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1 Introduction

Influenza-like illness (ILI) accounts for a large burden of annual morbidity and mortality worldwide (WHO
2020). Despite this, diagnostic testing for specific viruses underlying ILI is relatively rare (CDC 2019). This
results in a lack of information about the pathogens that make between 9 million and 49 million people sick
every year in the United States alone (CDC 2020). Yet knowledge of the specific diseases is necessary for
timely treatment to prevent unnecessary suffering and death (Nguyen 2016, Van Asten et al. 2012,
Pawelek et al. 2015).

ILI is defined by the CDC as fever of 100°F and a cough and/or a sore throat without a known cause other
than influenza (CDC 2020). Defining ILI as a cluster of symptoms rather than a specific disease or diseases
is necessary for keeping track of case counts, as well as for important analysis and forecasting (Osthus and
Moran 2019). However, the cluster of symptoms known as ILI is caused by many under-lying pathogens
(Taylor 2017, Galindo-Fraga 2013). Positive diagnosis is a prerequisite for accurate treatment. To respond
to this need and to gain a finer-grained understanding of ILI that will contribute to a practical foundation
for advances in diagnostics and interventions, we here review the literature for parameter values. We then
compare the dynamics of five common upper respiratory viruses implicated in ILI: influenza, respiratory
syncytial virus (RSV), rhinovirus, human coronavirus (HCoV), and adenovirus.

We conducted a literature review to establish plausible ranges for model parameters, and developed a
deterministic system of ordinary differential equations to model the general dynamics of these five viruses.

2 Results of Parameter Literature Review

2.1 ILI Viruses

We reviewed the literature for the epidemiological parameters: incubation period, infectious period, hos-
pitalization period, hospitalized proportion, case fatality proportion, and Ry. We included results from
experimental and observational studies, as well as from systematic reviews when there were insufficient
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Table 1: Parameters for Influenza-like illness

Summary of Range Standard
Parameters from (min to Mean Deviation References
Literature Review max)
INCUBATION PERIOD (days)
virus range mean SD
influenza 1-6.3 2.61 0.993 | Zaas 2009, Fritz 1999, Couch 1971, Oner 2006, Moser 1979, Kaiser
1999, Kondo 1991, Lessler 2009, Wat 2004
RSV 3-8 4.5 0.894 | Lessler 2009, Zaas 2009, Johnson 1961, Pringle 1993, Tyrell 1993,
Wat 2004
rhinovirus 0.42-5.5 2.36 1.10 | Lessler 2009, Reich 2011, Douglas 1967, Avila 2009, Drake 2000,
Naclerio 1987, Harris 1996, Zaas 2009, Tyrell 1993, Wat 2004
human coronavirus 1.9-14.7 5.07 2.21 | Lessler 2009, Bradburne 1967, Tyrell 1993, Wat 2004, Valtonen
2019, Assiri 2013, Virlogeux 2016, WHO 2003, Anderson 2004
adenovirus 1-30 6.71 2.04 | Sendra-Gutierrez 2004, Lessler 2009, Felkin 1999, Commission on
Acute Respiratory Diseases 1947, Berger 2010, Tanz 2017, Wat
2004, Robinson 2007
INFECTIOUS PERIOD (days)
virus range mean SD
influenza 1-9 4.58 2.56 | Fritz 1999, Couch 1971, Kaiser 1999, Sansone 2019, Cowling 2009,
Taylor 2017
RSV 1-21 7.72 1.94 | Hall 2001, Weber 2001, CDC
https://www.cdc.gov/rsv/about/transmission.html, Taylor 2017
rhinovirus 7-16 9.40 1.70 | Taylor 2017, Nicholson 1996, Arruda 1997, Douglas 1966, Landry
2004
human coronavirus 7-35 15.20 10.30 | Taylor 2017, Kaiser 205, Chiu 2005, Valtonen 2019, Anderson 2004,
Chowell 2004
adenovirus 7-17 8.20 2.89 | Sendra-Gutierrez 2004, Taylor 2017, Hong 2001, Robinson 2007
HOSPITALIZATION PERIOD (days)
virus range mean SD
influenza 3.5-11.3 6.36 3.27 | Sansone 2019, Kim 1979, Draganescu 2018, Taylor 2017, Broor
2014
RSV 2-17.5 5.24 2.32 | Howard 2000, Morrow 2006, Shay 1999, Taylor 2017, Chiu 2010,
Broor 2014
rhinovirus 0.4-1.67 1.19 0.87 | Taylor 2017, Tam 2018, lwane 2011
human coronavirus 1.5-11 4.96 4.27 | Taylor 2017, Chiu 2005, Boivin 2005, Corman 2016
adenovirus 3.12-7 4.71 2.03 | Taylor 2017, Chiu 2010, Peled 2004
HOSPITALIZATION PROPORTION (dimensionless)
virus range mean SD
influenza .000035- 0.00372 0.00750 | Ilwane 2004, Broor 2014, Millman 2015, Ang 2014, Taylor 2017
.062
RSV 0.00034- 0.021 0.0215 | Falsey 2019, Mullooly 2007, lwane 2004, Broor 2014, Avendano
.29 2003, Taylor 2017, Weber 2001
rhinovirus 0.0093- 0.0121 0.0108 | Taylor 2017, Miller 2016, Lee 2012
0.024
human coronavirus 0.00224- 0.188 0.241 | Taylor 2017, Bastien 2005, Reina 2014, Chiu 2005
0.52
adenovirus 0.014-0.95 0.43 0.39 | Galindo-Fraga 2013, Hilleman 1957, Taylor 2017, Hong 2001
CASE FATALITY PROPORTION (dimensionless)
virus range mean SD
influenza 0.000106- 0.0312 0.0415 | Glezen 1982, Cohen 2017, Alonso 2007, Quandelacy 2013, Mendez-
0.0827 Dominguez 2019
RSV 0.00031- 0.0464 0.0627 | Welliver 2010, Howard 2000, Cohen 2017, Tsolia 2003, Avendano
0.165 2003, Lee 2013
rhinovirus 0-0.125 0.0451 0.0694 | Nicholson 1996, Fica 2015, Falsey 2002
human coronavirus 0-0.34 0.147 0.146 | Ramadan 2019, Chang 2017, Bastien 2005, Reina 2014, Lee 2013,
Falsey 2002
adenovirus 0.00075- 0.103 0.0694 | Galindo-Fraga 2013, Wesley 1993, Gerber 2001, Larranaga 2007,
0.166 Ko 2019, Hong 2001, WHO 2019
Ro (dimensionless)
virus range mean SD
influenza 1.06-3.4 1.68 0.871 | Wallinga 2006, de Blasio 2012, Sonthichai 2011, Chowell 2008,
Chowell 2010, Biggerstaff 2014
RSV 1.2-91 3.47 2.67 | Weber 2001, Reis 2016, Velasco-Hernandez 2015, Duvvuri 2015,
Pitzer 2015, Reis 2018, Levy 2018
rhinovirus 1.2-1.83 1.88 0.70 | Reis 2018, Levy 2018, Scully 2018
human coronavirus 2.7-8 4.18 2.26 | Majumder 2014, Chang 2017, Leung 2004, Kim 2016, Lee 2013,
Lipsitch 2003, Bauch 2005, Riley 2003
adenovirus 2.34 2.34 NA | Reis 2018
(1 value)

