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Respiratory syncytial virus (RSV) is a common, contagious infection of the lungs and the respiratory tract.
RSV is characterized by syncytia, which are multinuclear cells created by cells that have fused together.
We use a mathematical model to study how different assumptions about the viral production and lifes-
pan of syncytia change the resulting infection time course. We find that the effect of syncytia on viral titer
is only apparent when the basic reproduction number for infection via syncytia formation is similar to the
reproduction number for cell free viral transmission. When syncytia fusion rate is high, we find the pres-
ence of syncytia can lead to slowly growing infections if viral production is suppressed in syncytia. Our
model provides insight into how the presence of syncytia can affect the time course of a viral infection.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Respiratory syncytial virus (RSV) is a common virus that causes
infected lung and respiratory tract cells to fuse together resulting
in multinucleated cells called syncytia (Saleh et al., 2020;
Domachowske et al., 2000). It is so common it is estimated that
most people have had the infection by the age of two (Toivonen
et al., 2020). RSV can be continually contracted throughout a per-
son’s lifetime with minimal, often no symptoms (Walsh et al.,
2004; Ali et al., 2020; Tin Tin Htar et al., 2020). However, those
with weakened immune systems, infants, and the elderly could
potentially suffer more severe symptoms (Drews et al., 2019;
Walsh et al., 2013).

On a cellular level, the infection process begins when a single
virus fuses into the cytoplasm of a healthy cell (Bem et al., 2011).
Once inside, the virus begins replicating, and the now infected cell
releases newly replicated viruses to nearby healthy cells (Piva
et al., 2020). The infected cell can continue to produce more virus
or fuse with other cells via the fusion protein (Hu et al., 2020;
Gonzalez-Reyes et al., 2001; Porotto et al., 2019). While some
physical characteristics of syncytia, such as size or number of fused
cells (Gagliardi et al., 2017; Ayala-Breton et al., 2014), can easily be
measured, some characteristics that affect the infection dynamics
are harder to measure directly. For example, if syncytia do not pro-
duce as much virus as the individual cells, an infection will be less
severe (less overall virus) if there are a large number of syncytia. Or
if multinucleated cells enhance production of the virus, the
infection will be more severe. Similarly, if the lifespan of syncytia
differs from the lifespan of mononucleated cells, we might see an
overall lengthening or shortening of the infection as the number
of syncytia varies. Without the ability to measure these syncytia
characteristics, it is difficult to understand the role of syncytia in
the viral infection (Taylor, 2017).

Mathematical models can be used to help elucidate the role
syncytia play in the infection. While mathematical modeling
has been applied to the study of RSV infections (González-
Parra and Dobrovolny, 2015, 2018a; González-Parra et al.,
2018; González-Parra and Dobrovolny, 2018b; González-Parra
and Dobrovolny, 2019; Wethington et al., 2019; Beauchemin
et al., 2019), none of these models have included the effect of
syncytia. These studies all used ordinary differential equation
(ODE) models, modeling viral infection of target cells and subse-
quent release of virus from infected cells. These models have
been used to estimate RSV infection parameters (González-
Parra and Dobrovolny, 2015, 2018a; González-Parra et al.,
2018; Beauchemin et al., 2019), examine the role of the immune
response (Wethington et al., 2019), and predict the effect of
antiviral treatment (González-Parra and Dobrovolny, 2018b).
The presence of syncytia could alter infection dynamics and
affect the predictions of these models; particularly as it pertains
to immune response and antiviral treatment as infection through
syncytia formation allows the virus to avoid the extra-cellular
space where components of the immune response and antivirals
are active (Cifuentes-Munoz and Dutch, 2019).

The purpose of this study is to examine the role of syncytia on
viral time course by examining the effect of model parameters
such as the rate of virus production by syncytia and syncytia
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Table 1
Parameter values for simulation of RSV, taken from González-Parra and Dobrovolny
(2018b).

