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ABSTRACT We used computer simulation to determine variation in gene, heterozygous and 
homozygous frequencies induced by 4 different approaches to thalassaemia. These were: supportive 
therapy only; treat homozygous patients with a hypothetical modality phenotypically only; abort all 
homozygous fetuses; and prevent marriage between gene carriers. Gene frequency becomes constant 
with the second or the fourth strategy, and falls over time with the first or the third strategy. Heterozygous 
frequency varies in parallel with gene frequency. Using the first strategy, homozygous frequency falls 
over time; with the second strategy it becomes constant; and with the third and fourth strategies it falls 
to zero after the first generation. No matter which strategy is used, the population gene frequency, in the 
worst case, will remain constant over time. 

Simulation de Monte Carlo pour l’effet sur la fréquence génique des différentes approches face 
à la thalassémie 
RÉSUMÉ Nous avons recouru à la simulation par ordinateur pour déterminer la variation du gène, les 
fréquences homozygotes et hétérozygotes induites par 4 approches différentes face à la thalassémie,  
à savoir : traitement de soutien seulement ; traitement des patients homozygotes sur le mode hypothé-
tique au niveau phénotypique seulement ; avortement de tous les fœtus homozygotes ; et prévention 
du mariage entre les porteurs du gène. La fréquence génique devient constante avec la deuxième ou la 
quatrième stratégie, et diminue dans le temps avec la première ou la troisième stratégie. La fréquence 
hétérozygote varie parallèlement à la fréquence génique. En utilisant la première stratégie, la fréquence 
homozygote diminue dans le temps ; avec la deuxième stratégie, elle devient constante et avec les 
troisième et quatrième stratégies, elle tombe à zéro après la première génération. Indépendamment 
de la stratégie utilisée, la fréquence génique dans la population restera constante avec le temps, dans 
le pire des cas. 
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Introduction

Thalassaemia is a dreadful inherited dis-
ease affecting tens of thousands of people 
worldwide. It is the commonest single-
gene, autosomal, hereditary disease [1]. 
Thalassaemia is more prevalent among 
people of the Mediterranean area, parts of 
North and West Africa, the Middle East, the 
Indian subcontinent, southern Far East and 
south-eastern Asia, the so-called “thalassae-
mia belt”. The thalassaemia gene frequency 
is higher in some regions; it is around 10% 
in Sicily, 5%–15% in Greece and 4%–10% 
in the Islamic Republic of Iran [1,2]. This 
haemoglobinopathy, even though it confers 
some protection against fatal falciparum 
malaria, has now become a socioeconomic 
burden for many countries [2,3].

With the exception of the extremely 
rare mutations, only those individuals 
born to 2 gene carriers (heterozygotes or 
homozygotes) may develop thalassaemia 
major. So far, several strategies have been 
proposed to deal with the burden this 
disease places on the community. However, 
only a few approaches are applicable and 
currently in use. These include treatment 
of affected children by bone marrow 
transplantation, prenatal diagnosis of 
the disease and termination of affected 
pregnancies, and eliminating the chance 
of a child with thalassaemia major being 
born at all, i.e. to prevent marriage between 
2 gene carriers. Employing this last strategy 
has been approved for several years in the 
Islamic Republic of Iran. 

Some health care professionals, however, 
worry that this approach might result in 
accumulation of the disease gene, which 
is normally removed from the population 
through the death of homozygous patients. 
Therefore, they believe that if we prevent 
the marriage of 2 gene carriers, frequencies 
of the thalassaemia gene and individuals 

heterozygous for the gene might increase 
over time, and ultimately rise to a level 
where most people are gene carriers. They 
believe that unless gene therapy is available 
for treatment of thalassaemia in the near 
future, preventing the marriage of 2 gene 
carriers is, in fact, merely postponing our 
current problem to the future, and might 
even worsen the situation in the long term.

