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Abstract: We investigated the impact of three marriageable actions: normal-to-carrier, carrier-to-
normal, and carrier-to-carrier marriages on thalassemia and carrier populations. The well-known
strategy is limiting the carrier-to-carrier marriage to reduce the thalassemia population. Thus, the
other two marriageable actions were often ignored. Other than a simple explanation of their genetic
consequences, their important aspect in the thalassemia inheritance mechanism has never been
studied at the population level. Moreover, there is no mathematical model investigating problem
of interest for blood disorders at the population level. Hence, we developed a mathematical model
to examine the possibility of eradication/reduction of thalassemia and carrier populations through
each of the three marriageable actions in the long-term. We conducted computer simulations with
the demographic data of the United Arab Emirates in which high thalassemia carrier prevalence
is identified. We found that promoting more carrier-to-normal marriage will eventually have the
same effects on marriage reconsideration for carrier-carrier couples, contributing to the reduction
of the carrier population in the long-term. Interestingly, the normal-to-carrier marriage does not
necessarily have a similar effect on thalassemia and carrier populations as that of the carrier-to-normal
marriage. Thus, the two marriageable actions should be distinguished and also seriously considered
in education and public awareness campaigns for thalassemia.

Keywords: thalassemia; three marriageable actions; public health; mathematical modeling

1. Introduction

Thalassemia is a genetic blood disorder that causes abnormal form of hemoglobin,
consequently damaging red blood cells. Thus, this disorder often results in anemia. There
are two types of thalassemia: α and β thalassemia depending on which genes and how many
genes in the hemoglobin have been affected. If all α genes or β genes in the hemoglobin
are affected, thalassemia (major) is diagnosed. On the other hand, if only a partial number
of genes are damaged or missing, α or β thalassemia carrier (minor) is diagnosed [1–6].
Thalassemia major usually causes a chronic and life-long anemia that should be treated
with frequent blood transfusions and removal of excessive iron deposition due to the
frequent blood transfusions unless a 100% matched bone marrow transplant is available,
which is a rare possibility. Although these days the number of thalassemia majors in many
countries might not be considered high due to thalassemia management efforts in such
countries, the life-long blood transfusion treatment can outrank the consumption of any
other treatments requiring blood use. This can become a burden on the public healthcare
system. Worldwide, 9 million thalassemia carrier women become pregnant annually and
1.33 million pregnancies are at risk of a thalassemia major condition [7,8].

A consanguineous marriage known as an intera-family marriage, i.e., a marriage
among close cousins has been a popular norm of marriage in the Middle East and North
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Africa (MENA) region. As a result, it became one of the major causes of widespread
thalassemia in this region [9–15]. Despite the outcome, the consanguineous marriage
tradition still continues. The scope of consanguineous marriage practice in some MENA
countries is around 25% to 54% out of all marriage practices [13,16–18]. Consequently, not
only the thalassemia population but also the high prevalence of thalassemia carriers has
become a public health concern. To lower the thalassemia prevalence, there have been great
efforts in the MENA region. For example, the United Arab Emirates (UAE) government
has launched a nationwide campaign for premarital screening and newborn baby screening
to raise public awareness and identify the thalassemia carrier population since 2008. Since
2012, the premarital screening has become mandatory to all about-to-marry couples in order
to screen for any possible genetic diseases such as thalassemia [19]. Although premarital
screening offers carrier–carrier couples a non-directive genetic counseling including that of
the risk of having a thalassemia baby [20], the final decision to marry is upon them, and
many carrier–carrier couples proceed to marry. Additionally, it is worth mentioning that
pregnancy termination due to thalassemia is not allowed as a prevention of thalassemia in
the UAE. Today, the number of affected births has been almost halved compared to that at
the time before the introduction of prevention measures in the UAE [9,21].

However, the prevalence of thalassemia carriers is still high and a public health
concern in many MENA countries [13,16–18]. A high carrier population can imply a high
possibility of carrier-to-carrier marriage that can give birth to a thalassemia baby with a 25%
chance and a carrier baby with a 50% chance. The production of carrier babies is a potential
cause of the increase in the thalassemia population. Interventions such as newborn baby
screening, premarital screening, and genetic counseling is expected to affect behavioral
and psychological changes in lifestyle and marriage decision when people are aware of
their genetic characteristics. Even though the newborn baby screening serves as one of
the important medical records, people tend to forget about it and their memory only gets
refreshed with premarital screening that can influence their marriage decision. Although
there are public awareness campaigns on thalassemia from time to time, there is a wide
time gap between the times of newborn baby screening and premarital screening. Then,
the question is whether there has been an adequate effort or input in education and public
health regarding thalassemia carriers so that the consequence of carrier-to-carrier marriage
was well informed to the general public during this time gap. The answer seems to be no
as there is a high prevalence of thalassemia carriers at present. For example, the prevalence
of thalassemia carriers in the UAE was around 8.5% between 2007 and 2010 [20]. With the
rapid population growth in the UAE, the prevalence of thalassemia carriers was expected
to grow as well.