Parameter Value

Viral production rate (p) 4:66� 106RNA=mL � h�1
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lifespan. We will use computer simulations to model the viral titer
to examine how viral titer time course changes as syncytia param-
eters are varied. We find that under some conditions, the involve-
ment of syncytia in the infection can lead to long-lasting viral
infections.
Infection rate (b) 2:04� 10�8ðRNA=mLÞ�1 � h�1

Clearance rate (c) 0.0763/h
Cell death rate (d) 0.0735/h
Syncytia fusion rate (c) [0.01,1/h]
Syncytia to cell death rate ratio (rd) ½1� 10�3;1� 103�
Syncytia to cell viral production ratio (rp) ½1� 10�3;1� 103�
2. Material and methods

2.1. Mathematical model

We developed a new mathematical model of viral kinetics that
includes the formation of syncytia. A schematic of the model is
illustrated in Fig. 1. The virus, V, infects healthy target cells, T, at
a rate b. The target cells become infected, I, and will produce more
virus at rate p, or fuse with other cells to create syncytia, S, at rate
c. These syncytia cells then produce virus at a rate of rpp. Both
infected cells and syncytia continue to produce virus until they
die after lifetimes of 1=d and 1=rdd respectively. Virus is cleared
from the system at a rate c. These processes are represented by
the following equations,
dT
dt

¼ �bTV � cTðI þ SÞ dI
dt

¼ bTV � cIðT þ 2I þ SÞ � dI
dS
dt

¼ cTð2I þ SÞ þ cIð2I þ SÞ � rddS
dV
dt

¼ pI þ rppS� cV : ð1Þ

Note that in these equations, S represents the number of cells
that have fused into syncytia, not the number of syncytia. Thus
when a target cell fuses with an infected cell, a cell is removed
from each of the target and infected compartments and two cells
appear in the syncytia compartment. We have a similar accounting
when infected cells fuse to form syncytia — each syncytium con-
sists of 2 infected cells. When a target cell or infected cell fuses
with a cell already in a syncytium, we are only adding one new cell
to the syncytia compartment.

Model parameters are taken from previous fits of viral kinetics
models to data from RSV infections in African green monkeys
(González-Parra and Dobrovolny, 2018b) and are given in Table 1.
We use the median values determined from fits to Study 1 pre-
sented in Fig. 4 of that paper. Three parameters of this model have
not been previously measured: syncytia fusion rate (c), syncytia to
cell death rate ratio (rd), and syncytia to cell production ratio (rp).
These parameters are varied over several orders of magnitude to
explore their effect on viral dynamics.
Fig. 1. Model of syncytia-inducing virus infection. The uninfected target cells can
be infected by virus, or fused into syncytia. Infectious cells can be fused into
syncytia or die. Both syncytia and infectious cells produce virus, although at
different rates. Infectious cells and syncytia can also have different lifespans.

2

2.2. Measurements

The model is simulated using the odeint function in the scipy
package of python. We are interested in determining whether syn-
cytia infectious lifespan and viral production rate alter the viral
titer time course. We systematically vary rp and rd and measure
the following features of the viral load:

� peak viral load: The maximum amount of virus is commonly
used as an indicator of the transmissibility of an infection
(Handel et al., 2009).

� time of viral peak: This is the time between the start of the
infection and the peak of the virus and can give an indication
of how quickly the virus is replicating.

� viral growth rate: Viral upslope is the exponential growth rate
of the viral titer before the peak is reached and is another indi-
cation of how quickly the virus is spreading from cell to cell.

� viral decay rate: Viral decay rate is the exponential decay rate
of the viral titer after the peak. While the slope during the decay
phase is negative, we define decay rate as the positive value of
the slope.

� area under the curve (AUC): AUC is often used to assess the
severity of an infection (Hayden et al., 2000; Barroso et al.,
2005).

� infection duration: The infection duration is indicative of how
long an infected patient might test positive for presence of the
virus. We use a threshold of 104RNA=ML as in Dobrovolny
et al. (2010).

