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Abstract 

Abrupt changes in environmental conditions-broadly 
understood to include demographic and social 
dynamics- can seriously impact the local or global 
dynamics of a population. These changes may occur 
over relatively short evolutionary time scales. In this 
note, we illustrate the potential impact of such shifts 
on the evolution of virulence in tuberculosis. 

Key words: population dynamics, epidemic models, 
tuberculosis, disease evolution, Industrial Revolution 

1 Introduction 

Dramatic shifts in population structure and radical 
changes in living conditions took place after the In
dustrial Revolution. Massive migration to cities, the 
growth, birth and development of urban centers pro
duced irreversible changes in the social landscape. 
This rapid process of urbanization increased oppor
tunities for disease spread and evolution. Tubercu
losis (TB), a communicable disease that thrives in 
urban settings, was no exception. Data indirectly 
support our hypothesis that rapid changes in the av
erage standard of living drastically reduced the risk 
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of TB progression and, in the process, impacted its 
long-term transmission dynamics. In this note, we 
quantify the importance of this window in time on 
the evolution of TB virulence. 

Most infected individuals with Mycobacterium tu
berculosis do not become infectious during their life
span. Progression rates to active-TB (the infectious 
disease stage) are not uniform and show a strong cor
relation with the average community standard of liv
ing (Bloch et al. 1989, Felton and Ford 1993, Mang
tani et al. 1995, Hawker et al. 1999). Prior and 
throughout the nineteenth century, tuberculosis was 
one of the main causes of mortality. In fact, during 
this period of time, tuberculosis was responsible for 
about a quarter of all reported deaths. Yet, progres
sion from TB-infection (latent stage) to active-TB 
was unlikely. 

TB death-rates data show a steep and sustained 
decline that began at least a century prior to the 
effective introduction of antibiotics in 1950. The 
causes behind this abrupt and well-documented de
cline are still a matter of controversy. This reduc
tion in TB-virulence is supported (according to some) 
from the 'observed' reduction on the average infection 
transmission per case. Others have claimed that re-



The model duced virulence is mostly the result of a reduction on 2 
the risk of progression to active-TB (McKewon and 
Record 1962). For recent reviews see Daniel (1997) TB is an airborne disease with a latent (non

infectious) period of months or decades. Most in
fected individuals never develop active-TB. Those 
who develop active-TB, generally do it during the 
first years following infection. Active-TB typically 
surfaces within ten years after infection (Styblo 
1991). Infected individuals, pagt this high risk pe
riod, may still develop active-TB but if they do then 
it is likely to be caused by endogenous re-activation 
or re-infection. 

and Barnes (1995). 

Reduction in the likelihood of TB-transmission has 
been achieved through the successful implementation 
of public health measures-including the practice of 
isolating active cases and the widespread availability 
of effective treatment in the past fifty years. However, 
these measures can hardly account for the timing 
and magnitude of the observed reductions. Most sec
ondary infections produced by a source case typically 
take place before diagnosis, that is, within the first 
months of infectiousness (Daniel 1997). Forces that 
support an increase in the likelihood of TB transmis
sion have actually grown with urbanization. Contact 
rates, a function of population density, are higher in 
urban settings. Hence, increase contact rates enhance 
the likelihood of TB-transmission (the 1919 influenl'la 
pandemic provides an excellent example of the role of 
contact rates). Yet, the number of active-TB cases, 
has gone down. Hence, the dramatic changes on TB 
incidence (and prevalence) is likely to be the result of 
sudden reductions on average progression rates (are
duction in virulence). Progression rates have slowed 
down to the point that strong density-dependent in
creases on contact rates, in urban environments, have 
not been able to reverse this downward trend. Such 
reduction in progression rates must be the result of a 
combination of factors including: better average nu
trition; better health practices; host evolution (Stead 
and Bates 1996) and, in general, a substantially im
proved average standard of living. 

We introduce a model with density and time
dependent parameters that highlight the impact of 
abrupt reductions in the risk of developing active-TB, 
over the past two centuries, on TB dynamics. The pe
riod of time of this dramatic reduction in risk must 
match the period of time when dramatic changes in 
life-expectancy at birth occurred if our model is to fit 
historical incidence of active-TB data. Hence, both 
major shifts (standard of living and TB progression) 
had to take place during the century that followed 
the start of the Industrial Revolution. 
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A simple SEIR-model is used to match observed 
TB-dynamics with the support of epidemiological 
and demographical data from the USA. Individuals 
are born into the susceptible class S at the rate b and 
die at the rate p,. Birth and death rates are estimated 
from census data (U. S. Bureau of the Census 1996). 
Density-dependent birth and time-dependent mortal
ity rates are used even though time-dependent birth 
and death rates suffice. The mortality rate is assumed 
to be inversely related to life-expectancy at birth, 
an assumption that overestimates observed mortal
ity rates. We keep it because it captures the main 
aspects of the time-evolution of the overall death rate. 

