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The estimation of the basic reproduction number 
for infectious diseases 
K Dietz Department of Medical Biometry, University of Tübingen, Germany 

The basic reproduetion number Ro is the number of secondary eases whieh one ease would produee in a 
eompletely suseeptible population. It depends on the duration of the infeetious period, the probability of 
infeeting a suseeptible individual during one eontaet, and the number of new suseeptible individuals 
eontaeted per unit of time. Therefore R o may vary eonsiderably for different infeetious diseases but also for 
the same disease in different populations. The key threshold result of epidemie theory associates the 
outbreaks of epidemies and the persistenee of endemie levels with basie reproduetion numbers greater than 
one. Beeause the magnitude of Ro allows one to determine the amount of effort whieh is neeessary either to 
prevent an epidemie or to eliminate an infeetion from a population, it is erueial to estimate R o for a given 
disease in a partieular population. The present paper gives a survey about the various estimation methods 
available. 

1 WhatisRo? 
The concept goes hack to demography where it is usually called the 'net reproduction 
rate'. The head of the Statistical Office of Berlin, Richard Böckh1 calculated in 1886 
what he called the 'total propagation of the population' ('die totale Fortpflanzung der 
Bevölkerung'). U sing a life-table for females of the year 1879 he summed the products of 
the survival probahilities for all reproductive years between 14 and 53 and the rates of 
giving birth to a girl. He concluded that 2.172 female babies would be horn to a 
representative wamen who throughout her life would he subject to current age-specific 
mortality and fertility rates. The formula for this quantity was given by Sharpe and 
Lotka2 in 1911, hut without symbol and name. At the time of writing this survey it is not 
clear to the author where exact1y Lotka introduced the notation R o and the. name 'net 
reproduction rate' for the first time. In 1939 he published a summary of his contrihu-
tions to demography in French.3 In a comparison of the advantages and disadvantages of 
various indices for natural increase he writes: 'La reproductivite nette, R o, introduite 
par Boeckh, a plus de merite, car elle donne une mesure essentiellement independante 
de la repartition de la population par ages.' 

Let p (a) denote the prob ability of a woman surviving age a and let ß( a) be the rate of 
giving birth to a girl for an individual of age athen 

'" 
R o = J p(a)ß(a)da. 

o 

(The gross reproduction rate is given by 

'" 
J ß(a)da, 
o 
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i.e. it is 'the number offemale children that a female just born may expect to bear during 
her reproductive life, ignoring the possibility of mortality' .4) 

The index zero of R o is explained by the notations 

'" 
Rn = J anp(a) ß(a) da, 

o 

i.e. it is the moment of order zero of the net maternity function cjl(a) = p(a) ß(a). 
The 'natural rate of increase' of the population is usually denoted' by r. It satisfies the 

transcendental equation 

'" 
1 = J e-rap(a) ß(a) da. 

o 

The sign of r equals the sign of R o - 1. 
The demographie term 'basic reproduction rate' was introduced to epidemiology in 

1952 by Macdonald6 in the context of malaria: 'The number of infections distributed in a 
community as the direct result of the presence in it of a single. primary non-immune 
case.' Macdonald's basie reproduction number was applied by Smith7 to the transmis-
sion of arboviruses. He uses it to calculate the minimum proportion to be vaccinated and 
proposes to estimate it by the inverse of the proportion of susceptibles after an epidemie. 

The concept of the basic reproduction number assumes that one infective case is 
introduced into a large susceptible population, such that the initial spread of the 
epidemie can be approximated by a branching process where one neglects the decline of 
the number of susceptibles in subsequent generations of the epidemie. The first model 
using a branching process approximation to epidemies is due to Bharucha-Reid.8 This 
was followed up by Neyman and Scott9 and Bartoszynski. 10 Beckerll applied branching 
processes in order to evaluate vaccination strategies for the control of epidemies. In this 
framework it is clear that the key parameter is the number of secondary cases generated 
by the initial case. If this number is ::sI, one will get only minor outbreaks with a 
prob ability 1 of extinction. If this number is > 1, then there is a positive chance of a large 
outbreak affecting nearly the total population. 

The concept of the basic reproduction rate for directly transmitted infections has 
independently been introduced by Dietz12 and Hethcote. 13 (Hethcote used the phrase 
'infectious contact number'.) Diekmann et al. 14 provide a mathematically rigorous 
framework for the definition of R o in the context of infectious disease models and 
propose to call this quantity either 'basic reproduction number' or 'basic reproduction 
ratio'. The term 'rate' should be avoided since R o is dimensionless and in epidemiology 
this expression should refer to quantities with dimension 'per unit of time', like 'hazard 
rate' or 'incidence rate'. 1S 

For the evaluation of control programs it is not sufficient to find out that R o is greater 
than one. It is important to know whether R o is much or little above the threshold value 
of 1, because this will determine the necessary amount of control needed to reduce the 
corresponding parameters sufficiently to achieve a specified goal. Therefore Näsell16 

calls R o, or rather R'5, the 'eradication effort'. 
This brings up the question how R o should be defined in the case of vector-borne 

infections like malaria or yellow fever. Traditionally R o is defined as the number of 
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human cases whkh one case could generate during the infectious period via the vector 
population. The paper of Diekmann et al.,14 however, defines R o as the number of 
secondary cases per generation, i.e. for host-vector diseases oIie would take the square 
root of the classical basic reproduction number. In terms of the threshold condition 
R o = 1 this makes no difference. If one defines R o like Macdonald,6 the minimum 
proportion to be vaccinated in the human population if one had a vaccine for the 
prevention of a vector-borne disease, would be given by the expression7 

l-Rü1• 

If however one defines R o like Diekmann et al. 14 the corresponding minimum 
proportion to be vaccinated would be 

The same equations which describe the spread of malaria between humans and 
mosquitoes can also be used to describe the spread of a sexually transmitted disease 
(STD) in a heterosexual population. This analogyhas already been noticed by Ross17: 
'The venereal diseases may be looked upon as metaxenous diseases in which the two 
sexes take the part of the two hosts.' 

Hethcote and Y orke18 use the malaria equations of Ross for the description of the 
heterosexual transmission of gonorrhea. They speak of the 'second generation contact 
number' which cis the average number of women (second generation) adequately 
contacted by men (first generation) who were adequately contacted by an average 
infectious woman during her infectious period. ' If one retains the notion of R o as the 
average number of secondary cases per generation, then one has to determine the 
geometrie mean of the number of secondary cases if the opposite sex generated by one 
newly infected case. Similarly one would also define the basic reproduction number in 
the case of vector-borne diseases as the geometrie mean of the reproduction numbers per 
generation .. 

The definition of the basic reproduction number does not depend on the assumptions 
about the immunity after the infectious period. This means that R o is the same for the 
so-called SIS and SIR models, i.e. for models where an individual is either susceptible 
again after the infection or completely immune ('resistant'). 

U sually the transmission dynamies are described by a nonlinear system of differential 
equations which is then linearized. Let K denote the number of persons contacted per 
unit of time by one infectious individual. The proportion of contacted persons who are 
infected given a contact is denoted by h. The rate of tranfer to a non-infectious state 
(either susceptible or immune) is denoted by 'Y. Let the initialsize ofthe population be 
denoted by No and let the initial number of infectious individuals be equal to one. Then 
the following differential equation describes the initial spread of the epidemie, where it 
is assumed that No is large such that it is justified to apply differential equations. Let Y 
denote the number of infectives and X the number of susceptibles then 

dY X dt = Kh
No

_ 1 Y-'YY. 

Since X equals No - 1 initially, we see immediately that Y will increase if and only if 
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Ro = Kh/'Y is greater than one. The duration of the infectious period with mean D equals 
11"1 and the total number of persons contacted during this period is KD. The fraction h of 
those individuals contacted will be infected. This deterministic model implictly assumes 
an exponentially distributed infectious period, and the rate of generating secondary cases 
ß = Kh defines a Poisson process as long as the individual is infectious. This means that 
the number of secondary cases per initial case has a geometrie distribution: 

00 

qk = 'Y J e-('Y+ß)t[(ßt)k/kl]dt 
o 

= RV(I + RO)k+I, 

with mean value R o and variance Ro(1 + R o). 

2 Why would one need to Imow Ho? 
2.1 Elimination or eradication 

In the epidemiologiealliterature the terms elimination and eradieation are often used 
synonymously. Both refer to astate of zero prevalence of the infection. But a prevalence 
of zero may refer to a stable or an unstable equilibrium. Here stability refers to the result 
of an introduction of an infectious case into the population. 

If the zero equilibrium is stahle then the introduction of one case will at most lead to a 
small number of generations of secondary cases, and therefore to areturn to the original 
prevalence of zero. This situation can either occur naturally, without special interven-
tions because of low local contact rates and infection probabilities per contact, or because 
of permanent interventions like vaccination programmes which reduce the proportion 
of X/N susceptibles sufficiently such that R o X/N is less than one. Such a stable 
prevalence of zero is called elimination. 

If however the zero equilibrium is unstable the introduction of an infectious case will 
lead to a major epidemie and potentially to a subsequent endemie state, depending on 
the size of the population and the rate of introduction of new susceptibles. A prevalence 
of zero would be the result of a time-limited intervention after which R o is allowed to go 
back to its original level. Such a programme is called eradication. A unique successful 
example is the global smallpox eradication programme. Presently it is planned to 
eradieate polio globally by the year 2000. Measles are targeted for elimination by the year 
2000 in the USA and in Europe. Because of the ongoing risk of introduction of cases one 
would have to continue vaccination for the maintenance of a stable prevalence of zero 
until aglobai measles eradieation programme was successful- whieh may mean forever. 

2.2 Vaccination programmes 
If one wishes to use R o in order to determine the minimum coverage required for 

elimination or eradication assuming a non-selective programme, one has to take into 
account the effect of a vaccine on an individual. In general the susceptibility of an 
individual is reduced by a certain factor. In addition a vaccine could also reduce the 
infectious period and the infectivity. In the following we concentrate however on the 
reduction in susceptibility. The paper by Svenssonl9 assumes a general distribution 
function for the susceptibility among the vaccinated. Special cases have been discussed 
in the literature. For example Greenland and Freriehs20 assume that a fraction r is 
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completely immunized, i.e. the susceptibility is reduced to zero. For the remaining 
fraction 1- r, the susceptibility is reduced to the value 1- s. If c denotes the coverage of 
the vaccination programme, i.e. the proportion of the population vaccinated, then the 
vaccination programme reduces the reproduction number to the value 

Ro {1- c[l- (1- r)(l- s)]}. 

From this it follows that the minimum coverage for elimination or eradication is given by 

c> (1- R Ü1 )/[1- (1- r)(l- s )]. 

For many vaccines it may be appropriate to set s = 0, i.e. the vaccine has an all or 
nothing effect: either the vaccine completely protects the individual (which happens 
with prob ability r) or the individual is completely susceptible (which happens with 
prob ability 1- r). In the terminology of Smith et al. 21 this corresponds to a 'Model 2' 
vaccine. The other extreme assumes r = 0 such that all vaccinated individuals have the 
same reduced susceptibility 1 - s. Such a model may be appropriate for inactivated polio 
vaccines. The corresponding assumption is referred to as 'Modell'. If rand s are smaller 
than 1 then the lower bound for the coverage may be greater than 1, which would mean 
that even for 100% coverage eradication or elimination is not possible. From the lower 
bound given above this conc1usion depends very much on the value of the basic 
reproduction number. 

2.3 Chemotherapy or reduction ofthe contact rate 
If we consider a control programme which reduces either the duration of the 

infectious period by chemotherapy or the contact rate by changes in behaviour then the 
reproduction number R* is given by the following formula 

R*_hKD _ Ro ------, 
rKrD rKrD 

where r K and rD denote the reductions for the corresponding parameters indicated in the 
index. For elimination or eradication R* has to be less than one. Therefore the rKrD has 
to be greater than Ro• This inequality c1early shows that Ro can be interpreted as the 
minimum absolute elimination or eradication effort, if we are dealing with a 
homogeneous population, and a control method which effects everybody in a non-
selective way. This means that the minimum proportional reduction of the susceptible 
fraction is given by 

which is a highly non-linear function of Ro. For Ro > 10, control programmes have to be 
nearly perfect requiring areduction of the parameters by more than 90%; whereas for 
values of R o between 1 and 2 areduction of the parameters by less than 50% will already 
be successful. This non-linear relationship between the minimum proportional reduc-
tion in the transmission factors K and D, and the basic reproduction number R o, is the 
key to understanding the puzzle that apparendy the same control programme may be 
successful in one situation and not at all in other situations. 
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For the evaluation of control strategies it is not only important to estimate by how 
much R o exceeds 1 but also to determine how sensitive R o is with respect to changes of 
individual parameters entering into a formula of R o• In the simple formula given above 
this is straightforward. But if individual parameters enter in a nonlinear way, then 
important conclusions may be drawn about the relative effect of different control 
strategies. We shall illustrate this point in the next section in comparing larvicides versus 
adulticides for malaria control, and use of condoms versus reduction of the number of 
partners in the prevention of STDs. 

3 Estimation of Ho using data about individual parameters 
As we have seen above, R o depends on three parameters: 

1 The contact rate 
2 The duration of the infectious period and 
3 The probability that a contact between an infective and a susceptible individual leads 

to an infection. 

The last parameter is sometimes broken down into two factors describing infectivity and 
a factor describing the susceptibility. 22 Obviously if all individuals are alike then one 
cannot identify the individual components of this product. If however there is 
heterogeneity with respect to infectivity and susceptibility, then the ratios between the 
values in the corresponding subgroups may be estimated. 