Since thalassemia and carrier status can pass down to the next generation via marriage,
newborn baby screening, premarital screening, and public campaigns for thalassemia
heavily focus on identifying the carrier population and carrier-to-carrier marriage. This
is why other types of marriageable actions such as normal-to-carrier and carrier-to-normal
marriages were completely ignored. As mentioned earlier, the reconsideration of carrier-to-
carrier marriage may not always result from premarital screening and genetic counseling
performed right before the wedding. Here, normal-to-carrier marriage means that a normal
individual chooses to marry a carrier individual. Carrier-to-normal marriage implies
that a carrier individual decides to marry a normal individual. The two marriageable
actions are different although the final number of couples is the same as normal–carrier
couples. However, as the pool of the normal population is usually larger than that of the
carrier population, the chance of normal-to-carrier marriage is different from that of carrier-
to-normal marriage. Therefore, the two marriageable actions should be distinguished.
Since marriage reconsideration of carrier-to-carrier marriage is not always guaranteed,
the normal-to-carrier/carrier-to-normal marriages should be promoted beforehand as
an alternative form of marriage reconsideration of carrier-to-carrier marriage. In other
words, during the time gap between newborn screening and premarital screening, the
benefits and effects of the two marriageable actions should be continuously campaigned
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and disseminated to the general public. If such an environment is accomplished, even the
non-carrier populations can seriously embrace the public health concern of thalassemia,
and the carrier population can have adequate time to consider their marriage course
after a careful search for the available options without being stigmatized by their genetic
characteristics and rushing to a decision after the premarital screening.

So far, other than a simple explanation of the genetic consequences of normal-to-carrier
and carrier-to-carrier marriages, no formal assessment has ever been made on the type of
impact of normal-to-carrier, carrier-to-normal, and carrier-to-carrier on thalassemia and
carrier populations. Moreover, there is no mathematical model to investigate this question
before. In this paper, to provide policy-makers, health care workers, educators, and the
general public with a concrete base for a sustainable campaign and education about the
benefits and effects of these three marriageable actions, we develop a mathematical model to
assess the three marriageable actions. Then, we experiment with different cases by varying
the chances of normal-to-carrier, carrier-to-normal, and carrier-to-carrier marriages at a time
and observe how each case can affect thalassemia, carrier, and married population groups.
This experiment is conducted using computer simulations with the UAE demographic data.
We also provide mathematical proofs to ensure that our model is biologically plausible and
applicable to real-life problems. The organization of the paper is as follows. In Section 2,
we describe our mathematical model, and explain variables and parameters. In Section 3
we present the assessment results of the three marriageable actions via the computer
simulations of our model using the UAE demographic data. Finally, the discussion and
future work are presented in Section 4.

2. Methods

We propose a modeling study via a dynamic model and computer simulations to in-
vestigate three marriageable actions that can impact on thalassemia and carrier populations.
Here, the dynamic model refers to a mathematical model that describes the population
dynamics such as the increase or decrease in a specific population group via differential
equations. A dynamic model and computer simulations can experiment with hypothetical
situations that may not be immediately identifiable by clinical or observational studies due
to the difficulties inherent in human subject studies. For example, for our study purpose,
we cannot force people to marry. In this situation, we can create a dynamic model based
on the literature and data, and test different possible scenarios via computer simulations
using demographic data available.

Since a genetic disease is passed to the next generation through marriage, we divide
the whole UAE population into male and female subpopulation groups in our dynamic
model. Then, our dynamic model considers a complete human life cycle such as being
born, growing into children, reaching a marriageable age, getting married, giving birth,
and death. This is why we included a few more subpopulation groups than only males and
females. Then, we classify the whole population further into the following:

(i) Children population under the age of 20: normal children GM/GF and (thalassemia)
carrier children GM

C /GF
C;

(ii) Single adult population over the age of 20: normal adult singles SM/SF and carrier
adult singles CM/CF;

(iii) Thalassemia major population: TM/TF;
(iv) Married population groups: normal-to-normal married group U1, normal-to-carrier/

carrier-to-normal married group U2, and carrier-to-carrier married group U3,

where M and F stand for male and female, respectively. The normal population indicates
individuals who did not inherit thalassemia genes from either of their parents. The carrier
(thalassemia) population is a group of people who have a thalassemia gene inherited from
one (both) of their parents. Thalassemia major can be either α or β thalassemia, depending
on a specific country or community of interest. For example, thalassemia major would mean
β thalassemia in the UAE. In order to describe the different marriageable actions, we need
to distinguish between single males and females. That is why we set up male and female
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single population groups. However, once people get married, they are no longer singles.
Thus, these married male and female individuals should be considered in a separate group,
i.e., a married group. Thus, the three married population groups can be interpreted as
the mixed groups of males and females who get married. Therefore, the half of a married
population group should be males and the other half females. The new-born babies will
depend on the number of married couples, i.e., half the size of a married population
group. That is why we do not need to create married male or married female population
groups like singles population groups. In our model, there are several types of population
transitions as follows. Once a baby is born, the boy or girl will be screened as either
normal, carrier, or thalassemia. Thus, any baby will be moved to one of the three types
of children groups. When they reach the age of 20, they will be transferred to the young
adult groups based on their thalassemia status. After their getting married, these married
individuals will be moved to one of the three married groups such as normal-to-normal,
normal-to-carrier/carrier-to-normal, and carrier-to-carrier marriage groups.