We also use these measurements as endpoints for sensitivity
analysis via partial rank correlation coefficients (PRCC). We sam-
pled parameter values using Latin Hypercube Sampling within a
range of �50% of their base value (Table 1) and used 1000 different
parameter combinations to calculate the PRCC. The partial rank
correlation coefficient is close to �1 if there is a high degree of cor-
relation between the inputs (parameter values) and the outputs
(measurements), with positive values indicating a positive correla-
tion (both increase or decrease together) and negative values indi-
cating a negative correlation.
3. Results

3.1. Role of syncytia fusion rate

Since this model is the first to include syncytia formation,
appropriate values for the syncytia fusion rate are unknown. We
first investigate model simulations with different values of syncy-
tia fusion rate (c) to determine what role it plays in the course of
the infection. Fig. 2 shows the viral load (top left), fraction of target
cells (top right), fraction of infectious mononucleated cells (bottom
left), and fraction of cells in syncytia (bottom right) for several val-
ues of c. As the syncytia fusion rate increases, the viral titer peak
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Fig. 2. The effect of syncytia fusion rate on time course of the infection. Figures show the viral load (top left), fraction of target cells (top right), fraction of infectious
mononucleated cells (bottom left), and fraction of cells in syncytia (bottom right) for no syncytia formation (black line) and c values of 0.1 (red lines), 1 (blue lines), and 10
(green lines). We assumed that cells in syncytia produced the same amount of virus and had the same lifespan as mononucleated cells ðrd ¼ rp ¼ 1Þ.
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moves to the left (peaks earlier), but the viral load maintains the
same viral peak. Target cells are also consumed faster as the syncy-
tia fusion rate increases and the fraction of cells remaining
mononucleated decreases as more cells are recruited into syncytia.

The changes in viral titer curves caused by changes in fusion
rate are summarized in Fig. 3, which shows how our measured
characteristics change with changes in fusion rate. When mononu-
cleated cells have the same viral production rate and lifespan as
cells in syncytia, some viral titer features (such as AUC, peak viral
load and decay rate) are largely unaffected by changes in the fusion
rate. We do, however, see a decrease in time of viral peak and
infection duration, as well as an increase in viral growth rate as
fusion rate increases. When we allow cells in syncytia and
mononucleated cells to differ, either differing in viral production
rate (red line) or cell death rate (green line), changes in fusion rate
also change AUC, peak viral load and decay rate.

3.2. Viral titer changes caused by syncytia

Some of the broad behavior of the model is captured by the
basic reproduction number, calculated via the next generation
matrix method,

R0 ¼ max
cT0

rdd
;

bT0p
cðdþ cT0Þ þ

bcrppT2
0

crddðdþ cT0Þ

 !
¼ ðRf ;Rcf þ RsÞ:

The first term, Rf represents spread of the infection through
fusion only. Note that when the infection is spreading through
fusion only, it is not necessary to have any free virus. That is, we
3

can have Rf > 1 and have no free virus. This means that this term
does not determine when we see the effect of cell fusion on the
viral time course. Whether or not there is growth of free virus is
determined by the second term (Rcf þ Rs), where the first part of
this term represents the traditional infection route of virus
released from one cell infecting other cells and the second part rep-
resents virus release from syncytia. The effect of syncytia becomes
apparent in the viral load when the two pathways have similar
reproduction numbers or

Rs

Rcf
¼ crpT0

rdd
� 1: ð2Þ

This occurs for our parameters and rd ¼ rp ¼ 1 when
c ¼ 0:0735=h.

The effect of syncytia parameters (c; rp; rd) on the virus-
producing component of the basic reproduction number is shown
in Fig. 4. When cells in syncytia are no different than other cells,
the fusion rate does not change R0. Once there is a difference in
either viral production rate or lifespan, fusion rate either increases
or decreases reaching a new asymptotic value of R0 at high fusion
rates. Large values of rp and small values of rd lead to increasingly
large values of R0.