The estimation of Ro on the basis of the individual parameters will be particularly 
relevant in populations where the infection is absent and there is a problem of assessing 
the risk of an epidemie. It is obvious that an attempt to estimate R o is only meaningful 
for diseases, where contacts are clearly defined such that they can be counted. This 
excludes whole classes of infectious diseases like measles and cholera, where the spread 
is either airborne or due to contamination of food andlor water. Because of this 
limitation, attemps to determine R o directly from individual parameters have been 
restricted: on the one hand to vector-borne infections based on estimates of the number 
of human bloodmeals which one vector takes per unit of time and the number of vectors 
contacting one human host per unit of time; and on the other side for STDs based on 
estimates of the number of new partners per person per unit of time and the number of 
contacts per partner. 

3.1 Estimation of R o for malaria 
The formula of R o for malaria involves the following parameters: let m be the number 

of female mosquitoes per human host and K be the number of human bloodmeals which 
one female mosquito takes per day. This involves the rate of taking a bloodmeal and the 
prob ability of choosing man as a host. In the mosquito there is a latency period 12, the 
so-called extrinsic cycle, which is necessary for the development of sporozoites after the 
mosquito was infected by gametocytes. Because of the high death rate 1-'-2, only a small 
fraction exp(-1-'-212) survives this latency period. Let D 1 be the duration of the 
infectious period in the human host and D2 be the duration of the infectious period in the 
vector, and let h1 and h2 be the probabilities per bloodmeal of infecting a susceptible 
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human host by an infectious mosquito and vice versa, respectively. Putting all these 
parameters together one arrives at the following formula 

Ro = YmKD1hze fJ-2Jz (KDzhl ) = YmKZe-fJ-zhDIDzhlhz. 

Macdonaldz3 provides an example based partlyon entomological observations and partly 
on assumed values: a mosquito density in relation to man m = 10, a daily feeding 
frequency on man K = 0.5, a daily survival probability of the mosquito of 0.9, which 
corresponds to a life expectancy Dz of9.5 days, and a survival prob ability of0.39 for a 9 
day long extrinsic cycle. For the duration D 1 of the infectious period in man an interval 
of 80 days is assumed. Putting all these parameters together and assuming h1 = hz = 1 
Macdonald comes to a value for what we would now call R'5 of roughly 
735 = 10 ·(0.5)z·0.39· 80· 9.5 which gives a value of R o = 27.1. Since it is assumed that 
the infection prob ability per contact in each direction equals one, this means that the 
estimate represents an upper bound. 

With the exception of the parameter D 1 all the other parameters are determined by 
entomological measurements. Garrett-JonesZ4 introduced the expression 'vectorial 
capacity' for the product 

which he interpreted as 'the average number of inoculations with a specified parasite 
originating from one case of malaria in unit time that the population would distribute to 
men if all the vector females biting the case became infected'. Garrett-Jones clearly 
stressed that the vectorial capacity 'is a characteristic of a mosquito population related to 
the ecological conditions and may be assessed irrespective of whether any cases of 
malaria are present at the given place and time'. A comprehensive survey of methods to 
estimate the individual components of the vectorial capacity is given by Molineaux et 
al. zs (See DyeZ6,* who raises the question of whether one must measure all the 
components.) 

NajeraZ7 compared the methods of estimating R o on the basis of individual parameters 
with other methods based on equilibrium assumptions, and found great discrepancies 
which we shall explain later. 

There have been some attempts to assess the effects of modifying certain assumptions 
on which the formula for R o given above is based. The present model assurnes that there 
is an age-independent mortality in the mosquito. elements and PatersonZ8 however 
estimate the effect on the basic reproduction number if one takes into account that the 
vector's death-rate may increase with the vector's age. They assurne an exponential 
increase according to a Gompertz function. It is shown that the neglect of increasing 
mortality may overestimate Ro considerably. 

It is very qifficult to collect reliable data for the estimation· of the individual 
entomological parameters. The product mK for instance, the so-called 'man-biting-rate' 
is estimated by exposing human baits during whole nights and catching all mosquitoes 
landing on their legs and trying to collect a bloodmeal. The daily survival prob ability is 
estimated from the interval between two ovipositions and the proportion of mosquitoes 
having laid eggs at least once, i.e. the proportion of parous mosquitoes. Particularly 
difficult is the estimation of the probability of choosing man as a host. One collects 

*Dye C. The analysis of parasite transmission by bloodsucking insects. Annu Rev Entomoll992; 37: 1-19. 
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mosquitoes in their resting-places and determines the proportion of human bloodmeals 
which they are digesting. Since one is usually collecting mosquitoes near human 
dwellings the mosquito population sampled may give a highly biased estimate for the 
total mosquito population which is in contact with man. The greatest uncertainty is 
associated with the infection probabilities hl and h2 • In an endemic situation one can 
compare the so-called 'entomological inoculation rate' with the 'epidemiological inocula-
tion rate'. The former would be the man-biting-rate by mosquitoes with sporozoites in 
their salivary glands. The latter is determined by fitting catalytic models to age-specific 
prevalance curves of infants in order to estimate the daily force of infection, i.e. the rate 
at which infections are acquired per unit of time (see Section 6.2 below). The ratio of the 
epidemiological and the entomological inoculation rate is an estimate of h l . In certain 
places this may be as low as 0.01. But such an estimate may not be relevant for 
calculating R o because it may be affected by immunity in the human population. 

In summary it is fair to say that it is impossible to give absolute estimates of R o based 
on individual parameters for malaria. However attempts to estimate the vectorial 
capacity, i.e. the contact rates between human hosts via the vector, are still valuable in 
order to provide relative estimates which explain differences of incidence and prevalence 
in different populations. Expressing R o in terms of the individual entomological 
parameters which may be affected by alternative control strategies helps to assess the 
different effect of larvicides and adulticides, i.e. the reduction of the mosquito density 
without effect on mosquito survival and the reudction of mosquito survival. 

Let V2 denote the number of newly emerging female mosquitoes per human host per 
unit of time. Then the mosquito density m can be written as 

Larvicides would reduce the emergence rate V2 and alduticides would reduce the life 
expectancy D2 of the vector. The corresponding reductions are denoted by rv and rD . 
We can express R* on the one hand as a function of rV2 and alternatively as a 
rD . Because the two expressions have to be equal, one can derive the following formula 
whlch expresses r V

2 
in terms of rD

2 
: 

rv = r1 exp[/-L212(rD -1)]. 
2 2 2 

All parameters which are not affected by the two control methods can be cancelled. It is 
c1ear that the situation without control (rv = rD = 1) must be a solution ofthis equation. 
But we also see that the reduction in emergence through larvicides rv which 
would bring about the same value of R* as a given reduction in mosquito 
described by rD is much greater. For rD = 2 we obtain rv """ 10 and for rD = 4 we have 
rv """ 274. This hIeans that a reduction the mosquito's life expectancy by 50% or by 
75% brings about the same value of R* as a reduction of mosquito density by 90% or by 
99.6%, respectively. 'The single most important insight into public health from 
modelling has probably been in the consequences of different insecticidal methods for 
transmission of mosquito-borne disease agents with an extrinsic developmental cyc1e in 
the insect' (Bradley).29 

Molineaux30 points out however two caveats with respect to this approach: 

1 'The identification of the weakest point on which to concentrate control efforts does 
not follow automatically from the sensitivity analysis; it obiously depends also on the 
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cost and effectiveness of the intervention methods by whieh we can affect the various 
factors.' 

2 'Models commonly assurne more uniformity than is in reality, and in terms of 
control this usually leads to exaggerated optimism.' 

3.2 Estimation of R o for AIDS 
The AIDS epidemie has tremendously stimulated the development of mathematical 

models of infectious diseases. Among the numerous problems addressed we restrict 
ourselves to the estimation of R o for the heterosexual population. In Europe the 
proportion of AIDS cases which are attributed to heterosexual transmission outside the 
group of IV drug users is (still) very low. Some authors31- 33 have raised the question 
whether R o for the heterosexual population is greater or smaller than 1. They use data on 
sexual behaviour for the heterosexual population to estimate a mean and variance of the 
number of new partners per year. They also use estimates for the average duration of the 
infectious period and for the infection prob ability per partner. On the assumption that 
individuals with different rates of acquiring new partners choose their partners 
randomly (proportional mixing), R o is proportional to the ratio of the second moment of 
the partner-acquisition rate and the mean. 34 Bonneaux and Howeling31 and Blower et 
al. 32 obtain a value of R o which may be slightly below or slightly above the critical value 
of one. Stigum et al.,33 using a much more complicated model, come to the conclusion 
that 'with present sexual behaviour the indigenous spread of HIV is not likely to sustain 
an epidemie in the N orwegian heterosexual population.' It must however be stressed 
that these estimates depend crucially not only on the underlying parameter values, 
which are sometimes based on rather small sampies, but also on the model assumptions 
which determine the formula for R o which is used. One aspect for example which is 
neglected in the present models is the age preference in sexual choiee. Knolle35 shows in 
a simplified model how this factor may greatly influence the estimate of R o . 

The model of May and Anderson34 assurnes that the infection prob ability per partner 
does not depend on the number of contacts per partner. Later they justify this 
assumption by reference to data by Peterman et al. 36 where no relationship could be 
found between the risk of HIV transmission and the number of contacts at risk. 
Kaplan37 presents a possible explanation by postulating that individuals with a high rate 
of partner change, and therefore a low number of contacts per partner, would tend to 
practise riskier sex acts. The model with a constant infection probability per contact is 
not consistent with the data of Peterman et al. One has to assume either variability 
between the individual couples or within a couple during the course of the infection. 

Diekmann et al. 38 provide a framework for ca1culating R o for AIDS taking into 
account simultaneously variable infectivity and pair formation. The number of contacts 
per partner is modelled in a dynamic way. In models with pairing, i.e. multiple contacts 
with one partner, one has to take into account the time spent by the index case with the 
infecting partner. From the model equations it is clear that the relevant parameters 
which enter the formulae have to be estimated from data describing the behaviour of 
HIV infected individuals. What matters is the number of new partners which a newly 
infected individual acquires during the total infectious period, and the total number of 
contacts and how they are distributed among the various partners. The model takes into 
account that a partnership may have a higher risk of separation due to the disease-
induced death of a partner. This raises the question to what extent data collected in the 
general population among susceptibles is representative for HIV infected individuals. 
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Also the number of contacts during the infectious period may undergo a disease-induced 
reduction. Therefore the present estimates for R o in the papers quoted above have to be 
considered very tentatively. New models have to be developed which would allow one to 
derive estimates of R o if one had the appropriate data. Also, further data are needed to 
improve estimates of the infection probability per contact and the duration of the 
infectious period. The models for R o also need extension in terms of behavioural 
variables such that alternative interventions can be compared with respect to their 
impact in reducing Ro . 

Models which take partnership duration into account produce highly nonlinear 
formulae with respect to the parameters describing HIV transmission. For constant 
infection prob ability per contact hone gets the following formula: 

where 

and 

R o = Nhp , 

N = P(/-LI + 0" )(/-Lo + /-LI + 0" + ßh) , 
/-LI [(2/-LI + O")(/-Lo + /-LI + 0" + P + ßh) + hp (/-Lo - /-LI + ß)] 

h - h(/-Lo + /-LI + 0" + ß) 
P - /-Lo + /-LI + 0" + ßh . 

Here N is the number of new partners during the infectious period and hp is the infection 
prob ability per partner. The individual parameters have the following definitions (in the 
order of appearance in the formula for N): 

p the rate of acquiring a new partner for a single individual; 
/-LI the death-rate of an infected individual; 
0" the separation rate of a partnership; 
/-Lo the death-rate of a susceptible individual; 
ß the rate of sexual contact during a partnership; 
h the infection probability per contact. 

The formula for the infection prob ability per partner can be considerably simplified if 
one introduces the probability generating function f(x) for the number of contacts per 
partner: 

00 

fex) = L Pk Xk • 
k=! 

The summation starts with k = 1 since by definition of a partner at least one contact 
takes place. If the number of contacts during a partnership equals k, then 

and in general one gets39 

hp = 1-f(l- h). 
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In the simple case of partnerships with an exponentially distributed duration and a 
Poisson process of contactswith rate ß, one obtains a zero-truncated geometrie 
distribution: 

fex) = x/[1 + (c-l)(I- x)], 

where c is the average number of contacts per partner. The expected number of contacts 
of an infected partner with a susceptible partner is given by 

c = 1 + ß/(!La + !LI + a), 

because the average duration of such a partnership is (!La + !LI + a)-I. Let C denote the 
total number of expected contacts with susceptible partners during the infectious period: 

C=Nc. 

Then the formula for Ra may be simplified as folIows: 

Ra = hCN/[hC+ (l-h)N]. 

This simple formula clearly shows how Ra depends jointly on the number of partners 
and the number of contactsduring the infectious period. If C = N, i.e. if only one 
contact takes place per partner, then 

R a = hN= hC. 

For a given number of total contacts C, this formula provides a lower bound for the 
number of pa:rtners for Ra> 1: 

N> 1 + (1- h)/[h(C + 1) -1]. 

This inequality is only meaningful for 

This shows that for a per-contact-infection prob ability h of 0.2% and C = 1000 (100 
contacts per year for 10 years) only 2 partner in 10 years are required to bring Ra above 
1. 