With the above population groups (compartments), we develop a compartment model
and describe the dynamics between the compartments by differential equations. For the
proposed model, we assume the following:

A1. Thalassemia control measures are newborn baby screening and premarital screening.
A2. The newborn baby screening is given to almost all newborn babies, and the premarital

screening is provided to all about-to-marry couples.
A3. People who receive a thalassemia control measure can reconsider their marriage decision.
A4. Thalassemia major population group has a very low chance of marriage due to pro-

longed treatments. Hence, the marriage rate of the thalassemia major population
groups is negligible.

A5. Marriageable actions are actions of searching for spouses by marriageable adults who
are above twenty years of age.

A6. Since three marriageable actions such as normal-to-carrier, carrier-to-normal and carrier-
to-carrier marriages can affect thalassemia and carrier populations, they will be in
focus. A normal-to-carrier (carrier-to-normal) marriage means that a normal (carrier)
individual chooses to marry a carrier (normal) individual. A carrier-to-carrier marriage
implies that a carrier individual decides to marry a carrier individual.

A7. Except for the thalassemia major population group, all other groups can marry with
certain marriage rates.

A8. The combinations of possible marriages among single males and females are

• normal male × normal female
• normal male × carrier female or carrier male × normal female
• carrier male × carrier female

Then, the dynamic model consists of a set of thirteen differential equations. The
details of the model and analysis can be found in Appendix A.1. We conducted computer
simulations of our model to estimate the future trend of thalassemia and carrier populations
in UAE and investigate the different cases of the three marriageable actions with the UAE
demographic data as in Table 1. The parameter values related to the three marriageable
actions in Table 1 are initially given to our computer simulations and will be varied later
to see their impacts on the three marriageable actions. The sensitivities of the model
parameters on variables is considered in order to measure the burden of the problem of
interest. For each variable, the sensitivity regarding parameters is estimated as they change
over time, then the variance of the variable with respect to each parameter considered is
plotted in a box plot.
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Table 1. Literature based and estimated parameter values.

Parameter Male Female Ref.

Birth rates bM = 8716 bF = 7954 [22]

Child mortality rates † dG
M = 0.014 dG

F = 0.008 [23]

Adult death rates † dM = 0.003 dF = µ†† = 0.0019 [22]

Thalassemia induced death rate † dT = 0.016 dT = 0.016 [1]

Proportion of young adults † γM = 0.0433 γF = 0.0447 [19]

Newborn baby screening rate βM
S = βF

S = 1 [6]

Thalassemia detection adjusting rates ηM
T = 0.0083 ηF

T = 0.0075 [6]

Thalassemia carrier
detection adjusting rates ηM

CG = 0.0416 ηF
CG = 0.05416 [17]

Premarital screening rates † αM
S = 0.0227 αF

S = 0.0223 [22]

Chance of normal population
getting married with carrier population ε1 = 0.5 * −

Chance of carrier population
getting married with normal population ε2 = 0.5 * −

Marriage reconsideration rate
of carrier-carrier couples ν = 0.3 * −

† The unit of the parameter values is per person. †† µ represents the proportion of married population who died
during their marriage. * These parameter values are initially assigned to our computer simulations and will be
varied for further investigations of their impacts.

All our simulations were generated with the R software [24], and the sensitivity
analysis with the Flexible Modeling Environment (FME) package [25] (See R code in
Supplementary Materials).

3. Results

In our model, we implemented two types of interventions such as newborn baby
screening and premarital screening. These two interventions are widely available in the
UAE. With these thalassemia interventions in our model, we focused on the steady state,
an eventual state in the long-term of the model. We mathematically proved that each
population group will stay positive at all times. This implies that a thalassemia-free state
will not exist, which means that the eradication of thalassemia in the long-term will not
be possible even with the above-mentioned interventions. The detailed analytical result
can be found in Appendix A. This does not mean that these interventions are not effective
at all but that they are not effective enough to eradicate thalassemia. Thus, we still need
to promote these interventions to reduce thalassemia population or keep the thalassemia
population to a desired level.