studies. Ry values were estimated from modeling studies. In one case, (SARS-hCoV), we included an
estimate for the infectious period, since values were lacking in the literature (Chowell 2004). We also
searched the literature for the contribution made by each of the five viruses to the total viral community in
people with ILI. Across ten study populations, at least one virus was identified in an average of 62% of
individuals with ILI symptoms. Out of these 62% of patients with ILI in whom viruses have been identified,
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Figure 1: Viral Composition
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adenovirus was identified in 8.1% of samples, human coronavirus in 8.8%, RSV in 13.5%, influenza in 21.3%,
and rhinovirus in 22.6%. Coinfection was not taken into account in these estimates.

2.2 Human Coronavirus

Table 2: Parameters for HCoV

Summary of Parameters from Literature Review for Human Coronavirus (HCoV)

Parameter Range Mean SD References

Lessler 2009, Bradburne
1967, Tyrell 1993, Wat
Incubation Period 1.9-14.7 5.07 2.21 2004, Valtonen 2019,
Assiri 2013, Virlogeux
2016, WHO 2003,
Anderson 2004

Taylor 2017, Kaiser 205,
Chiu 2005, Valtonen

Infectious Period 7-35 15.20 10.30 2?119' Anderson 2004,
owell 2004 _

Hospitalization Bonin 2006, Comran
Period 1.5-11.0 4.96 4.27 2016

Hospitalization 2005, Reina 2074, Ghiu
Proportion 0.0024-0.52 0.188 0.241 2005

Case Fatalit Ramadan 2019, Chang

Y 2017, Bastien 2005, Reina
Proportion 0-0.34 0.147 0.146 2o, L@ 2013, Falkey

Majumder 2014, Chang
2017, Leung 2004, Kim

- 2016, Lee 2013, Lipsitch
Ro 2.7-8 4.18 2.26 2003, Bauch 2005, Riley
2003

In view of the current outbreak of novel coronavirus 2019-nCoV, and given the need for plausible pa-
rameters for modeling efforts, we conducted an in-depth literature review for human coronavirus.
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2019-nCoV has been identified as a member of genus betacoronavirus, along with SARS and MERS
(WHO 2020). Until the genomes of 2019-nCoV have been further characterized, it seems reasonable to
suspend assumptions about the epidemiological behavior of the novel virus, and to include all known
strains in the parameter sets. Thus, our review includes values for strains 229E, NL63, OC43, HKU1,
SARS, and MERS. Means have been collected when possible; when not available, medians have been
recorded. Information on the studies, the strains, the sample sizes, and the references is available
on pages 26-27 of this paper.