This study was conducted to determine 
the effect of 4 different approaches 
to thalassaemia on the disease gene 
frequency.

Methods

Computer simulation has helped science 
in general, and medicine in particular, 
in numerous ways. In this study, using 
a computer simulation, we investigated 
the effect on the population disease 
gene frequency and the frequencies of 
heterozygous and homozygous individuals 
in 4 different hypothetical approaches to 
thalassaemia. The 4 strategies were:
• to do nothing for thalassaemia patients 

but supportive therapy (e.g. regular 
blood transfusion and iron chelation 
therapy); 

• to treat all homozygous patients using a 
hypothetical therapeutic modality that 
treats patients only phenotypically but 
not genetically (although people receiv-
ing this treatment would need no special 
medical care related to thalassaemia 
during their lifetimes, they still carry 
the disease gene and will pass it to their 
offspring); 

• to carry out prenatal diagnosis of the 
disease and to abort all homozygotes; 

• to prevent marriage between 2 gene car-
riers.
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Simulation algorithm
 To run a simulation, it is important to 
develop a computer model based on 
a real life problem.  Different simulation 
techniques are available. Monte Carlo 
simulation is a type of stochastic simulation 
that incorporates random variability into 
the model. Monte Carlo simulation differs 
from traditional simulation in that the 
model parameters are treated as stochastic 
or random variables, rather than as fixed 
values. Monte Carlo simulation repeatedly 
simulates the model, each time drawing 
a different random set of input values to 
determine the resultant set of possible 
outcomes [4].

A computer simulation program was 
developed based on the Monte Carlo method. 
The pseudocode of the program is shown in 
Table 1. In this simulation, the elements of 
a 1 000 000-element 1-dimensional array of 
integer numbers were corresponded to each 
person of a 1 000 000-person population 
(500 000 males and 500 000 females). The 
number assigned to each array element 

reflected the genotype of the corresponding 
person (0 = normal, 1 = heterozygote, 
2 = homozygote). Assuming a binomial 
distribution, with a disease gene frequency 
(fgene) of p, the frequencies of homozygous 
(fhomo), and heterozygous (fhetero) individuals 
in the population were calculated to be p2 
and 2 × p × (1–p) respectively. Therefore, 
with an fgene of 5% (the β-thalassaemia fgene 
in Fars province, southern Iran [2]) the 
fhetero, and fhomo were calculated as 9.5%, 
and 0.25%, respectively. Based on these 
frequencies, the numbers of heterozygous 
and homozygous persons in our 1 000 000-
individual imaginary population were 
95 000 and 2500, respectively. Using these 
frequencies, in the first step of the simulation 
the parent population was categorized into 
heterozygous, homozygous and normal 
individuals (initialization step) (Figure 1).

Normally, many of those homozygous 
for thalassaemia would die of the disease 
complications before having offspring, 
however, a proportion of them, say m (fer-
tility scalar), who had either a mild form of 

Figure 1 Pseudo-code of the simulation program

Initialize parent population

loop for each generation from 0 to 20

 if (prevent marriage of gene carriers)

                   Shuffle parent population so that carriers only occupy even 
                      positions of the array; place normal individuals elsewhere

 else

                  Shuffle parent population array

 endif

                   After random mating of parents (Mendelian inheritance), 
                     generate the offspring population

                  Calculate the gene frequency and the percentage of 
                     heterozygotes or homozygous individuals in offspring’s 
                     population (to be the next parent population)
       Reinitialize the new parent population

  Record the calculated frequencies

endloop
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the disease (thalassaemia intermedia) or 
who had received better care, would live 
long enough to pass their genes on. With 
an fhomo of p2 at birth, the frequency of those 
homozygous for thalassaemia who could 
have offspring was therefore mp2. This fer-
tility scalar was considered in our simula-
tion program.