3.1. Impact of the Three Marriageable Actions

The reason why thalassemia population can stay above zero at all times is because of
the existence of the carrier population. The carrier population can be generated through
a marriage among normal and carrier individuals. We investigated the effect of the three
key rates such as the marriage reconsideration rate (ν) among carrier–carrier couples, the
chance (ε1) of normal population getting married with carrier population, and the chance
(ε2) of carrier population getting married with normal population on the thalassemia and
carrier populations in the long-term via computer simulations with the UAE demographic
data as shown in Table 1. For such computer simulations, we fixed all parameter values,
but varied the marriage reconsideration rate and the chances of normal (carrier) population
getting married with carrier (normal) population in the period of 100 years. Although
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Figures 1 and 3 show increasing only or decreasing trends, these graphs eventually reach
steady states (some positive numbers) in the long-term. Since the male and female groups
in each subpopulation showed similar patterns on their long-term trends, for simplicity, we
will present the results of only the single male and married population.

Figure 1A–C show the impact of the three key rates (ν, ε1, and ε2) on thalassemia and
carrier population groups. As the marriage reconsideration rate increases, more carrier-to-
carrier marriages are dropped. Thus, such carrier couples come back to their single status,
which will eventually lead to the reduction in thalassemia population and the increasing
magnitude in the trend of the carrier population at any single time point as shown in
Figure 1A The reduction in thalassemia population is also observed when the chance of
carrier-to-normal marriage increases shown in Figure 1C. This outcome is expected as
the more the number of carrier individuals get married with normal individuals, the less
carrier-to-carrier marriage occurs consequently, and more is the reduction in the thalassemia
population. On the contrary, the change in the chance of normal-to-carrier marriage does
not significantly reduce the magnitude in the trend of thalassemia population at any single
time point in Figure 1B. Thus, the promotion of normal-to-carrier marriage may not be
effective in reducing the thalassemia population to a desired level.

For the carrier population, as the chance of normal population getting married with
carrier population increases, the magnitude in the trend of carrier population at any single
time point will increase in Figure 1B. This outcome is expected since normal-to-carrier
marriage can have a carrier baby with a 50% chance. On the other hand, as the chance of
carrier-to-normal marriage increases, the magnitude in the trend of carrier population at
any single time point will decrease shown in Figure 1C. This is counter intuitive. However,
it can be interpreted as follows. It is true that carrier-to-normal marriage can give birth to a
carrier baby with the same 50% chance as that of a normal-to-carrier marriage. In the most
extreme situation, let us assume that all carrier individuals choose to marry normal people
(see Figure 2). Then, in the next generation, only the 50% of the precedent carrier population
will be produced, which results in a 50% reduction in the carrier population in the next
generation. On the other hand, if all normal people get married to carrier individuals,
the carrier population at the level of 50% of the precedent normal population will be
generated in the next generation, i.e., the 50% increase in the carrier population in the next
generation. Thus, even if the extreme situation is not considered, this phenomenon will
occur through normal-to-carrier and carrier-to-normal marriages, respectively. Moreover,
pursuing carrier-to-normal marriage can imply dropping carrier-to-carrier marriage in the
aspect of the decision of the carrier population and, consequently, the 50% chance of giving
birth to a carrier baby by the carrier-to-carrier marriage is eliminated (see Figure 2).

That is why the choice of carrier population to marry normal population has an indi-
rect impact on the reduction in the carrier population as well as that on the thalassemia
population. Overall, the magnitude in the trend of carrier population at any single time
point seems to be far more reduced by an increase in the chance of carrier-to-normal mar-
riage than marriage reconsideration or normal-to-carrier marriage. This result is the most
distinguished feature of our study, i.e., the impact of normal-to-carrier marriage and that of
carrier-to-normal marriage on carrier and thalassemia populations are indeed different.

Figure 3 demonstrates the effect of the three key rates (marriage reconsideration rate
(ν), chance of normal-to-carrier marriage (ε1), and chance of carrier-to-normal marriage
(ε2)) on married population. Figure 3A presents how the three groups of marriage such as
normal-to-normal (U1), normal-to-carrier/carrier-to-normal (U2), and carrier-to-carrier (U3)
can change as the marriage reconsideration rate (ν) increases. Since the marriage reconsid-
eration is exercised by carrier–carrier couples, the changes in the marriage reconsideration
rate does not noticeably affect the magnitude in the trend of normal-to-normal and normal-
to-carrier/carrier-to-normal marriage groups at any single time point. However, as the
marriage reconsideration rate increases, of course, a more number of carrier-to-carrier
marriages will be dropped, i.e., the magnitude in the trend of carrier-to-carrier marriage
will decrease or tend to zero if 100% carrier-to-carrier marriages are reconsidered. In reality,
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not all carrier-to-carrier marriages will be reconsidered and, hence, there will be always a
positive number of carrier-to-carrier marriages. This is why the level of thalassemia and
carrier populations will continuously stay positive since the carrier-to-carrier marriage has
the 50% chance of giving birth to a carrier baby and 25% chance to a thalassemia baby.