Let rh and rN denote the reductions for the per-contact-infection probability hand the 
number of partners N, respectively. It is assumed that the total number of contacts C is 
kept fixed. In order to compare the relative efficiency of reducing hand N we can first 
express the reduced R* as a function of rh and rN' respectively, and subsequently express 
rN as a function of rh : 

where 
q =N/(hC). 
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Obviously we have rN = 1 for rh = 1. Whether a given proportional reduetion of N is 
more effeetive in reducing R* than the same reduetion of h depends on q. For q> 1; i.e. 
for N> hC, the best adviee would be to reduee h, i.e. to use eondoms. For q< 1; i.e. for 
N< hC, a given proportional reduetion of the number of partners N would reduee R o 
more than a similar reduetion in h. In applying this eonclusion the two eaveats of 
Molineaux30 given in Seetion 3.1 should be kept in mind. 

4 Estimating Ho from the initial rate of growth of the epidemie 
When the AIDS epidemie started to attraet the attention of the press, the inerease of the 
eumulative number of eases seemed to be exponential with doubling times in the order 
of less than one year. This eaused some authors to derive relationships between the 
initial growth and R o. For a very simple model, Jaequez and Simon40 use the following 
formula of Anderson et al. 41 whieh yields a value of Ro of 19.7 for the San Francisco gay 
eommunity: 

R - 1 Dln2 
0- +--. 

td 

Here D is the duration of the infectious period and td is the initial doubling time. 
Cairns42 applies a more detailed model to establish a relationship between the initial rate 
of growth and R o whieh is now no longer explieitly determined beeause it has to be 
ealculated as the eigenvalue of a eertain matrix, taking into aeeount the heterogeneity in 
the eontaet rates and variable infeetivity. 

5 Estimates of Ho based on the final size of an epidemie 
Smith7 proposed to estimate R o by the inverse of the proportion of suseeptibles after the 
termination of an epidemie. As an example he refers to urban yellow fever epidemics 
whieh stopped when 48-65% of the population had become immune. Aceordingly the 
estimate of R o would be between about 2 and 3. Aceording to the theory of the 
deterministic general epidemie one gets the following simple formula 12 between the 
proportion u"" of suseeptibles after the termination of an epidemie and R o : 

This means for the values reported by Smith the estimates of R o would be between 1.4 
and 1.6, with the eonsequenee that immunizing about 38% ofthe population would have 
been suffieient to prevent the epidemie. (If one takes the inverse of the proportion of 
suseeptibles one would require immunizing about i of the population.) It should be 
stressed however that the formula given above assurnes that the total population was 
suseeptible at the beginning of the epidemie. In general one has the following formula43 : 

where Uo denotes the initial proportion of susceptibles. If for example due to previous 
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epidemics already 25% of the population would be immune, i.e. Uo = 0.75, then R o 
would be 1.9. The differences ofthe various estimates do not appear to be large, but one 
has to keep in mind that small differences of R o between 1 and 2 imply important 
differences of the resulting prevalence. 

In 1967 an outbreak of smallpox occurred in a socially isolated community in 
Abakaliki in south-eastern Nigeria. It was investigated by Thompson and Foege.44 It 
would be interesting to find out more details about this epidemie because starting with 
Bailey and Thomas45 many statistical analyses of this data set have been published (see 
Becker46 for references). Bailey and Thomas45 list the number of days between 30 cases. 
Part of the population consisted of 120 members of a religious group who in principle 
refused to be vaccinated. If one assumes that initially all individuals except the 
introductory case were susceptible then the formula given above yields an estimate of 
1.15 for R o• Bailey and Thomas45 mention however that 'about a quarter of them 
appeared from scars in fact to have been vaccinated at some time or other'. This suggests 
that the initial proportion of suceptibles was 75%, which would bring the final 
proportion of susceptibles to 50% which corresponds to R o of 1.62. This religious group 
lived together with other individuals who did not belong to this group and who were 
vaccinated. Are-analysis of this epidemie, based on the original report, is in preparation. 
The survey paper by Becker47 in the present issue contains adescription of his 
estimation approach for R o using martingale theory. 

6 Estimating Ho using data from equiHbrium situations 

6.1 Estimation of R o based on age-independent prevalence data 
As indicated above the definition of R o does not depend on the assumptions about 

immunity subsequent to the infectious period. The concept is based on a hypothetical 
situation where one infective is introduced into a large susceptible population. In 
practice such situations hardly ever occur, such that one has to base estimates of R o on 
data available in endemic situations where the infection is present for a long time. 
However, this requires detailed knowledge about the density-dependent regulation of 
the transmission process which determines the equilibrium endemie level. It also 
assurnes knowledge about the heterogeneities in transmission patterns, as it is obvious 
that estimates of R o based on equilibrium data are highly dependent on the availability of 
this required information or on the degree to which the assumed mechanisms reflect 
reality. Macdonald48 was the first to derive an estimate of R o, or rather R'5 as discussed 
above, from data on equilibrium prevalence. In Macdonald's model the only regulating 
factor was the prevention of superinfections in the mosquito, i.e. only susceptible 
mosquitoes could be infected. He allowed superinfections in man, and the infection risk 
of the mosquito was not proportional to the prevalence of human infections but to the 
mean number of infections per human host. (lt has been pointed out earlier by Fine49 

that Macdonald's mathematical equations did not correspond to his biological assump-
tions.) In the notation of the present paper, Macdonald's formula for R'5 reads as follows: 

where fL2 and 12 have the same meaning as above andY2 is the equilibrium prevalence of 
mosquitoes with sporozoites in their salivary glands, i.e. the proportion of infectious 
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mosquitoes. Based on data from Tanganyika he found a value of R'5 of 1.15 which is 
based on a prob ability of surviving the extrinsic cycle of 0.39 and a proportion of 
sporozoite positive mosquitoes of 5%. Macdonald48 attributed the discrepancy of the 
present estimate and the previous estimate to the factors hl and h2 , i.e. the infection 
probabilities. In a further paper Macdonald et al. 50 derived the following formula for R'5 
which is based on the force of infection Al (see next section) and on the prevalence YI of 
infectious individuals in the human host: 

Dietz51 ,52 provides a system of formulae which relate the equilibrium variables of the 
prevalence of infection in the human and the vector host and the force of infection with 
the square of the basic reproduction number. The five models differ with respect to their 
assumptions about density dependent regulation: 

Model I: 
Model 11: 

Model 111: 

Model IV: 

Model V: 

No superinfections in man and mosquito. 
Superinfections in man but infectivity to vector proportional to prevalence 
of infection; no superinfection in the vector. 
Superinfection in man; infectivity to vector proportional to number of 
infections; no superinfection in vector. 
No superinfection in man; superinfections in the vector and infectivity to 
man proportional to number of infections. 
Superinfections in man; infectivity to vector proportional to prevalence of 
infection; superinfections in vector and infectivity proportional to number 
of infections. 

From the formula for R o based on the force on infection one can see that it corresponds 
to Model 11 in the list given above. Najera27 used these formulae with data collected in a 
field project in Nigeria, which was carried out to test whether malaria could be 
eradicated in Africa with a combination of spraying DDT and mass drug administration. 
For example, in the treated zone for the period mid-July to mid-September 1967 he gets 
the following three estimates for R'5: 

1.02 (based on the proportion of infectious mosquitoes); 
2.88 (based on the force of infection and the proportion infectious in the human 

population); 
135.77 (based on the vectorial capacity). 

It is no surprise that the first two estimates differ because they are based on different 
assumptions ab out the density-dependent regulation. The first one is based on Model 111 
and the second one on Model II. 

The observation that estimates of R o based on prevalences in equilibrium situations in 
the human and the vector host tend to be smaller than expected from direct observations 
of the transmission intensity has also been discussed by Barbour. 53 He considers a model 
for schistosomiasis which mathematically speaking is equivalent to Model 111 given 
above. According to this model the basic reproduction number is only determined by the 
proportion of susceptible snails. Since these proportions are usually in the order of 1 to 
10% the corresponding val ues for R'5 are only slightly above 1. Because this is considered 
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to be unrealistic, Barbour takes into account immunity in the human host and derives 
equations which would allow one to estimate R6 by the inverse of the product of the 
proportion of susceptible human hosts and susceptible vectors, suitably modified to 
adjust for temporary irnmunity. By using data from the field he obtains an estimate of 
R6 = 6.5. Similar attempts to estimate R6 for other vector transmitted diseases have 
been carried out by Rogers54 for the African trypanosomiases and by Hasibeder et al. 55 

for canine leishmaniasis. The· particular emphasis of the second paper is the develop-
ment of methods for assessing the influence of heterogeneous biting rates of sandflies on 
dogs. Formulae are derived which allows one to estimate R6 if the proportion of 
susceptibles in the various subgroups and the ratios of the contact rates between the 
subgroups are known. Effects of heterogeneity on the relationship between the 
equilibrium prevalence and the heterogeneity in contact rates has also been investigated 
by Dietz.51 Assuming that there is agarnma distribution of contact rates in the human 
population and that vectors choose hosts randomly proportional to their contact rates 
(which is called 'proportional mixing' in the epidemiological literature) then the 
prevalence in equilibrium always decreases as the variance increases. If a 2 denotes the 
variance of the contact rate it is shown that the slope of the variance with respect to the 
square of the basic reproduction number equals (1 + 2(2 )-r, i.e. it decreases for 
increasing variance. This means that values for Ro which are based on the assumption of 
homogeneous mixing, and which use the equilibrium proportion of susceptibles, 
invariably underestimate Ro . 

6.2 Estimation of R o based on age-specific prevalence data 
In the epidemiology of infectious diseases the data available are often cross-sectional 

surveys of populations with the aim of determining the age specific prevalence of 
antibodies with respect to a particular infection indicating past infection. This means 
that one has only censored data in the statistical sense, i.e. one only knows that for a 
certain age of an individual the age of infection is less than the current age if antibodies 
are present, and that the age of infection is greater than the current age if antibodies are 
absent. Such age specific prevalence data show a typical increase which can be described 
by so-called catalytic models according to Muench.56 Muench introduced the term 'force 
of infection' for the hazard function of a susceptible to be infected in an endemic 
situation. Dietz12 showed that this hazard rate can be related to the basic reproduction 
number in the following way: 

where /.1 denotes the death rate of the population and 'A. is the force of infection. In this 
model it is assumed that there is a constant death rate and an age independent force of 
infection. If one calculates the average age A at infection one gets the following 
expression: 

'A. I: ae-(J.LH)ada 

A = ('A.+ /.1)-1. 
'A. Io'" e-(J.L+lI.)ada 

If one denotes the life expectancy of a human host by eo = I-L -1 then the formula for the 
force of infection yields the following simple expression for R o: 
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R o = eo/A. 

This means that the basic reproduction number Ro can simply be estimated by the ratio 
of the life expectancy and the average age at infection. In the original paper Dietz12 

denoted the average age at infection by A -1 which yields the formula R o = 1 + eo/A. 
Usually f.L is negligible compared to A such that the difference can be neglected. 
Anderson and MayS7 provide numerous estimates of R o based on this formula for 
common childhood diseases in industrialized and developing countries. 

In general, for age-dependent mortality and age-specific force of infection, one gets 
the following formula for the average age A at infection: 

A= Ioo aA.(a) e-(M(a)+L(a)) da 
o , I: A(a) e-(M(a)+L(a)) da 

where 

M(a) = J f.L(s)ds, 
o 

and 
a 

L(a) = J A(s)ds. 
o 

If the force of infection is age-dependent in an equilibrium situation then this reflects 
heterogeneous contact rates between different age groups. In principle one cannot 
measure the age-specific contact rates directly in order to calculate R o. One would need 
to know the elements of the contact matrix if one would discretize the population into a 
finite number of age strata. Anderson and MayS8 and Schenzle59 study various 
assumptions about the structure of the contact matrix. Dietz and Schenzle60 consider the 
case of proportional mixing. Under the assumption that the length of the infectious 
period can be neglected compared to the life expectancy of the individual they derive the 
following formula for R o based on the age-dependent hazard rate A(a): 

1000 

A2 (a)e-M (a)da 

Ro = 

Ioo A2 (a)e-(M(a)+L(a)) 
o da 

This shows that R o can no longer be simply estimated by the inverse of the proportion of 
susceptibles in the population. This formula leads to the statistical problem of estimating 
the force of infection on the basis of a data set where all observations are censored. 
Grenfell and Anderson61 use the maximum-likelihood method for some polynomial 
function describing the age-specific force of infection. 

Recently, Keiding62 presented a nonparametric method to estimate the age-specific 
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prevalence and the corresponding smoothed force of infection. He applies this method to 
a data set for hepatitis A in Bulgaria and obtains R o = 3.8. 

7 Concluding remarks 
The present review tries to give a summary of attempts to define R o in a meaningful way, 
to derive estimates of Ro based on epidemie and endemie situations and to interpret Ro 
for the evaluation of contröl strategies. During the last twenty years R o has emerged as a 
basic concept in infectious disease epidemiology, but it has also become apparent how 
difficult it is to apply in actual field situations. It is hoped that this survey will stimulate 
further research in this direction. 
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Abstract: Ronald Ross and George Macdonald are
credited with developing a mathematical model of
mosquito-borne pathogen transmission. A systematic
historical review suggests that several mathematicians
and scientists contributed to development of the Ross-
Macdonald model over a period of 70 years. Ross
developed two different mathematical models, Macdon-
ald a third, and various ‘‘Ross-Macdonald’’ mathematical
models exist. Ross-Macdonald models are best defined by
a consensus set of assumptions. The mathematical model
is just one part of a theory for the dynamics and control of
mosquito-transmitted pathogens that also includes epi-
demiological and entomological concepts and metrics for
measuring transmission. All the basic elements of the
theory had fallen into place by the end of the Global
Malaria Eradication Programme (GMEP, 1955–1969) with
the concept of vectorial capacity, methods for measuring
key components of transmission by mosquitoes, and a
quantitative theory of vector control. The Ross-Macdonald
theory has since played a central role in development of
research on mosquito-borne pathogen transmission and
the development of strategies for mosquito-borne disease
prevention.