3.2.1. Rate of virus production by syncytia
We will fix the syncytia fusion rate to c ¼ 0:1=h as this fusion

rate ensures participation of syncytia without an unrealistically
early viral titer peak. Fig. 5 shows the effect of relative rate of virus
production by syncytia on viral titer time course (top) and viral
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Fig. 3. The effect of syncytia fusion rate on characteristics of the viral titer time course. Top row shows the peak viral titer (left), time of viral titer peak (center), and infection
duration as functions of syncytia fusion rate. Bottom row shows the growth rate (left), decay rate (center), and area under the viral curve (right) as functions of syncytia fusion
rate. In all figures, the blue line shows the relationship when mononucleated cells and syncytia are identical; the red curve shows the relationship when syncytia have higher
production ðrp ¼ 10Þ and the green curve shows the relationship when syncytia have a shorter lifespan ðrd ¼ 10Þ.
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titer characteristics (center and bottom rows). Small values of rp
have little effect on the viral titer curve. For small rp, the ratio
Rs=Rcf is less than one and the presence of syncytia has little effect
on viral time course. As we approach Rs=Rcf ¼ 1 (rp ¼ 0:735, indi-
cated by the vertical dashed line in the graphs), we start to see
changes in the viral dynamics caused by increased syncytia viral
production rate. When rp becomes large (rp > 0:735), the viral titer
curve peaks earlier and at higher values. This is reflected in the
viral titer characteristic measurements where we see peak viral
load, infection duration, growth rate, and AUC all follow a similar
trend of steadily increasing values for larger values of rp. The two
characteristics that show different trends are the decay rate, which
remains essentially constant, and time of viral peak, which
decreases for larger values of rp.

3.2.2. Syncytia lifespan
Fig. 6 shows the effect of relative syncytia death rate on viral

titer time course (top) and viral titer characteristics (center and
bottom rows). Large values of rd correspond to small values of
Rs=Rcf and the dashed line again indicates the rd value where
Rs=Rcf ¼ 1 (rd ¼ 1:36 for our parameters). When rd is large, syncytia
lifespans are short so fewer cells get recruited into syncytia and
4

mononucleated cells dominate at any given time during the infec-
tion since the syncytia disappear quickly. As the relative syncytia
lifespan increases (rd decreases), the syncytia live long enough to
produce some virus in the early phase of the infection increasing
the growth rate and moving the time of peak earlier, but not yet
affecting the decay rate of the viral curve. As the relative syncytia
lifespan increases further, the syncytia start to outlive the mono-
nucleated cells and we start to see a rapid decrease in the viral
decay rate as the syncytia continue to produce virus over a long
period of time. This also leads to a delay in the time of viral peak
and increases in the infection duration and AUC.

The value of peak viral titer does not change much. Peak viral
titer is given by Vp ¼ pðIp þ rpSpÞ=c (when dV

dt=0). This has a maxi-
mum possible value of p=c if all cells are infected or part of syncytia
at the time of peak. At high values of rd, peak viral load is slightly
reduced since cells that have fused into syncytia are dying off
before the time of viral peak.

3.2.3. Slow growing infections
In the previous sections, we explored the effect of each syncytia

variable by varying each separately from the others. This does not
give a complete picture of the possible outcomes predicted by the
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Fig. 5. The effect of relative rate of virus production by syncytia on time course of the infection. Top figure shows the viral titer for a range of relative rates of virus production
by syncytia. Center row shows the peak viral titer (left), time of viral titer peak (center), and infection duration as functions of relative rate of virus production by syncytia.
Bottom row shows the growth rate (left), decay rate (center), and area under the viral curve (right) as functions of relative rate of virus production by syncytia. Dashed vertical
lines indicate the value of rp where Rs=Rcf ¼ 1.
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model. Fig. 7 shows values of viral titer characteristics as both rp
and rd are varied. The left column shows predictions for a high syn-
cytia fusion rate, the center column for an intermediate fusion rate
(the same value of c used in the previous two sections), and the
right column shows a low value of syncytia fusion rate. For low
syncytia fusion rate, there is little change in peak viral titer, time
of viral peak, and viral growth rate.