(A)

(C)

(B)

Figure 1. Numerical simulations of thalassemia and carrier population with the initial data
GM = GC

M = 16,040, GF = GC
F = 15,350, TM = 120, TF = 100, SM = 100,000, SF = 100,000,

CM = 85,000, CF = 90,000, U1 = 15,000, U2 = 30,000, and U3 = 5000 and parameter values in
Table 1. The value 0.2 means 20% rate and 1 100% rate in the legend. (A) Under various mar-
riage reconsideration rates (ν). (B) Under various chances (ε1) of normal-to-carrier marriage. (C)
Under various chances (ε2) of carrier-to-normal marriage.
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All Normals Some 
Carriers

All Carriers
Some 

Normals

Normal-to-CarrierMarriage Carrier-to-NormalMarriage

C-to-C N-to-N

C-to-C: Carrier-to-Carrier marriage
N-to-N: Normal-to-Normal marriage

• No chance of C-to-C
• Vanishing chance of the generation of 

carrier and thalassemia populations 
by C-to-C

• Increase of normal population by N-to-N

• Remaining chance of C-to-C
• Generation of carrier and thalassemia 

populations by C-to-C

Figure 2. Hypothetical situations of all normal married with carriers and vice versa.

(C) 

(A) 

(B) 

Figure 3. Numerical simulations of three married groups U1, U2, and U3 with the initial data
GM = GC

M = 16, 040, GF = GC
F = 15,350, TM = 120, TF = 100, SM = 100,000, SF = 100,000, CM = 85,000,

CF = 90,000, U1 = 15,000, U2 = 30,000, and U3 = 5000 and parameter values in Table 1. The value 0.2
means 20% rate and 1 100% rate in the legend. (A) Under various marriage reconsideration rates
(ν). (B) Under various chances (ε1) of normal-to-carrier marriage. (C) Under various chances (ε2) of
carrier-to-normal marriage.
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Figure 3B,C explain the impact of the changes in the chances of normal-to-carrier and
carrier-to-normal marriages on the three marriage groups. We observe that the normal-
to-normal marriage is not affected by the chance of carrier-to-normal marriage at all and
hence omit the plot in Figure 3C. The carrier-to-carrier marriage does not show much
difference in magnitude in its trend at any single time point by the the change in the chance
of normal-to-carrier marriage in Figure 3B. As the chance of normal-to-carrier marriage
increases, more normal-to-carrier marriages and less normal-to-normal marriages are seen
in Figure 3B as well. The carrier-to-normal/normal-to-carrier marriage group evolved in
the same trend in magnitude at any single time point as the chances of normal-to-carrier
marriage and carrier-to-normal marriage increase. However, the carrier-to-carrier marriage
group evolved in the opposite direction to that of the carrier-to-normal/normal-to-carrier
marriage group under the chance of carrier-to-normal marriage found in Figure 3C. Such
a trend in the carrier-to-carrier marriage group under the increasing chance of carrier-to-
normal marriage was observed in the trend of the carrier population as well (see the second
figure in Figure 1C.

3.2. Sensitivity Analysis of the Selected Model Parameters

The results of the future trend change by varying the three key parameter values were
confirmed by the sensitivity analysis of parameters as well. We included the sensitivity
analyses of significant parameters whose absolute means are greater than 5000. In fact,
5000 represents approximately 1% of the total UAE male or female nationals assuming that
half of the total population (approximately 1 million) is males or females.

Figure 4A,B show the sensitivity results on thalassemia (TM) and carrier populations
(CM). In Figure 4A, we can easily see the largest reduction in the thalassemia population
with the chance (ε2) of carrier-to-normal marriage, whereas the impact of marriage re-
consideration rate (ν) or the chance (ε1) of normal-to-carrier marriage on the thalassemia
population is minimal. Furthermore, thalassemia or carrier babies identified through the
newborn baby screening implies higher thalassemia or carrier population shown with
thalassemia major and carrier screening rates (ηM

T and ηM
CG) in Figure 4A,B, respectively.

The large impact of the chance (ε2) of carrier-to-normal marriage induces a decrease in
thalassemia in Figure 4A and carrier populations in Figure 4B. The sensitivity results of the
chances of carrier-to-normal marriage and normal-to-carrier marriage on carrier population
are reflected in Figure 1B,C, respectively. The result in Figure 4B is counter intuitive but a
similar explanation can be found from that of Figure 1C.

(A) (B) 

Figure 4. Sensitivity of significant parameters on thalassemia and carrier population (TM and CM).
(A) Sensitivity of ε1, ν, ηM

CG, ηM
T and ε2 on thalassemia population (TM) (the little box is the enlarged

plot of ε1, ν, ηM
CG, for eyes). (B) Sensitivity of ε2, ε1, ηM

CG, ηM
T and αS

M on carrier population (CM). See
parameter names shown in Table 1.
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Figure 5A–C display the sensitivity analysis of parameters on three married groups.