Background and Introduction

Mosquitoes transmit the pathogens that cause malaria, filaria-
sis, dengue, yellow fever, West Nile fever, Rift Valley fever, and
dozens of other infectious diseases of humans, domestic animals,
and wildlife [1]. Physicians and scholars have, throughout history,
suspected mosquitoes of transmitting pathogens [2], but the mos-
quito hypothesis was neither formally tested nor widely accepted
until the late 19th century. Patrick Manson, working in China
in 1877, was the first to formally demonstrate that mosquitoes
transmit a blood-borne pathogen; the filarial worm Wuchereria
bancrofti was initially isolated from mosquitoes that had fed on his
gardener [2,3]. Charles Laveran observed malaria parasites during
1880 under a light microscope, and several people independently
formed the hypothesis that malaria parasites could be transmitted
by mosquitoes [4]. Ronald Ross discussed malaria with Manson
while in the United Kingdom, but conducted his research while
serving in a military post in India, and in 1897 he demonstrated
that mosquitoes transmit malaria parasites [4,5]. Almost immedi-
ately thereafter, Ross argued that mosquito population densities
could be reduced through larval control and combined with other
measures to prevent mosquito-transmitted diseases [6]. He became
an important advocate for the public health and economic benefits

of control in publications, speeches, and debates [6–14]. Mean-
while, in 1900, Walter Reed, Carlos Finlay, and James Carroll
showed that mosquitoes transmit yellow fever virus in Cuba,
controlled the local Aedes mosquito populations, and subsequently
stopped transmission [15–17]; William Gorgas was sent from
Cuba to the Panama Canal to oversee mosquito control to sup-
press transmission of yellow fever and malaria, leading to the
successful completion of the canal [18]. In 1906, Thomas
Bancroft showed in Australia that mosquitoes transmit the
dengue virus [19]. The successes in controlling mosquitoes and
disease in Cuba, Panama, and elsewhere were offset by
occasional failures [20], setting the stage for quantitative studies
of mosquitoes, pathogen transmission, and control over the
decades that would follow.

Of all these important pioneers, Ross casts the longest shadow
on mosquito-borne disease because of his contributions to the
quantitative theory of malaria and mosquito-borne disease trans-
mission and also to the quantitative foundations of epidemiology
(Box 1). In 1904, partly in response to a large, failed larval control
trial conducted in Mian-Mir that Ross had debated earlier that
year [14], he published a mathematical model describing adult
mosquito movement and the spatial scale of larval control required
to reduce mosquito populations and eliminate disease from an area
[21]. Ross was considering transmission dynamics and control as
early as 1902, but did not publish his first malaria transmission
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model until 1908 [22]. He published a second malaria transmis-
sion model in 1911 in an addendum to his book, The Prevention of
Malaria, and described it in Nature [23,24]. Ross’s last original
contribution to modeling malaria, in 1921, discussed the value of
repeated drug treatment to ‘‘cure’’ malaria infections [25].

Ross recognized that a complete quantitative theory needed
methods for measuring transmission, but while he made great

conceptual advances and helped develop new parasitological
methods, he had not developed useful metrics for measuring the
important components of transmission by mosquitoes. Ross’s ideas
motivated a generation of medical entomologists, and starting in
1950, there was a great leap forward due to the theoretical work
of George Macdonald and the empirical work of some of his close
associates. With these contributions, the theory for transmission
dynamics and control had all of its elements and the links between
the models and the metrics had been made. The ‘‘Ross-Macdonald’’
model became firmly established as a basis for a broader theory of
mosquito-borne disease transmission and control. The model has
played the classical role of a scientific theory; it is a deliberately
simplified set of concepts that serves as a basis for studying mosquito-
borne pathogen transmission. Like other theories, it has formed
the starting point for a dialogue about methods, for defining what
should be emphasized and measured, and for building new models
of mosquito-borne disease transmission. The Ross-Macdonald
models influence continues to the present day.

The Ross-Macdonald theory and its development is often
misunderstood in its historical context, cited incorrectly, or simply
forgotten. This article describes the historical development of basic
models and concepts for mosquito-transmitted pathogens starting
with Ross and following it through Macdonald’s seminal con-
tributions, the maturation of the theory around 1964, and a few
key subsequent papers. A comprehensive bibliography of modeling
papers is annotated and published as an online supplement (Text
S1) and notation conventions are described in Box 2 and aligned
in Table 1. This paper and the bibliography have benefitted from
histories or commentaries written by Lotka [26], Bailey [27,28],
Bruce-Chwatt [18,29,30], Fine [31–33], Service [2], Dietz [34,35],
Molineaux [36], Koella [37], and McKenzie [38]. The field of
modeling mosquito-borne pathogen transmission since the late
1960s has developed too rapidly and extensively to be described
simply. A comprehensive review and systematic analysis of more
recent developments is being prepared as a future companion to
this paper.

The Birth of a Theory: 1899–1949

For Ross, quantitative thinking came naturally. Mathematical
models were a way to codify, refine, and communicate the
quantitative logic of biological phenomena, especially mosquito-
borne pathogen transmission, in a form that was rigorous and
testable. In his correspondence with Manson in 1897, before
successfully demonstrating that mosquitoes transmit malaria, Ross
was already reasoning quantitatively about his own fever [39]:

An incubation period of two or three days…simply implies
to mathematical demonstration an access or ingress of many
millions of parasites at the moment of infection. Now

whence does this invading host come? Are they at the
moment of infection (a) multiplying free in nature or (b)

parasitic in some other animal. (pp. 163–164)

Two years later, Ross wrote about the extermination of
mosquitoes [6]:

…in order to eliminate malaria wholly or partly from a

given locality, it is necessary only to exterminate the various
species of insects which carry the infection. It remains only

to consider whether such a measure is practical. Theoret-
ically, the extermination of mosquitos is a very simple
matter.

Box 1. Ross’s A Priori Pathometry and
Mathematical Epidemiology

Ross’s malaria models alone would have earned him a
place in history, but he was also instrumental in
establishing the intellectual foundations for the study of
disease dynamics. Ross was not the first to model an
infectious disease; indeed, several early papers had already
established the foundations of epidemiology. John Snow
had published the classical study of cholera in 1855 [99]
and several quantitative, but mainly statistical, studies in
epidemiology followed Snow at the end if the 19th
century. Ross’s mathematical ideas also had precursors.
Daniel Bernoulli developed a dynamic model of smallpox
transmission and control in 1760 [100], a remarkable study
of disease transmission dynamics had been published by
En’ko in Russian in 1889 [34,101], and Hamer published a
measles transmission model in 1906 [102]. Ross’s aspira-
tions were not just to understand malaria, but also to
establish a new branch of science. In 1908, when he
published his first dynamic malaria model, Ross coined the
phrase ‘‘a priori pathometry’’ to describe the scientific
activity of modeling transmission dynamics, and in 1911,
he presented a new set of equations as part of a general
framework [23,24]. Ross’s second malaria model was a
special case of his new, general theory: he called malaria a
‘‘metaxenous’’ disease. In 1915, he solved the general
equations, and discussed his work in relation to Brownlee’s
[103], who was developing a complementary set of
methods for studying epidemics [33]. Both men used the
terms a priori and a posteriori to describe two different
approaches to studying epidemics, though they switched
the meanings [31]. In 1916, Ross published the first of a
three-part series laying out the expanded theory of a priori
pathometry [104]. Ross described the a priori method, ‘‘we
assume a knowledge of the causes, construct our
differential equations on that supposition, follow up the
logical consequences, and finally test the calculated results
by comparing them with the observed statistics,’’ and the
a posteriori method, ‘‘we commence with observed
statistics, endeavour to fit analytical laws to them, and so
work backwards to the underlying cause (as done in much
statistical work of the day).’’ Ross argued that epidemics
were, per se, a phenomenon worthy of study. Ross
believed that the study of epidemics was intrinsically
quantitative and that epidemics were extremely compli-
cated, so understanding them would require a combina-
tion of mathematical modeling based on a priori notions of
cause and examination of patterns in data through
statistical investigation [104]. The last two parts were co-
authored by Hilda Hudson and published in 1917 [104–
107]. In 1927, Kermack and McKendrick published the first
[108] of their seminal papers [109–112]; McKendrick had
been with Ross in Sierra Leone, and his work acknowledg-
es the contributions of Ross and Hudson. Ross called the
field ‘‘a priori pathometry’’, or ‘‘constructive epidemiology’’
[113], but it is now more widely known as mathematical
epidemiology.
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Some of his preliminary thoughts about modeling were also
apparent in 1902, when he speculated about the mathematical
laws of transmission [13]:

It may now be asked, what percentage of diminution in
mosquito-borne disease may be expected to follow a given

percentage reduction in the number of mosquitoes? I regret
that I cannot as yet give any actual statistics on the point, but
we may perhaps attempt an estimate on a priori grounds….

If we reduce the number of mosquitoes in the locality by

one-half, the mosquito bites will be reduced by one-half; and
consequently, only half as many people will now become
infected as was formerly the case. But, since the mosquitoes
themselves are infected by biting previously infected persons,

the percentage of infected mosquitoes, among the insects
which remain, will also be reduced in its turn, because the
insects will now find fewer infected persons to bite. Hence,

ultimately, the number of mosquitoes will be reduced by
much more than one-half. In fact, we may perhaps assume
that the number of infected persons will be reduced to one-

quarter – that is, in the duplicate ratio of the squared
percentage of the reduction of the mosquitoes. (p. 56)

The reasoning is similar to the transmission models he for-
mulated 6 years later, and shows he was already thinking about
transmission in quantitative terms. In his critique of the ex-
periment at Mian-Mir, he wrote [14]:

…the broad principles which govern the prophylaxis of
malaria… though self-evident enough, require a more or less
mathematical treatment for their formal demonstration…
Experiment is required, not in support of the general

principle, but only in order to obtain certain unknown
constants.

At the time, the methods did not yet exist to describe malaria
transmission mathematically, to measure the relevant constants, or
to know what those constants were.

Ross’s first model is, in many ways, an extended critique of
the experiment at Mian-Mir, but it did not directly address
the question of transmission. The model itself describes random
movement of adult mosquitoes in and out of concentric zones sur-
rounding the center of an area that had been completely depleted
of aquatic habitat. Ross’s analysis of the model suggested that adult
mosquito densities would decline outside the edge of a control
zone as mosquitoes wandered into the non-control area. The
process would create a sigmoidal gradient in mosquito density, and
if the control zone was large enough, an area in the middle would
be mosquito-free [21]. Ross concluded that larval control could
work if it could deplete larval mosquitoes in a large enough area;
but no conclusions about the validity of larval control, per se, could
be reached if it had not been done intensively enough, for long
enough, at a large enough scale.

After Ross visited Mauritius in 1907 to advise on the control of
malaria, he formulated and described a model of mosquito-borne
disease transmission in 1908 in his Report on the Prevention of Malaria
in Mauritius (pp. 30–37 in [22]), and he expanded on these ideas in
the first edition of The Prevention of Malaria [40]. The model was an
a priori description of the number of infections in humans based on
his quantitative reasoning about the number of mosquitoes and
their infection dynamics. It can be formulated as a difference
equation (Box 3). At Ross’s invitation, Waite analyzed the model
and wrote a clear description of the model assumptions and
limitations [41]. The model was concisely presented and analyzed
again by Lotka [42]. Ross’s main conclusions from the models
were that there is a causal relationship between the ratio of mos-
quitoes to humans and the number of infected humans, and that it
was not necessary to kill every mosquito to end transmission. The
models demonstrated that there was a critical mosquito density,
m0, such that greater densities would sustain transmission while
lesser ones would not. Ross’s formula (making some liberal al-
lowances in the interpretation of parameters) is equivalent to the
following:

Box 2. Notation

Several quantities are commonly defined as part of the
Ross-Macdonald model; the population density of humans,
H; the population density of mosquitoes, M; the number of
infected humans, X; the number of infected, but not yet
infectious mosquitoes, Y; the number of infectious
mosquitoes, Z; the human blood feeding rate, the
proportion of mosquitoes that feed on humans each
day, a; mosquito survival as either the probability of
surviving one day, p, or the instantaneous death rate, g
(p = e2g or g = 2ln p); the pathogens’ vertebrate latent
period, often called the ‘‘intrinsic incubation period’’, the
number of days from infection to infectiousness in the
human, u; the pathogen’s mosquito latent period, often
called the ‘‘extrinsic incubation period’’, the number of
days from infection to infectiousness in the mosquito, v;
the daily rate each human recovers from infection, r; the
proportion of infected humans that are infectious, or
alternatively, the probability a mosquito becomes infected
after biting an infected human, c; and the proportion of
bites by infectious mosquitoes that infect a human, b. It is
also sometimes useful to consider the human blood
feeding rate as the product of a blood feeding rate, f, and
the fraction of blood meals on humans, or more generally,
the pathogen’s host, Q (a = fQ).
Important and measurable quantities can be recognized in
models including: the prevalence of malaria, malaria rate, or
parasite rate (x = X/H); the fraction of infected but not
infectious (y = Y/M) or infectious mosquitoes (z = Z/M); the
ratio of mosquitoes to humans (m = M/H); the number of
bites by vectors per human per day, called the human biting
rate (HBR, ma), the number of infectious bites per human
per day, called the entomological inoculation rate (EIR, maz
or E in equations); the force of infection or ‘‘happenings’’
rate for human infections (h = mabz); the average lifespan of
a mosquito (1/g), the number of human bites per mosquito
over its lifespan, called the stability index (SI, a/g or S in
equations); the probability an infected mosquito survives to
become infections (P = e2gv); the average number of days a
person remains infected (1/r), the net infectiousness of
humans to mosquitoes, the probability a mosquito
becomes infected after feeding on a human (k = cx), the
force of infection or ‘‘happenings’’ rate for mosquito
infections (ak ). Formulas are given in the main text for the
vectorial capacity (V) or daily reproductive number and
basic reproductive number (R0) and the critical density of
mosquitoes required for sustaining transmission (m9).
Each version of the Ross-Macdonald model has used a
subset of these parameters, but each one has also utilized
a different notation. Several of these models have been
described in the boxes using the common notation
defined above. The notation originally used in the models
has been aligned with this notation in Table 1.
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a2bce{gv
:

Ross was unsatisfied with some minor numerical discrepancies
between his results and Waite’s. These discrepancies arose because
they had picked different time steps for simulation. Ross then set
about to reformulate a general model that would not depend on
any particular time step. He formulated the model using a system
of coupled differential equations in continuous time (Box 4);
though mathematically different, the second model was the lim-
iting case of Ross’s first model with an infinitesimally small time
step. At the same time, he wanted to develop a more expansive
theory. Ross’s second malaria transmission model was published as
an addendum to the second edition of The Prevention of Malaria in
1911 [23] and in Nature [24].