The following parametric model 

- __ (~7i~o _-....:.TL.:f )~...,........,. 
r=r1+ 

1 + exp[(t- t1(2)/ .!l] 
(1) 

for the time evolution of the average life-expe<..tancy 
at birth is used to fit the data. The parameters r0 and 
Tf model asymptotic values; t1; 2 denotes the time at 
which life-expectancy at birth reaches its half value, 
T = (TJ + To)/2; and, .!l is a shape parameter-the 
width of the sigmoid shape function. Parameter es
timates are obtained form best fit to historical data 
("C. S. Bureau of the Census 1975; see Fig. 1a}. The 
time-evolution of the census data for the USA popu
lation (N) is fitted using a logistic gwwth model (see 
Fig. 2b). Estimates of the intrinsic growth rate (a) 
and the carrying capacity (K) are obtained from the 
best fit to this logistic model. 

Each infectious individual (J population) during 
his/her infectious period can produce a maximum of 
Q0 secondary infections. The actual number, in a 



homogeneous mixing model, must be reduced by the 3 
factor S / N, the susceptible proportion. 

Results, discussion and con
clusions 

Infection with Mycobacterium tuberculosis is likely 
to be for life for most individuals. Individuals who do 
not develop active-TB, within the first years follow
ing infection are at a low risk of developing the dis
ease (exceptions would include HIV or other immune
compromised individuals). Re-infections may trigger 
TB-activation and recovered individuals may still de
velop active-TB again (TB-relapse). We assume that 
all progressions to ac.:tive-TB occurs within the first 
years after infection, that is, we disregard re-infection 
and TB relapse as their incorporation, unnecessarily 
complicates our message. This is justified since their 
explicit incorporation does not seem to change the 
nature of the results (work in progress). 

TB transmission dynamics are modeled as follows: 
infe<.:ted individuals spend 1/a time (around 10 years) 
in the latent class (E); progression to active-TB is 
modeled via a time-dependent rate k(t); the fraction 
of infected people who develop active-TB is given by 
f = k/(k +a +f.'); latent individuals who escape 
progression to active-TB become recovered-immune 
individuals at the rate a. A deterministic representa
tion of this model is given by the following system of 
differential equations (see also Aparicio et al. 2000): 

A useful measure of the risk of progression to active
TB is given by the fraction f = k/(k +a+ f.'). This 
fraction is used to estimate the proportion of infected 
people who develop at."tive-TB during their life-spans. 
Current estimates of this fraction are between 0.05 
and 0.1 in developed countries (see Barnes 1995, and 
references therein). It is only naturally to assume 
that f had a higher value in the past. This last 
assumption is enough to reproduce the patterns of 
(high) incidence of active-TB over the past 150 years! 

Malnutrition (Chan et al. 1996, Raloff 1996) and 
other factors that weaken the body immune's re
sponse are known to increase the risk of developing 
active-TB. Hence, it is not a stretch to assume that 
increases in the average standard of living actually 
streghthens the average population immune-response 
to diseases like TB. The time evolution of average 
life-expectancy at birth can be a natural surrogate 
measure for the time evolution of the average stan
dard of living of a population. 

Data show that life-expectancy at birth varied 
abruptly during a one-hundred year time window (see 
Figure 1a). Hence, the time-evolution off is fitted 
to the same family of parametric models (1}, that is, 

(2) to 

dl 
- = kE- 'Yl, 
dt 

dR 
- = r I + aE- f.'R. 
dt 

f(t) = 11 + 1 + exp[(t- t 1f 2 )/ ~] • (6) 

(3) The parameter values of t1; 2 and ~. which deter
mine when and how abrupt this transition was, are 
those values obtained from the best fit of (1} to life
expectancy data. Therefore, Model (6) has only two 

(4) free parameters: the asymptotic values fi and IJ. 
The maximum number of secondary infections pro-

duced per infectious individual, Qo, has been growing 
(5) with time because urban growth. Our simulations as

sume constant values for Q0 • The use of a wide range 
of values that cover a multitude of possible conserva
tive scenarios mitigate the effect of this assumption. 

Disease-induced mortality has been distributed 
among all classes since mortality data includes death 
by TB. The recovery rate from the infectious class is 
given by r and 'Y = r + I'· If the parameters were 
time-independent then one could define the basic re
productive number for model (2-5) as 'Ro = Qof. 