(A) (B) (C) 

Figure 5. Sensitivity of significant parameters on three married groups, normal-normal marriages
(U1), normal-carrier marriages (U2), and carrier-carrier marriages (U3). (A) Sensitivity of ηM

CG, ηF
CG,

αS
M, and ε1 on U1. (B) Sensitivity of ηM

CG, ηF
CG, αS

F, αS
M, ε1, and ε2 on U2. (C) Sensitivity of ηM

CG, ν, ηF
CG,

αS
M, αS

F and ε2 on U3 (the little box is the enlarged plot of ηM
CG, ν, ηF

CG, αS
M, αS

F for eyes). See parameter
names shown in Table 1.

The more the carrier babies are screened via the newborn baby screening (i.e., the
higher ηM

CG and ηF
CG), the less the normal-to-normal marriages and the more the normal-

to-carrier/carrier-to-normal and carrier-to-carrier marriages occur. As the chance (ε1) of
normal-to-carrier marriage increases, the normal-to-normal marriage decreases shown in
Figure 5A. Figure 5C shows the sensitivity results of the two key parameters as follows: the
more carrier-to-carrier marriages are dropped (i.e., ν increases), the smaller carrier-to-carrier
marriage group will be. Additionally, the more carrier-to-normal marriage is encouraged
(i.e., ε2 increases), the less carrier-to-carrier marriage will occur. This phenomenon can be
an explanation to the counter intuitive reverse magnitude in the trend of the carrier (single)
population shown in Figure 1C. Additionally, there is a huge impact difference between the
marriage reconsideration rate (ν) and the chance (ε2) of carrier-to-normal marriage on the
carrier-to-carrier marriage group (U3), which will consequently affect the magnitude in the
trend of carrier population at any single time point as found in Figure 1A,C. As observed
in Figure 3B,C, the chances (ε1 and ε2) of normal-to-carrier and carrier-to-normal marriages
positively affect the normal-to-carrier/carrier-to-normal marriage group (U2) in Figure 5B.
In fact, the chance (ε2) of carrier-to-normal marriage seems to have the impact twice as large
as that of the chance (ε1) of normal-to-carrier marriage on the normal-to-carrier/carrier-to-
normal marriage group (U2). The sensitivity results described in Figure 5B,C may lead to
an insightful marriage intervention strategy for carrier population.

4. Discussion

In this paper, we investigated the long-term impact of the three key marriageable
actions on thalassemia and carrier populations in the UAE in terms of the chance of normal-
to-carrier marriage, the chance of carrier-to-normal marriage and marriage reconsideration
of carrier-to-carrier marriage via a mathematical model. To the best of our knowledge,
there is no mathematical model applied to a genetic disease or any blood disorders in order
to assess how much effective possible marriageable actions can be in the eradication of
thalassemia or reduction in carrier population before. Our model considered two sexes,
age and social status (children, single adults, and married adults), and three genetic groups
of normal, (thalassemia) carrier, and thalasemia (major). Two thalassemia control measures
were implemented, namely newborn baby screening and premarital screening that has
been mandatory in the UAE in recent years. Hence, in total, we developed a population
dynamics model of thirteen subpopulation groups and described their interactions via
differential equations. Our model showed that the eradication of thalassemia in the UAE
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is not possible even with the two control measures and the key marriageable actions.
However, that does not mean that the two control measures and three marriageable actions
are ineffective to sustain the current thalassemia situation in the UAE. At least the two
control measures, newborn baby screening and premarital screening, can raise an awareness
or disseminate educational message about their genetic situation and thereby can play a
role to help people to carefully search for their spouses in the future.

Regarding the three key marriageable actions, this study concludes:

1. The eradication of thalassemia can be achieved by the 100% marriage reconsideration
of carrier–carrier couples;

2. Promoting normal-to-carrier marriage will not achieve the eradication of thalassemia
at all, but can help reduce the thalassemia population by a small point;

3. Encouraging carrier-to-normal marriage will make the eradication of thalassemia
possible because of its indirect effect of reconsideration of carrier-to-carrier marriage
(i.e., the more carrier-to-normal marriage the less carrier-to-carrier marriage);

4. Carrier-to-normal marriage may be more effective in reducing the carrier population
than normal-to-carrier marriage.

At a glimpse, a normal-to-carrier marriage, i.e., a normal individual chooses to marry
a carrier person, and a carrier-to-normal marriage, i.e., a carrier individual seeks to marry a
normal individual, would be the same. However, the two types of marriages have a huge
difference as mentioned before. First of all, the proportion of carrier-to-normal marriage
in carrier population may be bigger than that of the normal-to-carrier marriage in normal
population since normal population size is often bigger than the carrier population size.
Moreover, normal-to-carrier marriage does not necessarily mean the reduction in carrier-to-
carrier marriage in the carrier population. Of course, a seemingly quick solution for the
eradication of thalassemia would be the 100% reconsideration of carrier-to-carrier marriages.
However, realistically, it will not be always possible since marriage reconsideration of
a carrier–carrier couple because of the premarital screening result may not be an easy
decision. As our simulation and sensitivity results showed, encouraging a carrier-to-
normal marriage may take a longer time, but be less drastic to exercise to maintain a
desired level of thalassemia and carrier populations that will lead to a gradual eradication
of both population groups in the long-term plan.