Lotka solved Ross’s second model in 1912 [43], and in 1923,
Lotka published a five-part analysis of Ross’s malaria models. The
first analyzed Ross’s second model [44] and the second showed
how Ross’s first two models were related [42]. Lotka’s third paper
in the series included a comprehensive numerical analysis, a
diagram of the phase-plane, and a photograph of a clay model that

interprets the phase plane as a topographic surface [45]. In the
fourth, Sharpe and Lotka extended Ross’s second model (Box 5)
and considered the pathogen’s latent period in the mosquito,
commonly called the extrinsic incubation period, and the path-
ogen’s latent period in the human or other vertebrate host, or the
intrinsic incubation period [46]. Altogether, Lotka’s five-part
analysis and extension of Ross’s original models represented a
landmark achievement in the mathematical analysis of mosquito-
borne disease models.

Ross also used malaria models to reason through several dif-
ferent kinds of problems. He frequently discussed control, as he
had done in 1902, but he did not formally model it. He argued
that multiple modes of control would often be necessary, including
larval control, bednets, improved housing, and ‘‘segregation of
the races.’’ He also argued, informally, that these interventions
were inexpensive relative to the enormous health benefits of
control, foreshadowing later arguments about cost-effectiveness.
Ross understood that operational concerns were important
[13,20,22,40]. The real question was whether control could be
done efficiently enough. Ross understood the complex, non-linear

Table 1. Alignment of notation.

Box Parameter Names

Common Notation 2 M H m X x Z z y a g r c b u v h k ak P R0

Ross (1st) [22] 3 a p m f = bp = J r i = J s = M

Waite [41] 3 a p m f = bp = J r i = J s = M

Lotka [42] 3 a p m b r i S

Ross (2nd) [23] 4 p p9 z z9 q k9z9 kz

Sharpe & Lotka [46] 5 p p9 z z9 q u v k9z9 kz

Macdonald [55,67] 6 m x a 2ln p r b n x pn Z0

Aron & May (1st) [91] 7 M N x z a m r b x

Smith & McKenzie [93] 7 m x z a g r c b n cx e2gn

Aron & May (2nd) [91] 7 M N x z y a m r b t x e2gt

Anderson & May [92] 7 N̂N N y ŷ a m c c b

Each version of the Ross-Macdonald model used different parameter names for the same or very similar quantities. This table aligns all of those names. The common
notation is defined in Box 2. Differences in the parameter interpretations described in the separate boxes.
doi:10.1371/journal.ppat.1002588.t001

Box 3. The Ross-Waite-Lotka Model

Ross’s first dynamic model of malaria [22] was further
developed by Waite [41] and Lotka [42]. Lotka wrote the
model more elegantly as a simple difference equation:

Xtz1~V̂Vxt(H{Xt){rXt:

Ross formulated a quantity, here called V̂V , that is very
similar to vectorial capacity. The derivation is very similar,
but there are some differences. Ross’s time step was one
month, and his formula considered at most two bites per
mosquito each month, one that infected it and one that
transmitted the parasites. Thus, in the alignment of
notation (Box 2), the interpretation of Ross’s f (or
equivalently bp) is not identical to the human blood
feeding rate, a. Waite’s time step was the interval between
bites, but he retained the interpretation of f.

Box 4. The Ross-Lotka Model

The second dynamic model of malaria was published by
Ross twice in 1911, first as an addendum to the second
edition of The Prevention of Malaria [23], and then in
Nature [24]. One year later, Lotka proposed a closed-form
solution [43], and in 1923, Lotka thoroughly analyzed it
[42,44,45,114]. The model formulation was more focused
on mathematical details, and not on the entomological
ones. The parameters here have been supplied from
alignment (Table 1):

dX

dt
~maz H{Xð Þ{rX

dZ

dt
~acx M{Zð Þ{gZ

It must be noted that Ross also considered births and
deaths in both the human and vector populations, but he
set these equal to each other so the populations would be
in their steady state for analysis.
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nature of epidemics, their interplay with immunity, and the
problems with observational data, and he used models to explain
how counter-intuitive patterns (i.e., causation without an apparent
correlation) could arise [24].

Ross developed the models to be part of a general quantitative
theory for malaria epidemics [23,24] (Box 1). Part of this theory
would require measuring transmission, and Ross either advanced
malariometric methods through his own work as well as his
influence on later scientists. Dempster had introduced the use of
the spleen rate as an index of malaria transmission in 1847 [47],
and Laveran had already identified the parasites. At the time, the
spleen rate was more widely used than microscopy, even though a
diagnosis through microscopy was more specific. Ross improved
microscopy further by developing the ‘‘thick film’’ to increase the
sensitivity of parasite detection by light microscopy [48,49]. With
Thomson, Ross used the thick film to count parasites over the
course of an infection and find an association with clinical symptoms
[50]. Over time, the advantages of the thick film were recognized
[51], and it became more widely used as a diagnostic tool. Ross
called the prevalence of parasites by light microscopy the ‘‘malaria
rate,’’ but later the ‘‘parasite rate’’ came into common usage. This
diagnostic is still utilized routinely across the globe [52].

Ross’s notions had, in some sense, been at the heart of early
efforts to measure malaria transmission entomologically. The
expedition to Sierra Leone in 1899 had focused much of its
attention on the vector populations, but Ross acknowledged that
the expedition ended without developing metrics for measuring
key components of a mosquito’s role in pathogen transmission
[14,21]. His first model of transmission describes at most one pair
of bites for each mosquito, but it does not quantify important
details such as mosquito lifespan and blood feeding behavior, and
he did not update the entomological components in the second
model. The lack of an entomological measurement of transmission
was a major shortcoming of Ross’s theory.

By 1930, field studies had advanced substantially. Davey and
Gordon, who were aware of Ross’s theory and motivated by his
ideas, informally compared multiple kinds of epidemiological and
entomological data to test Ross’s notions, and especially to identify
which vectors were most important for transmission [53]. They
measured the ‘‘infective mosquito density,’’ an early name for
measures of the number of infectious mosquito bites per person
per day, later called the entomological inoculation rate (EIR) [54].
They also plotted the parasite rate stratified by age. The difference
between the counted infectious mosquitoes and the number of
infections observed in humans was already so stark that the
authors could note from visual inspection that there was a good
qualitative but poor quantitative correspondence. Other entomol-
ogists also tested Ross’s theory of a critical density of mosquitoes
and advanced the field methods [55].

Ross also recognized the value of measuring malaria transmis-
sion by looking at the incidence of malaria in people who were
new to the area [13]. He later developed a quantitative theory
of ‘‘happenings,’’ which was his name for the ‘‘force of infection,’’
or the hazard rate for infection [23,24]. He had proposed that
there was a connection between mosquito densities and the
number of infections, but this idea was disputed by the lack of a
crude association between mosquito densities and malaria fevers.
Ross used models to illustrate several factors that could explain the
gaps [24], and as early as 1902, he had recognized the value of
counting infections in previously unexposed populations [13]. The
theory of happenings was first outlined in 1911, but in 1915 he
‘‘solved’’ the equations describing the proportion infected in a
cohort of a given age. He was not the first: the equations were an
alternative form of the logistic curve and they had been applied to
epidemic data and solved earlier by Bernoulli [34].

A few years later, Muench developed these ideas further [56–
58] and presented a general discussion of equations and methods
for the statistical analysis of the kinds of age-prevalence curves
being collected by Davey and Gordon and others studying ma-
laria, age-seroprevalence data being collected by Soper for yellow
fever, and other diseases [56,57]. These were later codified with
the analysis of multiple datasets in the 1959 book Catalytic Models in
Epidemiology [58].

The Ross-Macdonald Theory Matures, 1950–1969

Ross had focused on malaria control, but at the time, there were
no alternatives for lasting control of adult mosquito populations.
This changed with the discovery of the insecticidal properties of
DDT in 1939, when it became possible to kill adult mosquitoes for
several months by spraying the insecticide once on the interior walls
of houses. After World War II, DDT was used in large-scale typhus
and malaria control programs. The World Health Organization
(WHO) was founded during 1948, and Fred Soper and others began
to argue for the global eradication of malaria [59,60] and for the
eradication of Aedes aegypti from the Western hemisphere. Relatively
soon thereafter, the Global Malaria Eradication Programme
(GMEP, 1955–1969) was formally launched by a vote at the eighth
World Health Congress. Since Ross had first published his models,
there had been several decades of epidemiological and entomolog-
ical field studies, including the ones by Davey and Gordon and the
statistical methodological advances by Muench. These develop-
ments set the stage to extend Ross’s earlier work.

George Macdonald led the effort. Macdonald had followed,
quite literally, in Ross’s footsteps. He conducted a field study of
malaria in Sierra Leone where Ross had gone in 1899, and from
1947, he was Director of the Ross Institute. In 1950, he turned his
attention to the mathematical theory of malaria transmission.

The Ross-Macdonald theory of mosquito-borne pathogen
transmission, so-named, often gives the impression that Macdonald
dramatically enhanced Ross’s models mathematically. Macdonald
did, in fact, innovate mathematically on Ross’s model by intro-
ducing superinfection, reinfection of those who are already infected
so that they carry multiple parasite types [61] (Box 6), but his most
important contributions were to develop the entomological theory
and the quantitative theory of control that Ross had been at-
tempting a half-century earlier. Macdonald also used the models to
quantitatively synthesize a half-century of malaria epidemiology,
which made it possible for the two-way flow of ideas to occur
between theory and entomological and epidemiological data.

Ross had assumed that infections were simple—the infection
must be cleared before a new infection can occur—but early
malaria research made it clear that superinfection was common.

Box 5. The Sharpe-Lotka Model

Sharpe and Lotka [46] extended Ross’s model to consider
the latent period in both humans and mosquitoes:

dX

dt
~mazt{u H{Xt{uð Þ{rX

dZ

dt
~acxt{v M{Zt{vð Þ{gZ

The analysis is focused on mathematical details, not
biological ones, and so the model neglects mosquito
mortality during the latent period, and so they conclude
that the delay has no effect on the equilibrium.
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Ross even discussed multiple infections in 1911 [23]. McKendrick
had studied the issue in some detail and formulated a theory for
the distribution of the number of events occurring in a fixed
interval of time as well as for changes in the multiplicity of an event
or infection [62–65]. By 1947, Walton had used a Poisson
distribution to model the multiplicity of infection with malaria, i.e.,
the number of distinct parasite types carried simultaneously in
the blood [66]. Macdonald’s first mathematical publication
extended Ross’s models to consider dynamic changes in clearance
rates under superinfection [67]. There was, however, a discrep-
ancy between Macdonald’s mathematical formulas and his written
descriptions of them [32]. Macdonald’s description of the model
with distinct parasite broods clearing and being acquired inde-
pendently agreed with earlier formulations, including Walton’s,
but the mathematics described a different process. As recounted by
Fine, the discrepancy was due to a miscommunication with Irwin,
who had helped derive the model [32].

In a paper that was published as a companion to the super-
infection model, Macdonald used the catalytic models of Ross and
Muench to analyze the data collected by Davey and Gordon and
others [68]. Even though his methods were poorly documented
and the technical merits can’t be assessed in modern terms, he
accomplished several ‘‘firsts,’’ including a first estimate of the
‘‘recovery’’ rate from malaria infection before Eyle’s analysis of
malaria-therapy data [69], and a first estimate of the force of
infection using age-stratified parasite rate data for malaria.