In step 2, to produce the same chance 
for each individual to marry another, using 
a pseudo-random generator algorithm 
[5], the parent population array elements 
were shuffled at random. In this parent 
population, those corresponding to even 
positions of the array (0, 2, 4, etc.) mated 
with those corresponding to their next 
element (positions 1, 3, 5, etc.) in the array 
to produce 5 children. In determining the 
genotypes of their children, Mendelian 
inheritance was assumed. Based on the 
genotypes of the offspring, fgene, fhetero, 
and fhomo were calculated. Based on these 
newly derived frequencies, our 1 000 000-
individual hypothetical parent population 
was reinitialized. The process was repeated 
for 20 generations and fgene, fhetero, and fhomo 
of the offspring population were recorded 
for each generation (Figure 1).

If the second approach, i.e. treating all 
homozygous patients phenotypically only 
with an imaginary therapeutic modality, the 
fertility scalar m was set to 1. This meant 
that all homozygous people survived to pass 
their genes to their offspring.

If the third approach was employed, 
when a homozygous child was generated, 
the program ignored it (prenatal diagnosis 
and abortion) and continued to generate 
another child until the number of non-
homozygous children was 5.

If marriage of 2 gene carriers was 
forbidden, the parent population was 
initialized in such a way that after shuffling 
of the population, gene carriers could only 
occupy the parent population array elements 

with even positions (0, 2, 4, etc.); normal 
individuals could occupy other positions 
(odd and empty even positions). As before, 
those corresponding to even number 
positions of the array mated with those 
corresponding to their next odd number 
positions. In this way, gene carriers were 
forced to mate with normal individuals.

To eliminate the chaotic effects caused 
by inherent randomness of the Monte 
Carlo method [4], the arithmetic mean of 
the results obtained from execution of the 
program 100 times for each strategy was 
taken as the final, refined result. 

To determine the effect of mean number 
of children for each couple (i.e. population 
growth rate), the processes were repeated 
for 3 children. The results were compared 
with those obtained for 5 children.

Results

If we do nothing for either thalassaemia 
prevention or treatment, fgene, fhetero and fhomo 
fall over time (Figure 2). 

On the other hand, if all homozygous 
patients are treated phenotypically, not 
genetically, fgene will be 5%, fhetero 9.5% 
and fhomo 0.25%. These frequencies remain 
constant over time (Figure 2). 

If prenatal diagnosis of thalassaemia 
plus abortion for all homozygous children 
is carried out, fgene and fhetero decrease with 
time (Figures 2A and B). 

When marriage between 2 gene carriers 
is prevented, fgene, after a drop to 4.79%, and 
fhetero, after a rise to 9.58%, remain constant 
after the first generation (Figures 2A and 
B). 

No homozygous individual is born if 
either of the 2 latter approaches is employed 
(Figure 2C). 

Mean number of children (population 
growth rate) had no effect on the results.
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Discussion

The method used to approach thalassaemia 
influences fgene, fhetero, and fhomo substantially. 
Considering our findings, it seems that 
under none of the studied conditions would 

fgene rise, and in the worse case it would re-
main constant over generations.

Although fgene, fhetero, and fhomo decline 
with time, when we do nothing in the 
way of either prevention or treatment of 

A

B
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thalassaemia, the process is very slow 
and takes place over centuries. About 
15% of homozygous patients develop 
thalassaemia intermedia (m = 0.15) [6]. 
Although they may experience conditions 
such as extramedullary haematopoiesis 
which need special medical attention, these 
non-transfusion-dependant patients, in 
general, have normal life expectancy, marry 
and have children. The remaining 85% 
of homozygotes, however, usually do not 
become sexually active and die of the disease 
complications (e.g. haemochromatosis) 
in their second or third decades of life 
[6]. Although better care of homozygous 
patients (e.g. better blood transfusion and 
iron chelation therapy protocols) increases 
their life expectancy, the outcome for 
patients is still grave, particularly in 
developing countries, where the disease is 

prevalent and resources are scarce. This is 
why in our simulation we assumed that only 
15% (i.e. m = 0.15) of homozygotes would 
have the chance of producing children if no 
treatment was instituted.