From the time of newborn baby screening, children and their parents should be
imparted learning on thalassemia and its treatment procedure, information on how to
avoid such a genetic consequence in their next generation, and/or marriage choices if
the children are thalassemia carriers. As a harmonized society, information not only on
thalassemia but also on thalassemia carriers should be given to the general public from an
early age so that thalassemia or carrier children will not be stigmatized by their genetic
status; hence, carrier children can be ready for their marriage choice as naturally as possible.
A regular public awareness campaign for thalassemia usually focused on promoting a
screening for thalassemia at the time of birth and then before marriage in many affected
countries including the UAE. However, it should include the awareness of thalassemia
carrier and possible marriage choices as well. Furthermore, the benefits and effects of the
three marriageable actions should be continuously educated to the general public from
early ages so that the general public can seriously consider the public health concern of
thalassemia and carrier population, and thalassemia/carrier population groups are not
stigmatized by their genetic status. The continuous efforts of rising attention to these three
marriageable actions can provide a stable environment for the carrier population to search
for available marriage options with enough time so that they can naturally avoid of passing
thalassemia and carrier status to the next generation.

Moreover, hypothetically, if all carrier individuals marry normal individuals in all
successive generations, thalassemia will be eventually eradicated in any country carrying
thalassemia and carrier populations. This hypothesis is based on the assumption that the
pool of the normal population is much larger than that of the carrier population. Thus, an
investigation of the optimal pool size of normal population for the potential eradication
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of thalassemia and the reduction in carrier population can be an interesting avenue to the
future work.
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Appendix A

Appendix A.1. Mathematical Model

The variables and the parameters are given as follows:
Variables

(v1) GM and GF are boys and girls (children);
(v2) GC

M and GC
F are carrier boys and girls (children);

(v3) TM and TF are the male and female thalassemia major population groups;
(v4) SM and SF are the single male and female population groups;
(v5) CM and CF are the single male and female carrier population groups;
(v6) U1 is the normal-to-normal married group;
(v7) U2 is the normal-to-carrier/carrier-to-normal married group;
(v8) U3 is the carrier-carrier married group.

Parameters

(p1) bM and bF are the birth rates of boys and girls, respectively;
(p2) dM and dF are the natural death rates of male and female, and dT is the thalassemia

induced death rate;
(p3) γM and γF are the proportions of children becoming adults;
(p4) ηM

CG and ηF
CG are the proportions of being identified as carrier babies from the newborn

baby screening;
(p5) βM

S and βF
S are the newborn baby screening rates for male and female, respectively;

(p6) αM
S and αF

S are the premarital screening rates for male and female, respectively;
(p7) ηM

T and ηF
T are the rates of being diagnosed as thalassemia major of male and female,

respectively;
(p8) ε1 is the proportion of normal population getting married with carrier population,

i.e., the chance of normal-to-carrier marriage. Therefore, (1− ε1) is the proportion of
normal population getting married with normal population;

(p9) ε2 is the proportion of carrier population getting married with normal population,
i.e., the chance of carrier-to-normal marriage. Therefore, (1− ε2) is the proportion of
carrier population getting married with carrier population;

(p10) dG
M and dG

F are child mortality rates;
(p11) ν is the marriage reconsideration rates of carrier-carrier couples.

Then , the full scope of the mathematical model is given by

https://www.mdpi.com/article/10.3390/thalassrep12030016/s1
https://www.mdpi.com/article/10.3390/thalassrep12030016/s1
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dGM
dt

= bM − ζ1ηM
T βM

S GM − ζ2ηM
CGβM

S GM − γMGM − dG
MGM (A1)

dGF
dt

= bF − ζ1ηF
T βF

SGF − ζ2ηF
CGβF

SGF − γFGF − dG
F GF (A2)

dGC
M

dt
= ζ2ηM

CGβM
S GM − γMGC

M − dG
MGC

M (A3)

dGC
F

dt
= ζ2ηF

CGβF
SGF − γFGC

F − dG
F GC

F (A4)

dTM
dt

= ζ1ηM
T βM

S GM − dTTM (A5)

dTF
dt

= ζ1ηF
T βF

SGF − dTTF (A6)

dSM
dt

= γMGM − αM
S SM − dMSM (A7)

dSF
dt

= γFGF − αF
SSF − dFSF (A8)

dCM
dt

= γMGC
M − αM

S CM + ν(1− ε2)α
M
S CM − dMCM (A9)

dCF
dt

= γFGC
F − αF

SCF + ν(1− ε2)α
F
SCF − dFCF (A10)

dU1

dt
= (1− ε1)(α

M
S SM + αF

SSF)− µU1 (A11)

dU2

dt
= ε1(α

M
S SM + αF

SSF) + ε2(α
M
S CM + αF

SCF))− µU2 (A12)

dU3

dt
= (1− ν)(1− ε2)(α

M
S CM + αF

SCF)− µU3, (A13)

where ζ1 =
U3

U
, ζ2 =

U2 + U3

U
, and U = U1 + U2 + U3.