In 1952, Macdonald turned his attention to the entomological
theory of transmission. He assembled a half-century of entomo-
logical field data describing mosquito survival, blood feeding, and

the relationship between temperature and the extrinsic incubation
period for Plasmodium falciparum and P. vivax [55]. A critical insight
was the quantitative importance of mosquito longevity, which
Macdonald first published in 1952 and again in 1956 as a theo-
retical justification for using DDT for malaria eradication [55,70].
In 1952, Macdonald also expanded on Ross’s notions of mosquito
density and biting, and he developed an entomological theory of
malaria transmission based on the mosquito feeding cycle and
demography (see Box 2). In a follow-up paper, Macdonald
borrowed Lotka’s demographic concept of a basic reproduction
ratio for malaria [71]. Later, he called the quantity Z0 [72], but it
is now more commonly called R0 and the name has become a
standard throughout mathematical epidemiology. R0 describes the
expected number of hosts that would be infected by a single
infected host in a completely susceptible population:

R0~
ma2bc

gr
e{gv~

ma2bc

({ ln p )r
p v:

Macdonald’s attention to decades of epidemiological studies fa-
cilitated development of methods to measure transmission entomo-
logically: one year later, Draper and Davidson published the first
estimate of R0 [73]. Draper, Davidson, and Gilles also combined the
ideas from Macdonald’s models and mosquito natural history and
used mosquito parity, the proportion of mosquitoes that had laid
eggs at least once, to estimate mosquito longevity [73–77]. These
landmark papers paved the way for the expansion of an ento-
mological theory that would soon come. Over the next few years,
Macdonald wrote papers discussing R0 in relation to both endemic
and epidemic malaria [71,72,78] (see Text S1).

As enthusiasm for the GMEP built, Macdonald’s work was
laying a mathematical foundation for eradication that emphasized
measuring transmission and control [79]. While Ross’s theory had
focused on larval control, Macdonald’s problem was transmission
by and the attack on adult mosquitoes with DDT or other contact
pesticides. The first indoor residual spraying programs utilizing
DDT had been remarkably successful and helped make the case
for eradication [59]; the quantitative basis for that success was
explained through a sensitivity analysis on adult mosquito lon-
gevity [70]. Macdonald is often wrongly credited with being the
first to mathematically incorporate the pathogen latent period in
the mosquitoes—as mentioned, credit for this goes to Sharpe and
Lotka [46]. Macdonald developed a useful formula for mosquito
mortality during sporogony, but he also gives credit to Armitage
for advancing the mathematical ideas about the delay [80]. Even
so, Macdonald recognized the epidemiological importance of the
latent period in the mosquito and mosquito longevity when seen in
light of adult mosquito control [55,70]. The sensitivity analysis had
showed that the reductions would affect transmission non-linearly.
With the beginnings of a theory of control in place, Macdonald
was able to explain the rationale for measuring transmission for
eradication, as part of the GMEP [70,79]. The ideas were
collected and synthesized in his book, The Epidemiology and Control
of Malaria [81].

WHO entomologists led by Garrett-Jones further developed
methods for measuring transmission entomologically. They gave
the name vectorial capacity, or alternatively the ‘‘daily reproduction
rate’’, to the purely entomological concepts of R0, and it was
defined as the expected number of infective mosquito bites that
would eventually arise from all the mosquitoes that would bite a
single fully infectious person on a single day:

V~
ma2

g
e{gv~

ma2

({ ln p )
p v:

Box 6. Macdonald, Irwin, Dietz, and
Superinfection

Macdonald’s complete model was presented in a series of
papers [55,67,71], and except for the original paper on
superinfection, usually relegated to brief summaries in the
appendices of his papers. The model he uses is essentially
the following:

dx

dt
~h (1{x){r(h ,r)x:

The ‘‘happenings’’ rate is defined by the formula:

h ~
ma2bx

gzax
e{gv~

Vx

1zSx
:

Macdonald (with Irwin) first defined a function describing
the recovery rate under superinfection. The mathematical
model is perfectly valid, but it was not consistent with the
process they described of individual infections being
acquired and clearing independently [32]. This process
was later described correctly by Dietz in the Garki model
[97]. Here it is paired with the simpler formulation to
become the Mcdonald-Dietz model.

r(h ,r)~
max (h {r,0) (Macdonald&Irwin)

h

eh =r{1
(Macdonald&Dietz)

Macdonald simulated epidemics [78]. In so doing, he used
equations similar to Ross’s first model (see Box 3):

xtz1~h t(1{xt){r(h t,r)xt

h tz1~
Vxt

1zSxt
(1{xt):
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Vectorial capacity describes the potential intensity of transmission
by mosquitoes. More importantly, they codified a set of methods
for measuring feeding rates and the human blood index [82–84].
For decades, entomologists had been counting infectious mosqui-
toes in the proximity of humans and using it as a measure of
risk under various names [53]. In 1980, the estimated number of
infectious bites per person per day was renamed the EIR [54]. The
quantity was closely related to both vectorial capacity and
‘‘happenings’’, or force of infection (Box 2). These methods have
since expanded and are now a standard part of mosquito field
sampling methodology (see chapter 13 in [85]).

Collectively, these ideas paved the way for measuring trans-
mission and control by vectors that made an explicit connection
between the proportion of parous mosquitoes before and after
control, the proportional reductions in vectorial capacity or R0,
and a comparison between model predictions for the likelihood of
elimination or changes in endemicity and the actual outcomes
[84]. The predictions of the theory were put to the test in 1969 in a
study that measured vectorial capacity, estimated the control effect
sizes of DDT, and examined the predicted versus actual changes
in endemicity [86]. This was, finally, a synthesis of the ideas sought
by Ross and partly described by Macdonald (Figures 1 and 2).

The theory was applied extensively during the GMEP.
Macdonald had played a role in debates about malaria control
in Africa during a historically important conference in Kampala in

1950, siding with Soper and arguing for scaling up control in
Africa [59]. As the GMEP established its programmatic form and
timelines, Macdonald’s analysis and insights helped give those
ideas a quantitative rigor through his advisory role on definitive
technical documents. He served as rapporteur for the Sixth Report of
the Expert Committee on Malaria published by the WHO [87], the
document that lays out the four phases of a malaria elimination
program, including 3- to 5-year endemicity response timelines for
the attack phase. A decade after the GMEP started, Macdonald
refined the theoretical basis for endemicity response timelines and
measures of successful interruption of transmission [88].

Macdonald had described the mathematical basis for changes in
endemicity, the relationship between endemicity and R0 [71], and
the response timelines for the interruption of transmission
following control [88], but most of his work was focused on a
theory of elimination following an overwhelming reduction in
transmission. In 1964, another WHO mathematical epidemiolo-
gist, named Moskovskij (aka Moshkovsky), explored changes in
endemicity after the implementation of control at levels too low to
interrupt transmission [89] (Figure 1). Moskovskij described his
theory in terms of ‘‘communicability,’’ something like the EIR or
the force of infection or vectorial capacity, and the ‘‘exhaustibil-
ity’’, the recovery rate or the inverse of the duration of an
infection. The product of these two was, in Moskovskij’s
description, equal to R0. Moskovskij then related changes in

Figure 1. The Ross-Macdonald theory of transmission dynamics. (Top left) In a hypothetical location, for a fixed value of R0 (plotted here for
R0 = 5), the model describes changes in the proportion of infected humans or infectious mosquitoes during an epidemic. (Top right) Alternatively, the
models predict the endemic parasite rate or sporozoite rate as a function of R0. Malaria is not endemic if R0,1, or after control, if RC,1, or
equivalently, if mosquito density is below a critical threshold. (Bottom left) The model also describes changes in the parasite rate with respect to age
(e.g., in a cross-sectional study) in infants or others who were previously unexposed to malaria. (Bottom right) Finally, the models also predict the
response timelines and endpoints following the implementation of control (grey).
doi:10.1371/journal.ppat.1002588.g001
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transmission intensity achieved through malaria control to changes
in malaria endemicity.

Macdonald’s final theoretical contribution, published after his
death, was a stochastic model of malaria transmission, including
the first simulations of a mosquito-borne pathogen ever conducted
on a computer [90].

The Ross-Macdonald Theory, 1970 to the Present

Having described the history of an idea developed by Ross,
Macdonald, and others, it would be useful to present ‘‘The’’ Ross-
Macdonald Model, but no canonical mathematical formulation
exists. There are, instead, several different models and types of
modeling styles that are commonly called ‘‘Ross-Macdonald’’
models and several historical precedents including the Ross-
Waite-Lotka model (Box 3), the Ross-Lotka model (Box 4), the
Sharpe-Lotka model (Box 5), and the Macdonald-Irwin and
Macdonald-Dietz models (Box 6). Several alternative versions have
been published since Macdonald [91–93] (Box 7). In 1974, Fine
published critical reviews of the models by Ross [31] and
Macdonald [32]. In 1957, Bailey republished Ross’s second model
in The Mathematical Theory of Epidemics [27], and in 1982, Bailey
wrote a comprehensive review of the Ross-Macdonald model in The

Biomathematics of Malaria [28] with separate chapters presenting the
work by Ross and Macdonald, and another describing a general
theory. Ross’s second model was a very simple compartment model,
but Bailey expanded it, presenting a general theory of mosquito-
borne disease transmission as an SIR-SI model. In 1991, Koella
described several models for malaria [37], and in 1992, Newton and
Reiter published an SEIR-SEI model for dengue [94], and various
versions of these compartment models are increasingly being used
and called ‘‘Ross-Macdonald’’ style models.

Without a canonical formulation, the ‘‘Ross-Macdonald model’’
is more usefully described as a set of models all based on a con-
sensus set of simplifying assumptions, and in its development, these
ideas are inextricably linked to a set of methods for measuring
transmission epidemiologically and entomologically. A Ross-
Macdonald model is based on a simplified process-based quan-
titative description of the pathogen life cycle in four steps: (1) the
pathogen is passed from an infected mosquito to a vertebrate host
during blood feeding; (2) it infects and then multiplies in the
vertebrate host, reaching sufficiently high densities in peripheral
blood to infect a new mosquito; (3) a susceptible mosquito imbibes
the pathogen from the infected vertebrate host during blood
feeding; and (4) the pathogen develops in the mosquito to a point
that it is in the salivary glands or mouth parts and ready to be

Figure 2. The Ross-Macdonald theory of control. (Top left) A relationship exists between the length of a mosquito feeding cycle (2, 3, or 5 days
in blue, black, or red), the proportion of parous mosquitoes (denoted O), and the mosquito lifespan (denoted 1/g). (Top right) This relationship can be
used to measure predicted changes in the mosquito lifespan (Dg21) through estimated proportional changes in the proportion parous, which are
invariant to the mosquito blood feeding rate (DO/O). (Bottom left) These changes can be translated into an effect size on transmission, a proportional
change in reproductive numbers (R0/RC). (Bottom right) Finally, these can be translated into changes in the endemic parasite rate for a given effect
size: RC = R0/2.5 (dashed) or R0/5 (dotted).
doi:10.1371/journal.ppat.1002588.g002
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transmitted during a subsequent bite on a susceptible vertebrate
host. Infection dynamics in the mosquito are based on a simplified
description of the mosquito cycle of blood feeding and egg-laying.
The models differ in the species of mathematical model and in the
way they implement latency in the mosquito, but there is a
consensus set of simplifying assumptions about the transmission
dynamics: mosquito bites are distributed randomly and evenly
among vertebrate host populations, populations are closed to birth
or migration (except Ross’s second model), there are many more
humans than infectious bites, there is one vertebrate host (usually
humans), human infections are simple and clear at a constant per-
capita rate (except Macdonald’s model), hosts become susceptible
to infection after recovery (until chapter 6 in Bailey [28]), the ratio
of mosquitoes to humans is constant (until Aron and May [91]),
mosquito mortality is independent of age so that the mosquito
lifespan is exponentially distributed, the pathogen latent period in
mosquitoes is constant, there is only one mosquito vector species,
and a constant fraction of mosquitoes blood feed on the pathogen’s
host.

The Ross-Macdonald theory of control is based around the
notions of R0 and vectorial capacity, which vary over space and

time, depending on differences in adult mosquito abundance,
longevity, biting rates, human blood-feeding habits, and the
pathogen’s latent period in the mosquito [82]. Vectorial capacity is
expensive and time consuming to measure, but it is closely related
to the EIR. Under the consensus assumptions and notation, it is
possible to rewrite one equation (from Smith and McKenzie [93],
Box 7) describing the change in EIR (Ein equations; for other
notations see Box 2) with respect to vectorial capacity:

1

g

dE

dt
~k (V{SE){E:

Vectorial capacity and EIR change on timescales determined by
the mosquito lifespan, and they are closely related concepts that
provide complementary measures of vector transmission and a
basis for evaluating vector control. The difference between the
number of infectious bites received by the typical host (i.e., EIR)
and infectious bites that could potentially arise from fully infectious
hosts (i.e., vectorial capacity) is due mainly to the low actual
infectiousness of the reservoir (i.e., E&Vk ).

The logic of control in the Ross-Macdonald model focuses
on R0, which describes maximum transmission potential. If the
pathogen is present and R0.1, there will be an epidemic in the
absence of control, and if conditions remain constant, the fraction
of infected humans and infectious mosquitoes will reach a steady
state (Figure 1). Under some form of control, maximum potential
transmission is described by a lower effective reproductive
number, RC, which is analogous to R0 in every way except that
it is subject to the limits of control. If RC.1, a pathogen will tend
to remain endemic, but if RC,1, then infections fail to replace
themselves and a pathogen will be eliminated on timelines that
depend, in large part, on the magnitude of RC [88]. R0 and RC thus
describe a framework for setting intervention control targets for
elimination: R0 describes the total proportional reductions in
transmission that must be achieved and maintained through
various modes of control to interrupt endemic malaria transmis-
sion; the total ‘‘effect size’’ already achieved with a set of in-
terventions is given by R0/RC; and RC.1 describes a shortfall that
must be made up with increased coverage, new interventions, or
new tools. Immunity can also suppress transmission, so potential
transmission where pathogens are endemic reflects the combined
effects of control and immunity. Combining the analysis of Ross,
Macdonald, Moskovskij, and medical entomologists, there are
well-defined quantitative relationships between R0 and vectorial
capacity, the EIR, the effect sizes required to interrupt trans-
mission or reduce the parasite rate, the incidence of malaria in
those who are previously unexposed, and the rise in the parasite
rate with age (Figure 1).