At high fusion rate, there is a region with high syncytia death
rate, but low viral production by syncytia that leads to long lasting
infections. These infections are characterized by low viral growth
rate and a delayed viral peak. The infection here is largely spread
through syncytia formation and very little free virus is produced.
3.3. Sensitivity analysis

To further assess the role of all parameters in the course of the
infection, we used partial rank correlation coefficient to determine
the relative contribution of model parameters to infection charac-
teristics (Fig. 8). The peak viral load is strongly correlated to viral
production rates of both infected cells and syncytia, as would be
5

expected, but also inversely correlated to death rates of infected
cells and syncytia as well as viral clearance rate. The time of viral
peak, however, is not strongly correlated to viral production.
Instead, it is most strongly correlated to the cell death rates (both
mononucleated infected cells and syncytia) as well as infection
rate and viral clearance. The duration of the infection is most influ-
enced by infection rate and viral clearance rate. The infection rate
determines how quickly the viral load reaches the threshold of
detection, while the viral clearance rate determines how quickly
the virus drops below the threshold again. This is reflected in the
PRCCs for growth rate, where b has the highest PRCC, and the
PRCCs for decay rate, where c has the highest PRCC. The AUC is
not strongly correlated with any one parameter, indicating that it
contains information from all parts of the replication process.
4. Discussion

We explored a new ordinary differential equation model of viral
infection that includes syncytia formation. The model suggests that
syncytia formation will affect the viral titer time course when the
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Fig. 6. The effect of relative syncytia death rate on time course of the infection. Top figure shows the viral titer for a range of relative syncytia death rates. Center row shows
the peak viral titer (left), time of viral titer peak (center), and infection duration as functions of relative syncytia death rate. Bottom row shows the growth rate (left), decay
rate (center), and area under the viral curve (right) as functions of relative syncytia death rate. Dashed vertical lines indicate the value of rd where Rs=Rcf ¼ 1.
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reproduction number for viral production from syncytia is similar
to the reproduction number for viral production frommononuclear
infected cells. Over most of the parameter space, the effect of syn-
cytia is subtle, changing features of viral titer such as the peak viral
load, time of peak, and growth rate. When the syncytia have long
lifespans, we see long-lasting infections caused by continued viral
production of long-lived syncytia. Another region of long-lasting
infection is caused by slowly growing virus caused by a combina-
tion of suppressed production in syncytia and high syncytia forma-
tion rate. While RSV is typically an acute illness, there is evidence
of long-lasting RSV infections in patients with hematological disor-
ders (Lehners et al., 2016; Avetisyan et al., 2009) as well as
immunocompromised ferrets (Stittelaar et al., 2016; de Waal
et al., 2018). While a lack of immune response clearly plays a role
in the persistence of these infections, it is not clear what role syn-
cytia formation plays in the excessive duration of these infections.
A recent in vitro study, however, indicates that persistent RSV
infections in macrophages are caused by syncytia formation rather
than by free virus (Ruiz-Gomez et al., 2021).
6

While our model shows a range of possible effects of the inclu-
sion of syncytia, it is not clear the extent to which syncytia forma-
tion affects the time course of RSV since syncytia parameters such
as syncytia fusion rate, rate of virus production by syncytia and
syncytia lifespan have not been measured. Previous studies com-
paring RSV and influenza, a respiratory viral infection that does
not cause syncytia formation, have noted that RSV has a slower
growth rate and delayed time of viral peak as compared to influ-
enza (Bagga et al., 2013; González-Parra et al., 2018). While other
mechanisms, such as differences in virion diffusion, have been sug-
gested as a reason for this difference, our study suggests that syn-
cytia formation could be contributing to some of the observed
dynamical differences.

