence of diarrhea
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implies that those patients may have a much more aggressive
form of the disease.

The simulation data used to approximate the state and
transition probabilities in the Stochastic Progression Model
relies on the assumption that symptoms included in the model
are independent. Using the definition of independence, we
observed the individual probabilities of fever and cough in
a dataset from a case study of influenza, and we found that
the product of the individual probabilities of fever and cough
is almost equal to the probability of both occurring (21).
Considering this outcome, we proceeded under the assumption
of independence, which we will reevaluate when more symptom
data becomes available. We simulated combinations of symptoms
for 500,000 patients, which we chose because it was the
lowest attempted number that empirically produced the
theoretical expected outcome for random frequency symptoms:
that all paths would be equally likely, up to 100ths of a
decimal place. We then utilized these simulated patients to
approximate the state probabilities and transition probabilities
described above.

This study supports the idea that symptoms occur in a
predictable order, but future work is needed to improve aspects
of the Stochastic Progression Model and confirm the results
found here. Our finding that COVID-19 first presents with a
fever supports the recommended measures by the CDC which
state that the public should take their temperature at home
and when entering facilities as an early checking method (29).
This application of the Stochastic Progression Model may be
improved if there were objective ways to measure the more
subjective symptoms (i.e., sore throat, headache, and myalgia).
Also, improved error calculations of the transition probabilities
would lead to more accurate results. Our current error calculation
is conservative, because when more symptoms were added, we
observed that the error compounded as we progressed further
down the paths (Supplemental Figures 2-13). The conservative
error estimate creates issues in discerning the difference in
probabilities of symptoms. Specifically, in implementations
of seven symptoms, the likelihoods are more difficult to
ascertain due to subjective reporting and compounding error
calculations. Datasets that contain the order of symptoms
for each patient would lower the error. Additionally, these
sorts of datasets would better the approximations of the
transition probabilities and increase accuracy. This improvement
could be achieved by physicians implementing the practice
of recording the order of occurrence of symptoms. With
this information, we may approximate the likelihood of a
patient acquiring a symptom based on their current symptoms
with patient data instead of simulations based on frequency.
Applying objective criteria for symptoms, improving error
calculations, and collecting the order of symptoms would not
only allow us to improve our findings here, but also allow the
Stochastic Progression Model to predict orders of a larger set
of symptoms. The optimal form of the Stochastic Progression
Model would be developed by determining state probabilities
from observed true frequencies of patients symptoms and
determining transition probabilities from the patients true
order of symptoms. However, until this data is available,

improved approximations, simulations and error calculations
are needed.

Furthermore, when analyzing fever as the first symptom of
COVID-19, a low selectivity indicates a high Type I error (i.e.,
rate of false positive), and a high recall indicates a low Type
IT error (ie., rate of false negative). We found a moderate
selectivity value and as a result, a moderate Type I error
in this case. This Type I error is acceptable in our use of
investigating fever as an initial symptom of COVID-19, because
it suggests that more people get tested who are not infected,
rather than less people get tested who are infected, as with
Type II error (30). We are not proposing initial symptom
as a diagnostic test, but instead as a possible sign to get
tested. COVID-19 outbreaks in clusters, and these unusual
clusters of disease are characteristic of a pandemic disease that
must be addressed immediately with aggressive testing to curb
transmission (31).

The importance of knowing first symptoms is rooted in the
need to stop the spread of COVID-19, a disease that is two
to three times more transmissible than influenza and results
in outbreaks of clusters (3, 4). There is a heightened risk in
COVID-19 being passed on, so faster testing and social distancing
are important, especially when social distancing and quarantine
measures are relaxed. Our results assert that fever is the most
likely symptom to occur first in symptomatic adult patients with
COVID-19. We hope that the hypotheses generated in this work
are tested with prospective clinical data to confirm that a cough
occurs first more often in influenza and likewise fever in COVID-
19. We believe that early detectors that any individual can
recognize to seek medical attention earlier is useful. In addition,
datasets that contain information of symptom order and strains
of COVID-19 allow for further studies that may determine
whether onset of symptoms vary in specific strains (32), and
whether risk factors, such as obesity (33), and environmental
factors, such as temperature (34) affect symptom order. To
slow the spread of COVID-19, our results support the practice
that fever should be tested before allowing entry to facilities
and that those with fever should immediately seek medical
attention for diagnosis and contact tracing. Such measures as
these may help to reduce transmission despite the high contagion
of SARS-CoV-2.
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