We included values for Ry only for SARS and MERS, and attempted to include them only for the period
before large-scale interventions were implemented, since Ry is defined as the average number of sec-ondary
infections produced when one infected individual is introduced into a fully susceptible population (K.
Deitz, 1975). Since the seasonal strains of human coronavirus are endemic in the world, there is, by
definition, no fully susceptible population for 229E, NL63, OC43, or HKU1 in which RO may be assessed.

Results of our review for human coronavirus include the following mean values: an incubation period
of 5.01 days, an infectious period of 15.2 days, a hospitalization period of 4.96 days, a hospitalized
proportion of 0.188, a case fatality proportion of 0.147, and an Ry of 3.7.

3 Deterministic Model

3.1 Description of Model Structure

The model diagram (Fig.1) illustrates the progression of influenza-like illness (ILI) in a human population
of a hypothetical small city containing 10,000 individuals. We assume density-dependence, that is, for a
fixed population of 10,000 humans with negligible migration, the contact rate for individuals remains
constant.

The total population (N) consists of seven classes: susceptible (S), exposed but not infectious (E), first
infectious class (1), second infectious class (I), hospitalized (H), recovered (R), or dead (D). Individ-uals
are considered susceptible until they contact an infectious individual from (Iy), (I3), or (H). Given contact
with an infectious individual, transmission takes place with some probability. After transmission of the
virus has occurred, susceptible people move to the exposed class (E), where they spend a number of days
equal to the mean period of time between infection and the onset of infectiousness (the latent period). We
assume here that the latent period equals the incubation period, or the mean period of time between
exposure to the virus and the onset of symptoms. After the latent period, they move to the first infectious
class (Iy). The mean duration of the first infectious period differs according to the underlying virus.
Symptoms worsen for some proportion of the first infectious class, who enter the hospital (H), where they
remain infectious. Individuals who do not enter the hospital remain ill outside the hospital for the duration
of the second infectious period (Iz). From (I3), the length of which differs according to the underlying virus,
where we assume that the progression of the illness is not severe, individuals recover. The duration of
hospitalization differs according to the underlying virus. From the hospital, individuals either recover (R)
or die (D). We assume that hospitalized individuals have 75% less contact with susceptible individuals,
which results in 75% reduced transmission during hospitalization. We further assume that recovered
individuals (R) gain full immunity to the virus causing the illness.
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Figure 2: Transfer diagram for ILI virus transmission.

Table 3: Descriptions of state variables

Variable Description

S Number of susceptible individuals

E Number of exposed (not infectious) individuals
I Number of initially infectious individuals

I Number of infected, non-hospitalized individuals
H Number of hospitalized individuals

R Number of recovered individuals

D Number of dead individuals

Model assumptions include:

(1) From the initially infectious state, individuals progress to hospital or continued non-hospitalized
infectious state.

(2) From the non-hospitalized infectious state, individuals progress to recovery.

)
(10) The transmission rate for each virus is calculated from the expression for Ry below, using the mean
o values from the literature.
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Table 4: Descriptions and dimensions for parameters

Parameter  Description Dimension
I3 basic transmission rate individuals™"  x
time™!

c reduction of transmission in hospital dimensionless

Y1 per capita rate of progress from exposed to infectious state time™!

Y2 per capita rate of progress through initial infectious state time™!

Y3 per capita rate of progress through hospitalized state time ™!

Y4 per capita rate of progress through non-hospitalized infectious time !
state

P1 proportion of initially infectious population that becomes hospi- dimensionless
talized.