A reformulation of R0 clarifies the effects of control in the Ross-
Macdonald theory (Box 8). First, the effects of different modes of
control typically affect different terms [37], with the result that
effect sizes achieved through different means of integrated control
are multiplicative. In other words, a 10-fold (i.e., 90%) reduction
in transmission achieved through adult vector control combined
with a 5-fold reduction in transmission achieved with a vaccine
(i.e., 80%) would have a total effect size of 50 (i.e., 98%), and this
would interrupt transmission wherever R0 was less than 50.

Second, not all aspects of a mosquito life cycle affect
transmission equally (Table 2). In Macdonald’s original formula-
tion of R0, control effect sizes scaled approximately quadratically
(i.e., DgeDgv) with proportional changes in mosquito survival (Dg);
halving mosquito longevity would reduce vectorial capacity by
approximately one-fourth [70]. By rewriting R0 (Box 8), it’s clear
that there are three effects: a mosquito must live long enough to

Box 7. Ross-Macdonald Style Models

Several models have been published as a Ross-Macdonald
model. In 1982, Aron and May first wrote it in the following
way [91]:

dx

dt
~mabz 1{xð Þ{rx

dz

dt
~ax 1{zð Þ{gz

This model considers infected but not infectious mosqui-
toes, so it ignores the delay for pathogen latency in
mosquitoes. There are several ways to consider the delay
or its effects. Smith and McKenzie wrote down a simple
model with two equations that does incorporate mosquito
mortality during the latent period but that ignores the
delay [93]:

dx

dt
~mabz 1{xð Þ{rx

dz

dt
~acx e{gv{zð Þ{gz

Aron and May also formed a second model, a delay
differential equation that is, perhaps, the best simple
implementation of the Ross-Macdonald model [91]:

dx

dt
~mabz 1{xð Þ{rx

dy

dt
~ax 1{y{zð Þ{axt{v 1{yt{v{zt{vð Þe{gv{gy

dz

dt
~axt{v 1{yt{v{zt{vð Þe{gv{gz

Later, Anderson and May wrote down the following
version of the Ross-Macdonald model [92]:

dx

dt
~mabz 1{xð Þ{rx

dz

dt
~acx 1{zð Þ{gz
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become infected, survive the pathogen latent period, and then
survive long enough to give some number of infectious bites.
Control effect sizes actually scale with the third power of mosquito
longevity (i.e. with Dg2eDgv), so halving longevity would reduce
vectorial capacity to approximately one-eighth of baseline [93].
Increasing mortality and limiting lifespan would also limit the
number of eggs laid and, depending on the form of density de-
pendence in aquatic populations, further reduce vectorial capacity.
The formula also predicts a quadratic effect of mosquito blood
feeding rates and host choice. The effect sizes of mosquito density
(larval control), the duration of latency (temperature), the effi-
ciency of transmission (vaccines), and the duration of an infection
(drugs) are approximately linear. This is not to say that the effect
sizes of control through modes with linear effects are, therefore,
small or more difficult to achieve. Indeed, changes in mosquito
density over space and time are a leading candidate for the
enormous spatio-temporal fluctuations in vectorial capacity, and in
some situations, larval control could be highly cost-effective [95].
These effect sizes can be achieved through multiple independent
modes of control, and measured directly through changes in
vectorial capacity or EIR, or through monitoring infections in host
populations. Combined with the variety of metrics for measuring
transmission, there is a basis for testing the theory.

Discussion

Ross pioneered the early development of a theory for mosquito-
borne disease transmission and for the mathematical study of
infectious diseases. By describing the parasite life cycle and making
simple assumptions about transmission by mosquitoes, Ross was
able to make quantitative predictions about the qualitative behav-
ior of malaria epidemics, in particular, the existence of a critical

mosquito population density required for transmission. When Ross
first wrote down the models, the data did not exist in any form that
would allow him to examine patterns. Instead, the models stimulated
scientific advances by identifying quantities that were worth measuring
and providing a context for interpreting those metrics.

Decades later, following additional contributions by Lotka,
Macdonald, Draper, Davidson, Garrett-Jones, Moskovskij, and
others, the Ross-Macdonald model had grown into a theory. It
was no longer just a mathematical model of transmission—instead,
it was a set of deliberately simplified models, concepts, and
principles that could help to explain some set of inter-related
empirical phenomena linked to mosquito-borne pathogen trans-
mission. The theory included the following: (1) dynamic models of
malaria transmission that had been analyzed extensively; (2)
formulas for R0 and vectorial capacity; (3) a set of metrics for
measuring mosquito-borne pathogen transmission, and well-
defined predictions about their quantitative relations; (4) the
notion of control effect sizes and sensitivity to specific components
of transmission, especially the longevity of adult mosquitoes; (5)
predictions about the responses and response timelines of various
metrics to control; and (6) extensive application of the theory. The
Ross-Macdonald theory of malaria transmission dynamics and
control had left many obvious and important questions unan-
swered, but when the GMEP ended in 1969, it had been applied
far more extensively than those of other areas of infectious disease
epidemiology. Macdonald’s death in 1967, the posthumous pub-
lication of his last paper in 1968, and the end of the GMEP
marked a major break point for mosquito-borne disease modeling.

Seventy years elapsed between Ross’s first trip to Sierra Leone [7]
and the first field trial to deliberately measure vectorial capacity and
test the Ross-Macdonald theory of dynamics and control [86]. In
hindsight, it is possible to identify in the early writings of Ross and
Macdonald most of the basic conceptual elements of the theory that
eventually emerged. Though they may have had a sense of what
their ideas could become, and though they substantially advanced
the theory, their work included false starts and erroneous ideas. Ross
returned from Sierra Leone without knowing how to measure
transmission entomologically and his original reasoning about it was
only partially correct [11]. Macdonald’s model of superinfection
was flawed, and he devoted several pages to the measurement of
malaria transmission at equilibrium using concepts that now seem
misguided, at best [78]. It would be more accurate to say that Ross
and Macdonald were striving for something like the theory that
finally emerged, but it took contributions by others to more fully
develop the key missing elements.

Box 8. Integrated Control

For the purpose of describing control effect sizes of
different interventions alone or in combination, it is more
useful to write R0 in a slightly different, but equivalent way.
Let l denote the number of adult mosquitoes that are
born each day, divided by the population density of
humans. Under the consensus assumptions of the Ross-
Macdonald model,

dm

dt
~l{gm:

so at equilibrium:

m~
l

g
:

An equivalent expression for the basic reproductive
number is then:

R0~lS2P
bc

r
~l

f 2Q2

g2
e{gv

! "
bc

r

! "
:

Each set of terms in the models corresponds to a different
part of the process that is subject to control: larval ecology
and larval control (l), adult blood feeding and survival and

adult vector control
f 2Q2

g2
e{gv

! "
, the duration of infec-

tion and control by treating infections with drugs (1/r),
using vaccines or drug chemoprophylaxis to block
infection (b), and using drugs or vaccines that block
transmission from humans (c).

Table 2. Sensitivity of effect sizes to changes in the
underlying parameters is very different.

% Decrease m,b,c,r21 a = fQ g

v = 10 d v = 15 d v = 20 d

R0(x)

Rc(x)

50% 1.5 2.25 3.1 3.7 4.4

100% 2.0 4.00 7.8 10.9 15.2

150% 2.5 6.25 17.0 28.0 46.2

200% 3.0 9.00 34.1 66.5 129.5

Effect sizes are linearly proportional to mosquito density (m), infectivity (b,c),
and the duration of the infectious period (1/r), quadratically proportional to
human feeding (a), and approximately cubically proportional to mosquito
survival (g) depending on the duration of latency in the mosquito (v).
doi:10.1371/journal.ppat.1002588.t002
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Although Macdonald had utilized the models to guide the
GMEP, his impressive contributions were tainted when the GMEP
failed to reach the stated endpoint of global eradication. This
failure has been discussed at length; contributing factors included
the rigid design of the program with a strong emphasis on im-
plementation that was not matched by adequate investment in
research [96]. While the lack of a robust research program made it
difficult for the GMEP to respond to the challenges that arose,
such as insecticide resistance, the direct cause of the failure of the
GMEP was the collapse in funding. Macdonald’s formula for R0

and sensitivity analysis on mosquito mortality may have provided
an intellectual justification for the DDT-based spraying programs,
but it was Fred Soper who was responsible for emphasizing
programmatic implementation at the expense of research. This
does not fully exonerate Macdonald, because he may have been
Soper’s accomplice; Macdonald sided with Soper during discus-
sions in 1950 about malaria control in Africa [59].

With the basic elements of a theory in place, mathematical
approaches for understanding mosquito-borne pathogen transmis-
sion expanded in scope and evolved. Macdonald struggled with
the question of immunity to malaria, but he never modeled it
himself. A few years after he died, a new malaria model was
developed and integrated into the design of a large-scale control
trial in Garki, Nigeria [97]. The Garki model corrected
Macdonald’s flawed notion of superinfection (see Box 6), and it
implemented both seasonality and immunity. The Garki model
was then validated in Kenya [98], and it has continued to be
highly influential in malaria research and prevention. New
mathematical models were developed that applied the Ross-
Macdonald theory to a range of mosquito-transmitted pathogens,
and that explored specific aspects of transmission dynamics in
depth. The concept of vectorial capacity was general enough to
describe potential transmission of any pathogen by any mosquito,
but modeling the dynamics of diseases as different as malaria,
dengue, filariasis, and zoonotic arboviruses like West Nile virus
presented unique challenges. Questions about measuring trans-
mission, understanding persistence, and establishing response
timelines for the control of dengue and other pathogens require
accounting for a new set of conceptual issues that did not arise for
or from malaria. Differences in dynamics and responses to control
could arise because of disparities in vector behavior, ecology and

competence, differences in the dynamics of infection, disease, and
immunity in vertebrate hosts, or the way the effect sizes of control
might scale with the various kinds of heterogeneity that affect
transmission. An open question is whether vectorial capacity is the
right metric for understanding how to scale vector control or other
forms of control across malaria, dengue, and other diseases when
the reservoir for infection is very small. It is reasonable to wonder
whether mosquitoes or something else may limit potential
transmission.

The recent history of mosquito-borne diseases reflects an
enormous amount of diversity and creativity, including ideas
borrowed from the general theory of mathematical epidemiology.
The recent history of modeling mosquito-transmitted pathogens is
being summarized separately, as a companion to this paper. Even
so, as the development of mosquito-transmitted pathogen models
has accelerated in recent years, the dominant influence of the
Ross-Macdonald model has become increasingly apparent: most
mathematical models of mosquito-transmitted pathogens still
utilize many of the assumptions of the Ross-Macdonald model.
The strength of the Ross-Macdonald theory is that it is
conceptually compelling, despite its simplifying assumptions. The
limitations of acquiring information about transmission to apply
the model in context and questions about its relevance remain as
pertinent as ever. Quantitative tests of the theory continue to
suggest that there are large problems yet to be solved. In
particular, fluctuations in mosquito populations are extremely
difficult to predict over time and space, and important sources of
heterogeneity and the spatial and temporal scales of transmission
remain poorly characterized. Some of these issues have been
explored with models during the last 40 years, but lingering
questions make it seem inevitable that when the theory is described
at the end of the next century, there will be something new to
report.
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Introduction
The term “herd immunity” was introduced a century ago 

and used widely after increasing use of vaccines and vaccination 
protocols in the process of eradication of diseases [1]. The definition 
of herd immunity varies by several authors. Some use it to describe 
the proportion immune among individuals in a population, others 
use it with reference to a particular threshold proportion of immune 
individuals that should lead to a decline in incidence of infection 
and still others use it to refer to a pattern of immunity that should 
protect a population from an invasion of a new infection [2]. A 
common implication of the term is that the risk of infection among 
susceptible individuals in a population is reduced by the presence 
and proximity of immune individuals, this is called the “herd effect” 
or indirect proportion [2]. Individual immunity is a powerful force 
affecting host health and pathogen evaluation. 

The effects of individual immunity also scale up to affect 
pathogen transmission dynamics and the success of vaccination 
campaigns for entire host populations. Population-scale immunity 
is often termed “herd immunity” [3]. Herd immunity should 
be in more than 80% of the population [4]. Apart from innate 
immunity, it may be acquired either naturally or artificially. If herd 
immunity is dependent on natural infection, the large proportion 
of individuals in the population must have been exposed with 
sufficient frequency to an infectious agent to become immune 
[5]. It is important to realize that the herd immunity threshold is 
calculated by mathematical models that can differ for different 
infectious agents and geographical sites [2]. As vaccines must 
overcome the challenges of poor immune responses in hosts and 
antigenic diversity in pathogens, public policy plays a critical role  

 
in achieving the high population vaccination rate to achieve herd 
immunity and freedom of disease [6]. 