Each value of Q0 generates a pair of asymptotic 
values for fi and ft, that correspond to the best fit 
to the data. Figure 2 shows TB-model solutions when 
Q0 = 8, a low value and, Q0 = 20, a high value. The 
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corresponding fi values are 0.27 and 0.18 while those 
for fJ are 0.1 and 0.045. These sets of values are 
within a reasonable range of the expected values of 
the fraction f before the twentieth century and today, 
respedively. 

The numbers 'Ro; = Qoh and RoJ = QofJ pro
vide estimates of potential pathogen reproduction 
before the Industrial Revolution and today, respec
tively. The sets of values for Qo, f; and fJ give rise 
to values for 'Ro; between around 2 and 3.5 and, for 
no, between 0.8 and 0.9. 

The period in which f(t) experienced a sharp tran
sition occurred right after the Industrial Revolution. 
The variation in /(t) values has slowed down consid
erably since then. Today values obtained for the ba
sic reproductive numbers (Q01J) are all less than, but 
close to, one in all simulated scenarios. That is, our 
model predicts a slow decline as well as the ultimate 
extindion of TB. Clearly, different asymptotic values 
for f may be obtained from more detailed models. 
Population structure and other factors may indeed 
give rise to values of 'Ro > 1. Our simple model 
cannot differentiate confidently between survival or 
ultimate extinction. Furthermore, in general Ro < 1 
does not always imply extinction. The addition of ex
ogeneous re-infection illustrates this possibility in the 
case of TB. Hence, exogeneous re-infection highlights 
the criticality of 'initial' conditions and hence, the 
potential fundamental role of immigration on disease 
persistence and re-emergence (Feng et al. 2000). 

Present values for the risk f also vary across com
munities. Slowly growing incidence of a<.:tive-TB has 
been observed in other regions of the world (East
ern Europe and Southern Asia, for example). These 
trends could be the result of parameter stabilization 
at values for which Ro > 1. 

Tuberculosis is not the only disease whose dynam
ics have been affected by improving standards of 
living. The transmission dynamics of diseases like 
cholera and influenza, to name a few, have also been 
strongly influenced by sociological changes that in
clude but are not limited to improved sanitary con
ditions, development of vaccines, generalized used 
and availability of antibiotics, and the massive use 
of ground and air-transportation. 

Abrupt sociological changes that impact the social 
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Figure 1: a) Observed average life expectancy at 
birth ( •) and its best fit (continuous line) using Ex
pression (1}. Fitted parameter values are t 1; 2 = 
1921.3yr, a = 18.445yr, T; = 38.5yr and TJ = 
73.5yr. b) Observed population growth (•) con
trasted with population growth obtained with model 
(2-5} driven by mortality rate J.£(t) = 1/r(t) and birth 
rate b = aN (I-N/ K) + p,N. Fitted parameter values 
are a= 0.0293528yr-1 and K = 345 x 106 
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Figure 2: Observed (o), estimated (•), and model so
lutions (continuous line) for the incidence of active
TB (rate per 100,000 population). The observed ra
tio, incidence of active-TB to mortality rates, be
fore availability of effedive treatment (1930-1940) i1:1 
around 1.5. Prior values for the incidence of active
TB rate are estimated to be 50% higher than the 
corresponding TB mortality rates (Bureau of the 
Census 1975). Parameter values are: r = 0.5yr-1 , 

o: = O.lyr-1 , k(t) = <~-:!)', with ~ and t 1; 2 as in 
Fig. lb. Here we present two scenarios, Qo = 8 for 
which h = 0.27 and fJ = 0.1, and Qo = 20 for which 
fi = 0.18 and fJ = 0.045. 
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landscape and its associated social dynamics may im
pact disease evolution. We have argued that data 
supports this view in the case of tuberculosis- a 
slowly progressing disease. 

Trends observed during such exceptional and short 
periods (in an evolutionary time-scale) cannot be ex
pa:ted to continue forever. It would be not ~:~urprising 
to see downward trends stabili:t.ed at levels not pre
dicted by models-like ours-that assume downward 
monotone trends to asymptotic values. Re-emergence 
of diseases like tuberculosis may just correspond to 
those epidemic patterns that are observed after the 
impact of a deep historical transition period. 

Our conclusions do not depend on the scale used 
(the USA population). We have repeated the anal
ysis using data from the State of Massachusetts and 
the City of Boston. We suspect that TB evolution 
in Africa would not match our temporal window be
cause the growth and birth of urban centers took 
place more recently. 
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