Respiratory syncytial virus is not the only virus that can cause
formation of syncytia. A number of other viruses have been shown
to form syncytia including varicella-zoster virus (responsible for
chicken pox and shingles) (Wang et al., 2017), rotavirus (Diller
et al., 2019), human immunodeficiency virus (Symeonides et al.,
2015), coronaviruses (responsible for Middle East respiratory syn-



Fig. 7. Summary of viral titer characteristics. Each column shows the behavior of the model for different values of syncytia fusion rate: (left column) c ¼ 1=h, (center column)
c ¼ 0:1=h, (right column) c ¼ 0:01=h. Each row shows one viral titer characteristic over a range of relative rates of virus production by syncytia and relative syncytia death
rates: (top row) peak viral titer, (second row) time of viral peak, (third row) infection duration, (fourth row) viral growth rate, (fifth row) viral decay rate.
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drome (MERS), severe acute respiratory syndrome (SARS), and
coronavirus disease 2019 (COVID-19)) (Qian et al., 2013;
Buchrieser et al., 2020), and measles (Ayata et al., 2007). The role
of syncytia in the dynamics of these viruses has not been explored
yet, so this model might also be able to provide some insight into
the kinetics of these infections.

Validation and testing of the model via fitting to data will need
to be done. Unfortunately, parameter identifiability is limited even
for the standard viral kinetics models when only viral load data is
used (Miao et al., 2011; Smith et al., 2010). This model adds a new
pathway for continuation of the infection via syncytia formation
that requires identification of additional parameters. In order to
potentially identify these extra parameters, we need information
7

on the time course of syncytia during an infection. While there
are some experiments that have attempted to measure the number
of syncytia and their size during in vitro RSV infections (Gagliardi
et al., 2017; Van der Gucht et al., 2019) or during in vitro SARS-
CoV-2 infections (Jacob et al., 2020), measurements are only made
at one or two time points making it difficult to accurately estimate
syncytia-related parameters.

This is a simplified model of the RSV replication cycle, and many
features of RSV infections have been neglected. The immune
response, for example, plays a role in RSV dynamics (Efstathiou
et al., xxxx; Glaser et al., 2019; Bhat et al., 2020), but was neglected
in this model. It has been suggested that syncytia formation might
be a mechanism for viral immune evasion (Cifuentes-Munoz and
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Dutch, 2019), so there is possible interplay between syncytia for-
mation and the immune response that could alter viral time
course. We have also not included an eclipse phase in our model
to account for delay in viral production after cells have been
infected (Baccam et al., 2006). The inclusion of an eclipse phase
is not straightforward here since it isn’t clear if newly fused target
cells should have an eclipse phase or a modified eclipse phase. It is
also likely that the eclipse phase for viral production differs from
the time at which an infected cell can start to initiate fusion since
the first requires all components of the virus to be produced,
migrate to the surface, and get released, while the second can occur
as soon as surface proteins are produced and migrate to the cell
surface (Martinez and Melero, 2000; Feldman et al., 2000). While
the lack of an eclipse phase should not change the general trends
we observe, the incorporation of an eclipse phase would result in
a later and more biologically accurate time of peak (González-
Parra et al., 2018; González-Parra and Dobrovolny, 2018a). We fur-
ther assumed exponential transitions for death of both mononucle-
ated cells as well as syncytia. There is evidence from other viruses
that the exponential assumption for cell death is not biologically
accurate (Beauchemin et al., 2017) for mononucleated cells. It is
most certainly not accurate for syncytia since all the cells in a syn-
cytium will die at once, so a bursting model (Chen et al., 2007;
Perelson et al., 1996) might be more appropriate for syncytia
death. Finally, our use of an ordinary differential equation model
neglects the spatial dynamics that are inherent in the formation
of syncytia (Alzahrani et al., 2020; Jacobsen and Pilyugin, 2015).

Although there are limitations in our mathematical model, we
nonetheless gained insight into the role played by syncytia in the
course of the infection. In particular, our model indicates that the
formation of syncytia does not manifest itself in viral load dynam-
ics until the viral production by syncytia formation is similar in
scale to viral production via spread of cell-free virus.
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