However, for well over a decade multiple studies have 
demonstrated concerning patterns of decline of confidence in 
vaccines, manufacturers, the medical professionals who administer 
vaccines and the scientists who study and develop vaccines 
[7]. Areas with low vaccination rates have resulted in localized 
outbreaks of vaccine-preventable diseases, including measles 
and pertussis [8]. For that reason achieving herd immunity in 
new vaccination programs has been difficult and the question if 
reaching herd immunity should be a realistic target is a valid one. 
To answer that question some recent vaccination campaigns are 
reviewed here.

HPV Vaccinations
Modelling studies have been widely used to inform Human 

Papilloma Virus (HPV) vaccination policy decisions. However, many 
models exist and it is not known whether they produce consistent 
predictions of population-level effects and herd effects. Brison et 
al. searched MEDLINE and EMBASE for transmission-dynamic 
modelling studies published between Jan 1, 2009 and April 28, 
2015, that predicted the population-level impact of vaccination on 
HPV 6,11,16 and 18 infections in high -income countries. Strategies 
investigated were girls-only vaccination and girls and boy’s 
vaccination at 12 years. Base-case vaccine characteristics were 
100% efficacy and lifetime protection. They performed sensitivity 
analyses by varying vaccination coverage, vaccine efficacy and 
duration of protection. For all scenarios they pooled model 
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predictions of relative reductions in HPV prevalence (RRprev) over 
time after vaccination and summarized results using the median 
and 10th and 90th percentile (80% uncertainty intervals; UI). 

Sixteen of 19 eligible models from ten high -income countries 
provided predictions. Under base-case assumptions 40% 
vaccination coverage and girl only vaccination, the RRprev of 
HPV 16 among women and men was 0,53 (80%UI;0,48-0,68) and 
0,36 (0,28-0,61), respectively after 70 years, with 80% girls only 
vaccination coverage, the RRprev of HPV 16 among women and 
men was 0,93 (0,90-1,00), respectively. Vaccinating boys in addition 
to girls increased the RRprev of HPV 16 among women and women 
and men by 0,18 (0,13-0,32) and 0,35 (0,27-0,39) for 40% coverage 
and 0,07 (0,00-0,10) and 0,16 (0,0-10,25) for 80% coverage, 
respectively. The RRprev were greater for HPV 6,11 and 18 than for 
HPV 16 for all scenarios investigated. Finally, at 80% coverage most 
models predicted that girls and boy’s vaccination would eliminate 
HPV 6,11,16 and 18 with a median RRprev of 1,00 for women and 
men for all four HPV types. Variability in pooled findings was low 
but increased with lower vaccination coverage and shorter vaccine 
protection (from lifetime to 20 years) [9].

The authors concluded that although HPV models differ in 
structure, data used for calibration and settings, their population-
level predictions were generally concordant and suggest that 
strong herd effects are expected from vaccinating girls only, even 
with coverage as low as 20%. Elimination of HPV 16,18,6, and 11 
is possible if 80% coverage in girls and boys is reached and if high 
vaccine efficacy is maintained over time. HPV vaccination rates are 
increasing as more children are up to date on HPV vaccination in the 
U.S. In 2017 roughly, half (49%) of adolescents were up to date on 
the HPV vaccine and 66% of adolescents ages 13-17 years received 
the first dose to start the vaccine series. On average, the percentage 
of adolescents who started the HPV vaccine series increased by 
5% each year over the past five years (2013-2017) [10]. However, 
other countries as e.g. the Netherlands show a sharp drop in HPV 
vaccination rates.

The Dutch public health institute RIVM has warned that the 
drop of 15% n vaccination of 13 and 14 year old girls over the 
past two years is extremely worrying and could lead to as many 
80 unnecessary additional deaths of cervical cancer each year. The 
percentage of girls taking up the vaccine fell to a new low of just 
45,5% last year compared to the World Health Organization (WHO) 
target of 95%, the level which quarantees “group immunity” from 
the target disease [11]. The strong herd effects of HPV vaccination 
are reflected in a recent Cochrane analysis that included 26 trials 
(n=73.428) [12]. Ten trials with a follow-up of 1,3 to 8 years 
addressed protection against CIN/AIS (cervical intraepithelial 
neoplasia, adenocarcinoma in situ). Vaccine safety was evaluated 
over a period of 6 months to 7 years in 23 studies. Studies were 
not large enough or of sufficient duration to evaluate cervical 
cancer outcomes. All but one of the trials was funded by the vaccine 
manufacturers. Most trials were at low risk of bias. Studies involved 
monovalent (n=1), bivalent (n=18) and quadrivalent vaccines 
(n=7). 

The authors conclude there is a high certainty evidence that HPV 
vaccines protect against cervical precancer in adolescent girls and 
young women aged 15-26. The effect is higher for lesions associated 
with HPV 16,18 than for lesions irrespective of HPV type. The effect 
is greater for those were negative for hrHPV or HPV 16/18 DNA 
at enrolment than those unselected for HPV-DNA status. There is 
moderate certainty evidence that HPV vaccines reduce CIN2+ in 
older women who are HPV 16/18 negative, but not when they are 
unselected by HPV-DNA status. No increased risk of serious adverse 
effects were found. Increased risk of adverse pregnancy outcomes 
after HPV vaccination cannot be excluded, although the risk of 
miscarriages and termination are similar between trial arms [12].

MEN Vaccinations
Recent meningococcal vaccination programs for group C have 

learned lessons while vaccination programs for meningococcal W 
disease have just been started.

MEN-C: Progress n the prevention and control of meningococcal 
disease has included the development and introduction of 
Meningococcal C Conjugate vaccines (MCC). The UK was the first 
country to implement a national MCC program in 1999, followed by 
several other European countries, Australia and Canada, all of which 
have subsequently observed substantial declines in serogroup C 
disease, which is one of 6 serogroups (A,B,C,W-135,X and Y) of the 
13 recognized serogroups causing meningococcal disease [13-15]. 
A large part of the success of the MCC vaccine, in common with 
the glycoconjugate vaccines against Haemophilus influenzae type 
b (Hib) and major types of Streptococcus pneumoniae are strong 
herd effects [16]. The epidemiology varies markedly by region 
[13,14]. The most striking contrast is between the “meningitis belt” 
of sub-Saharan Africa, which is characterized by large, periodic, 
epidemics of meningitis that occurs during the dry season [17]. 
In major African epidemics, incidence ranges from 100 to 800 per 
100.000 per population, but attack rate may be much higher [17]. 
In Europe, the Americas and other developed countries disease 
incidence is typically in the range of 1 and 10 per 100.000 [18]. 

A number of observations were made with respect to herd 
immunity and herd effects during MCC introductions. In the 
Netherlands, a single dose of MCC vaccine at 14 months of age 
was implemented in the routine program with a one-off-catch-
up campaign, a decision largely influenced by cost-effectiveness 
studies [19]. Despite the lack of direct protection in infants, the 
number of cases in children under 14 months old fell from 20 in 
2001 to just 1 in 2004 and the number of cases in adults too old to 
be targeted also declined [20]. These reductions were most likely 
due to decreased population transmission following widespread 
MCC vaccination. The magnitude and duration of these herd effects 
was largely unexpected (>15 years). In the UK targeting teenagers 
was crucial in maximizing these indirect effects and to maintain 
these effects n the longer term [21]. Mathematical models predict 
these herd effects will persist for several more years, but they do not 
take in account possible introductions of novel more transmissible 
serogroup C strains from other countries [21].
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MEN- W: In February 2015 Public Health England presented 
data to the Joint Committee on Vaccination and Immunisation 
(JCVI) on a continuing increase in MEN-W disease in England and 
Wales since 2009, with the most recent cases in an accelerated 
manner. JCVI agreed and advised there should be a programme to 
vaccinate all adolescents 14-18 years. Vaccination of this cohort is 
expected to protect young people and to provide herd protection 
for the wider population [22]. By genome library the rise has been 
identified due to a particular virulent ST-11 strain. This strain is 
causing severe disease in healthy teenagers and young adults. 
The strain is more deadly with a higher than usual death rate of 
13%. These cases have often different symptoms compared to 
other kinds of meningococcal diseases. All UK 14-18 years are to 
be offered MEN- ACWY vaccine by late summer 2017 to prevent 
further increase in disease among the wider population. 

From September 2015 MEN-ACWY vaccine has replaced the 
MEN-C booster for 14 years old in the UK. Babies in the UK will not 
be immunized with ACWY, but the MEN-B vaccine, Bexsero, would 
provide protection against this ST-11 strain [23]. Previous genomic 
analyses have shown that the ST 11 strain emerged in Brazil in 
2003 and then spread to Argentine and Chile. The strain emerged in 
the UK in 2009 and a further descent of this strain expanded in the 
UK since 2013. This strain emerged in the Netherlands in 2012 and 
2013. Since 2015 the ST 11 strain is also noted in Denmark, France, 
Spain and Sweden, but at a much lower incidence than in the UK 
and the Netherlands [24-28]. The annual incidence rate of group W 
invasive meningococcal disease in the Netherlands increased from 
<0,05/100.000 (n<10) before 2015 to 0,5/100.000 (n=80) in 2017. 
Most isolates (94%) belong to clonal complex 11. The incidence 
rate is highest among <5 years old and 15-24 years old. The case 
fatality rate was 12% (17/138) in 2015-2017. From May 2018, 
MEN-ACWY vaccination replaces MEN-C vaccination at 14 months 
and from October 2018 it is planned to offer 13-14 years old MEN- 
ACWY vaccination. 

Teens are now lured to vaccination with a modern real-life 
victim video campaign as the last HPV vaccination campaign 
showed historical low coverage of nearly 46%, as mentioned before 
[11]. This year 130.000 kids are invited and next year 860.000. 
This is due to limited availability of the vaccine at GSK (Glaxo 
Smith Kline) and cost-effectiveness reasons [29]. Besides the usual 
conspiracy theories on social media, new fuss arose when GSK, 
ironically based on data provided by RIVM, said that the vaccine 
was ordered too late, despite “GSK advice” Parents of children, who 
died of meningitis W accuse Dutch government of negligence now 
[30,31]. Anyway, it is clear that a vaccine coverage of 80% will not 
be reached. Both the UK and Dutch RIVM rely on the strong herd 
effects of the MCC vaccine program in the past, hoping these will be 
present with ACWY vaccination too.

Ebola Vaccinations
To illustrate the problems of achieving herd immunity 

Masterson et al. showed this is not a realistic target for current 
vaccination strategies, using Ebola outbreaks as an example [32]. 
They analysed the requirements for a prophylactic program based 

on the basic reproductive number R0. i.e., the number of secondary 
cases that result from an individual infection. Published R0 values 
were determined by systemic literature research and ranged from 
0,37 to 20. R0’s>4 realistically reflected the critical early outbreak 
phases and superspreading events. Based on the R0’s the herd 
immunity threshold (Ic) was calculated using the equation Ic=1-(1/
R0). The critical Vaccination Coverage (Vc) needed to provide herd 
immunity was determined by including the vaccine Effectiveness 
(E) using the equation Vc=Ic/E. At a R0 of 4, the Ic is 75% and at 
an E of 99%, more than 80% has to be vaccinated to establish herd 
immunity.

Such vaccination rates are currently unrealistic because of 
societal resistance against vaccinations, financial and logistic 
hurdles and a lack of vaccines that provide long-term protection 
against all human-pathogenic Ebola viruses. Hence, outbreak 
management will for the foreseeable future depend on surveillance 
and case isolation. Clinical vaccine candidates are available for 
Ebola viruses. Their use will be focused on health-care workers, 
potentially in combination with ring vaccination approaches. 
The findings of Masterson et al support the conclusions of the 
WHO Strategic Advisory Group of Experts (SAGE) meeting n April 
2017 [33]. In case of future and recent outbreaks as in DR Congo 
now, SAGE recommends the use of rVSV-ZEBOV ring vaccination 
strategies [33,34].

Conclusion
It is obvious that herd immunity as achieved in former measles 

and rubella vaccination campaigns (95% coverage) will not be 
achieved anymore. The MEN-C vaccination campaign showed that 
present programs must rely on strong herd effects. The magnitude 
and duration of these herd effects are unpredictable for future 
vaccination programs. The last HPV campaign showed a historical 
low vaccination coverage of nearly 46% in the Netherlands, but 
transmission and carriage figures show herd immunity may be 
sufficient. Conspiracy theories are fed by anti- vaxxers with no 
accountable leaders, mostly citing a retracted autism study blaming 
vaccines. However, in the Netherlands, the “Osterhaus Affair” has 
not raised confidence in vaccination programs, either. In 2009, this 
Dutch virologist, advised WHO about the handling of an A1H1N! 
pandemic (Swine Flu, Mexican Flu) that never occurred [35,36]. 
Twenty of 40 million vaccines doses bought, the Dutch had to throw 
away.

The different vaccination program approaches of the severe 
invasive MEN-W serogroup raises new confidence questions, as in 
the UK all 14- 18 years old are vaccinated while in the Netherlands 
only 13-14 years old are vaccinated in two tranches for logistical and 
cost-effectiveness reasons. Waiting for action by “an acceleration 
of infection numbers” model in the decision making process has 
received a lot of criticism in mainstream media as acceleration 
has been observed in the UK already. An Ebola vaccination 
model applied in DR Congo now shows the limitations of present 
vaccination programs, Herd immunity is no longer quaranteed 
with vaccination coverage percentages below 80%. This should 
be communicated with the public explaining, that herd immunity 
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is not a realistic target anymore and relies on unpredictable herd 
effects varying with different vaccination coverage percentages.
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