If we treat all homozygous patients 
phenotypically, fgene, fhetero, and fhomo become 
steady and do not change over time. This 
steady state is, in fact, the well-known 
Hardy–Weinberg equilibrium state [7].

Control of β-thalassaemia by carrier 
screening, genetic counselling and prenatal 
diagnosis has been successful in many 
countries [8–13]. Obviously, no one 
homozygous for the disease will be born 
after institution of prenatal diagnosis and 
termination of all affected pregnancies.

Although no homozygous individual 
is born if marriage of 2 gene carriers is 
prevented, fgene (after a slight drop) and fhetero 

C

Figure 2 Variation of A gene, B heterozygote and C homozygote frequencies with time 
(generation) in four different hypothetical approaches to thalassaemia patients (mean values 
from 100 executions of the simulation program)
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(after a slight rise) become constant from the 
first generation offspring onward. The slight 
drop in fgene is due to the fact that treatment 
is started from the first generation onward; 
about 85% of the homozygous offspring 
of the parent population die of the disease 
complications and do not pass the disease 
gene to their (2nd generation) offspring. 
These genes are, in effect, removed from 
the population. For the same reason, a slight 
rise in fhetero is observed. The remaining 15% 
of the homozygotes who marry (because 
of the restriction on marriage of 2 gene 
carriers) had to marry a normal individual. 
This would eventually result in the birth of 
heterozygous offspring. This mechanism at 
first produces a slight increase in fhetero, but 
with the absence of homozygote individuals 
after the first generation, fhetero becomes 
constant thereafter.

In reality, thalassaemia, with more than 
150 different mutations, is too complex to 
be simulated accurately, and the relatively 
unsophisticated model presented in this 
study suffers from several limitations. The 
first approach that we explored, doing 
nothing, i.e. “no treatment, no prevention”, 
is certainly not a practical method to be 
discussed for management of thalassaemia. 
It is, nevertheless, a situation occurring 
in certain areas of the world which, it is 
to be hoped, will disappear in the near 
future. Treatment of all homozygotes 
phenotypically is still not available. Bone 
marrow transplantation, though promising, 
is associated with several complications 
such as infertility, graft rejection, graft 
versus host disease and even death in a 
noticeable proportion of patients. Besides, 
transplantation for all patients affected 
with thalassaemia major is obviously an 
impossible target. Abortion of all affected 
fetuses is also not practical.

In this study, the fertility scalar m was 
only applied to homozygotes. However, it is 
unlikely that heterozygotes or even normal 
individuals have m = 1. The simulation also 
did not take into consideration the fact that 
members of defined ethnic or racial groups 
are more likely to marry within the group 
than outside it, and therefore it could only 
be applied to a small, genetically homog-
enous population.

The simulation model presented only 
tests 4 hypothetical situations. In real life, 
however, we face a very complex situation 
that has resulted from a combination of all 
the different approaches to thalassaemia. 
One way to understand the real situation 
would be to explore it at its extremes, 
i.e. to analyse the situation when only 1 
approach is used. This over-simplification 
in fact delineates the borders outlining the 
true situation and thus, will help in better 
understanding of the current situation, in 
improving short- and long-term planning 
and in more efficient utilization of our 
health care resources. 

As an example, if we try to perform 
bone marrow transplantation (to treat 
phenotypically) for some homozygotes 
and do prenatal diagnosis and abortion 
of affected fetuses for some pregnancies, 
we expect the resultant fgene curve would 
lie somewhere between the curves 
corresponding to the 2 methods used.

Since we did not use anything specific 
to the thalassaemia gene, the inferences of 
this simulation may apply to many other 
similar hereditary diseases. No matter 
which of the 4 strategies is used, with the 
assumptions made, the population disease 
gene frequency, in the worst case, will 
remain constant over time.
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