D2 proportion of hospitalized population that die dimensionless

3.2 Model Equations

The equations governing common upper respiratory virus dynamics are given by

ds

E:—BS(Il +IQ+CH) (1&)
dFE

dlq

— =mE — vl 1
p 71 Yal1 (1c)
dl

cTtQ =72(1 = p1)Iy —yalo (1d)
dH

— = I —vsH 1
dt Yop1li — 3 (le)
dR

i Yalo +v3(1 = p2) H (1f)
dD

o vsp2 H (1g)

The total populationis N =S + E + I; + I, + H + R 4+ D. Parameters

4 Quantities of Interest

4.1 Disease-free Equilibrium

We assume that the stable population, representing a hypothetical small city, is N = 10000. We further
assume that the initial value for the Susceptible population is Sy = 10000. In the disease-free state, all
infected classes are zero,that is, E = I} = Is = H = 0. Substituting and setting the derivatives equal
to zero, it is evident that in the disease-free state, the other state variables R and D will continue to
contain zero individuals, and that the Susceptible class S will remain equal to the total population N, as
follows.
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s

= —BS0+0+c(0) =0 (2a)
%]f = BS5(0+ 0+ ¢(0)) — 71 (0) = (2b)
% — 51 (0) — 75(0) = 0 (2¢)
L a1 = p)(O) ~(0) = 0 (2d)
% = 72p1(0) —3(0) =0 (2e)
dR

i 7v4(0) + v3(1 — p2)(0) =0 (2f)
CiTlt) = 73p2(0) =0 (28)

Additionally, if we set any one of E, I, Iz, or H to zero, the other three state variables representing
infected classes must also be zero. In this case, N=S=10000. Thus, where x = (S, E, I;,I>, H, R, D)
denotes solutions of the system, x4, = (10000,0,0,0,0,0,0) represents the disease-free equilibrium for
the system.

4.2 Basic Reproduction Number

Assuming a homogeneously mixed population, the basic reproductive number (Rg) is defined as the
average number of secondary infections produced when one infected individual is introduced into a
fully susceptible population (K. Dietz, 1993). Four compartments, latently infected individuals (E),
symptomatic and infected individuals (I1), symptomatic and infected and non-hospitalized individuals
(I2), and hospitalized individuals (H), together characterize the total infected population for the ILI
virus system. To calculate R for this system, we derive the next generation matrix (Van den Driessche
and Watmough 2002).

Method:

1. Derive the matrix for the transmission term describing everyone entering (E): the ”F” matrix;

2. Derive the matrix for the transition terms describing everyone transitioning between infected classes
(E,I,I5, H): the ”V” matrix;

3. Next Generation Matrix (NGM) = (F)(V ~1);

4. The largest dominant eigenvalue or spectral radius of the NGM = RO for the system.

The transmission term for the system is 5S(I; + Iz + cH)

0 BS BS pSc

The transmission terms for the system are (—y1 E), (1 E — v211), (v2(1 — p1)]1 — val2), (vep1ls — 3 H).
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" 0 0 0

—71 Y2 0 0

0 —(l-p) 74 0

0 —Y2p1 0 93

The next generation matrix is

1 _(m=1) | oc 1 _ (1) 4 o¢ BS  BSc
BSGs = + %) BSGE TS A S
0 0 0 0
FV!'= (5)
0 0 0 0
0 0 0 0

The spectral radius, or the largest positive eigenvalue of the next generation matrix, is the basic re-
productive number of the system at the disease-free equilibrium, as follows.

~ BS(epiyeya — p1y273 + Y273 + V374)
Ry = (6)
V27374

This expression for the basic reproductive number (Rj) depends on the parameters 3, ¢, p1, 72,73 and
~4, and on the initial conditions for the state variables. S is clearly directly proportional to Ry.

CONCEPTUAL METHOD OF DERIVING RO

Ry = P(arriving at I;)(Ry while in I) + P( arriving at I3)(Ry while in Iy) + P(arriving at H)(Ro while in H)
SI ST SH
e () S G (50)+ () (50)
M 72 M Y4 ! 73
ST ST SH
e () 0 (58) e (55)
V2 V4 3
Ry = <ﬂ5> N ((1 p1)65> . (plc/ss)
72 V4 3

BS(v374 + (1 — p1)y2ys + prcy2vd)
Y2374

Ry =

BS(ep1v27s — p1y2y3 + Y273 + V374)
V27374

Ry =

This result is equivalent to the result obtained, above, by the next generation method.
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5 Discussion

There are several limitations to this study. First, the model is not age-structured. Second, the assump-
tion that the latent period equals the incubation period may result in an overestimation of the latent
period. This is because the beginning of the true infectious period may occur before the onset of symp-
toms; however, this is difficult to measure and is not generally reported in the studies that report values
for the incubation period. Third, a single mortality rate has been modeled for the hospitalized infected
and non-hospitalized infected classes. Fourth, many of the studies that generated parameter values eval-
uated populations treated at clinics or admitted at hospitals. However, a significant proportion of illness
and death may occur outside of hospitals and clinics (see Cohen et al. 2017).

Much work remains to be done to elucidate the etiology of ILI.
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NOTE: 55-74% (average 62%) of patients with ILI who were sampled had viruses detected (Sentilhes, Taylor, Galindo-Fraga, Nandi,
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