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While the flexible, context-dependent nature of Re makes
it useful to politicians, the same characteristic also makes it
difficult to measure. Because the factors that influence Re are
always in flux, epidemiologists estimate the metric from models that simulate a pathogen’s spread through a population,
based on often incomplete data on known cases, hospitalizations, or deaths.
Epidemiological models are also used to calculate the initial
R0, and they vary in their complexity and in the way they calculate the two metrics. At one end of the spectrum are simple
models that infer these metrics from case data and some other
measures; Majumder and Mandl used a model of this nature.
The most popular types of model, however, are susceptibleinfectious-recovered (SIR) models, which assign everyone in a
population to one of several categories: susceptible, infectious,
recovered, or depending on the disease, also “exposed but not
yet infectious” or “dead.” Equations describe the rates at which
people move from one category to another, relying on parameters such as the contact rate, the probability of transmission,
and the duration over which someone is infectious. At the other
end of the spectrum are “agent-based” models, an innovative,
complex breed of model simulates the movement of individu-

to make assumptions about the factors that determine human
movement, which can limit the precision of their models and
the accuracy of the predictions they generate.
“R0 is a metric that is, first of all, poorly measured. And secondly, it’s informing models that result in public health action,”
says Juan B. Gutiérrez, a mathematician at the University of
Texas at San Antonio. “If we get it wrong, the public health
action will be misplaced.”

It’s extremely difficult at the beginning
of an epidemic to get an accurate R0.


—Nelly Yatich, epidemiologist in Nairobi, Kenya

Defining R0
With some notable exceptions, R0 forms a centerpiece in most
disease forecasting models. The metric is often misconstrued
as a fixed property of a pathogen, and it is indeed influenced
by biological factors such as mode of transmission that stay
more or less constant throughout an epidemic. But R0 also
depends on how often people come into contact with one
another, and that can differ drastically between countries, cities, or neighborhoods.
For COVID-19, “it is unlikely that the R0 that has been
calculated in China will be the same in the US or in Europe,”
explains Constantine Siettos, a biomathematician at the University of Naples in Italy. How many people one infected individual infects can also change within localities as governments
close essential businesses and issue shelter-in-place orders, or
begin to reopen the economy.
For that reason, epidemiologists typically distinguish
between two forms of the reproductive number R: the basic
reproductive number R0, which describes the initial spread
of an infection in a completely susceptible population, and the
effective reproductive number, Re, which captures transmission
once a virus becomes more common and as public health measures are initiated. Re is typically much lower than R0. In the
current pandemic, many policymakers are looking toward Re
to gauge whether their policies reduce viral transmission, notes
biomathematician Robert Smith? (the question mark is part of
his name) of the University of Ottawa. “What you care about is,
can we get the [Re] below one?”
If the Re is even slightly above one—say around 1.1—then
the outbreak could become too much for healthcare systems to
handle, as German Chancellor Angela Merkel noted at a press
conference in April. It was around this time that researchers
at Germany’s Robert Koch Institute estimated that the nation’s
Re for COVID-19 had dipped down to a safer value of 0.7, a
finding that partly informed the government’s plan to begin
relaxing lockdowns and reopening small businesses.

als. For both agent-based and SIR models, R0 and Re can be
derived from the models themselves. Once calculated, these
metrics can also play a key role within the models to create
predictions about the spread of a disease.
The final result, R, is a metric that varies depending on
the context, the model used and its underlying assumptions,
as well as the quality of data it is built with. Especially in the
early days of an epidemic, when information on the basic biological properties of a virus and its transmission is uncertain,
estimates can be off the mark, notes Nelly Yatich, an epidemiologist based in Nairobi, Kenya. “It’s extremely difficult at the
beginning of an epidemic to get [an accurate R0].”

Silent spreaders
To estimate the biological parameters needed to determine R,
such as the period over which an infected person can transmit a pathogen and the probability that she will do so, “we
try to borrow information from similar viruses,” explains Sara
Del Valle, a mathematical and computational epidemiologist
at Los Alamos National Laboratory in New Mexico. To model
Brazil’s Zika virus epidemic in 2015, for example, her team
used data on the transmissibility of dengue. During the 2011

WHAT IS R?
The reproductive number R describes the average number of individuals that a person infected with a particular pathogen infects. It depends on how
that pathogen is transmitted as well as how often people come into contact with each other—factors that could vary depending on a pathogen’s strain
and on the time and location of an outbreak. Scientists typically distinguish between R0, the basic reproductive number that describes disease transmission at the very beginning of an outbreak in a fully susceptible population, and Re, the effective reproductive number that describes transmission
once measures such as social distancing or vaccination campaigns have been introduced. Re is typically much lower than R0.
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Majumder, a researcher at Harvard Medical School and
Boston Children’s Hospital who had previously helped predict the spread of Saudi Arabia’s MERS epidemic of 2014 and
the West African Ebola outbreak shortly thereafter, agreed
with that statement—at that point, it wasn’t clear whether the
culprit was an infectious pathogen capable of jumping from
one person to the next. But when murmurs of possible humanto-human transmission started to circulate a few weeks later,
she and her Harvard colleague Kenneth Mandl set out to calculate a metric—the pathogen’s basic reproductive number
(R0)—that would hint whether it could cause an epidemic.
Simply explained, R0 represents the average number of
people infected by one infectious individual. If R0 is larger
than 1, the number of infected people will likely increase exponentially, and an epidemic could ensue. If R0 is less than 1,
the outbreak is likely to peter out on its own. R0 alone cannot
definitively forecast an outbreak, but “it’s like an early warning system, in a lot of ways, for the possibility of an epidemic
or pandemic,” Majumder says.
To estimate R0 for the coronavirus now known to the world
as SARS-CoV-2, Majumder and Mandl picked a simple mathematical model that can infer the R0 from the curve of rising
case numbers as well as another metric that describes how
quickly an infection spreads from one person to the next, based
on previous studies of MERS, another coronavirus infection.
On January 23, they published one of the first estimates for the
R0 for SARS-CoV-2 infection: 2.5, significantly higher than
estimates for MERS but relatively similar to another relative,
SARS, which caused a deadly global epidemic in 2003.1
Within a week, five other research groups had produced
their own R0 estimates, which all fell somewhere between 1.4
and 4, depending on the mathematical method they used and
type of data they input.2 None were below 1. “It was a moment
of realization for us where it was like, it definitely looks like
we have something that can cause an epidemic on our hands,
and this is probably not something that will just fizzle out on
its own the way that we’ve seen with MERS outbreaks in the
past,” Majumder recalls.
Fast forward a month, and the world did have a pandemic
on its hands. Modelers around the world scrambled to forecast
the spread of SARS-CoV-2 and the COVID-19 disease it causes
in their own countries and communities. Many epidemiologists
were then and still are tasked by policymakers with answering
urgent questions: How fast will it spread? How many hospital
beds and ventilators will we need? When can we lift lockdowns
and restart our economies again? Will we see a second wave?
Will it be worse than the first?
Getting good estimates for R0 is key to answering such
questions with accuracy. But R0 is notoriously tricky to nail
down. It depends not only on the biological characteristics of
a virus—which are a mystery at the beginning of an outbreak—
but also on understanding how often people come into contact with one another. Faced with uncertainty, modelers have
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