We provide the details of the model equations in (A1) to (A13) as follows: note that
all female population will have the similar features as the male population presented here,
hence we omit the explanation about the female population groups.

• Normal children population groups (GM and GF)
In Equations (A1) and (A2), bM and bF are birth of boys and girls, ζ1ηM

T βM
S GM and

ζ1ηF
T βF

SGF are children diagnosed as the thalassemia population from the newborn
baby screening. ζ2ηM

CGβM
S GM and ζ2ηF

CGβF
SGF are children diagnosed as thalassemia

carrier population from the newborn baby screening. γMGM and γFGF are children
who become adults. dG

MGM and dG
F GF are death of the children population.

• Carrier children population groups (GC
M and GC

F )
In Equations (A3) and (A4), ζ2ηM

CGβM
S GM and ζ2ηF

CGβF
SGF are children diagnosed as

thalassemia carrier population from the newborn newborn baby screening. γMGC
M

and γFGC
F are carrier children who become young adults. dG

MGC
M and dG

F GC
F are death

of the carrier children population.
• Thalassemia population groups (TM and TF)

In Equations (A5) and (A6), ζ1ηM
T βM

S GM and ζ1ηF
T βF

SGF are children diagnosed as
thalassemia population from the newborn newborn baby screening. dTTM and dTTF
is the death of thalassemia population due to the illness.

• Normal single male and female population groups (SM and SF)
In Equations (A7) and (A8), γMGM and γFGF are normal single adult males and females.
αM

S SM and αF
SSF are populations who take the premarital screening when they are about

to marry. dMSM and dMSF are death of normal male and female singles, respectively.
• Carrier single male and female population groups (CM and CF)

In Equations (A9) and (A10), γMGC
M and γFGC

F are carrier single males and females
who are young adults. αM

S CM and αF
SCF are carrier singles who take the premarital

screening when they are about to marry. ν(1− ε2)α
M
S CM and ν(1− ε2)α

F
SCF are carrier
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singles resulted from the marriage reconsideration of carrier–carrier couples. dMCM
and dMCF are death of the carrier singles, respectively.

• Normal-to-normal married population groups (U1)
In Equation (A11), (1− ε1)(α

M
S SM + αF

SSF) is the proportion of normal population
getting married with normal population who went through the premarital screening.
µU1 is the death of this married group.

• Normal-to-carrier/carrier-to-normal married population group (U2)
In Equation (A12), ε1(α

M
S SM + αF

SSF) is the proportion of normal population getting
married with carrier population, and ε2(α

M
S CM + αF

SCF)) is the proportion of carrier
population getting married with normal population. µU2 is the death of this married
group.

• Carrier-to-carrier married population group (U3)
In Equation (A13), (1− ν)(1− ε2)(α

M
S CM + αF

SCF) is the carrier–carrier couples who
proceed to marry regardless of their premarital screening result. µU3 is the death of
this married group.

Appendix A.2. Analysis of the Model

Note that all variables remain non-negative for t ≥ 0, i.e.,
dK
dt

> 0 if K = 0, where

K ∈ {GM, GF, GC
M, GC

F , TM, TF, SM, SF, CM, CF, U1, U2, U3}.

Theorem A1. The total population H is bounded above for all t ≥ 0.

Proof. Let H = GM + GF + GC
M + GC

F + TM + TF + SM + SF + CM + CF + U1 + U2 + U3.
Adding equations in Equations (A1)–(A13), we have

dH
dt

= bM + bF − (dG
MGM + dG

F GF + dG
MGC

M + dG
F GC

F + dTTM + dTTF + dMSM

+dFSF + dMCMdFCF + µU1 + µU2 + µU3)

≤ bM + bF − δH,

where bM and bF are the birth rates of boys and girls, and δ = min{dG
M, dG

F , dG
M, dG

F ,
dT , dM, dF, µ}. Then, we obtain

H(t) ≤ bM + bF
δ

+ Ke(−δt) for K constant.

Therefore, the total population H is bounded above for all t ≥ 0.

Theorem A2 (Stability). The equilibrium point

E∗ = (G∗M, G∗F, GC
M
∗
, GC

F
∗
, T∗M, T∗F , S∗M, SE

M
∗
, C∗M, CE

M
∗
, S∗F, SE

F
∗
, C∗F, CE

F
∗
, U∗1 , U∗2 , U∗3 )

is locally asymptotically stable.

Proof. We linearize the model in Equations (A1)–(A13) about the equilibrium point,

E∗ = (G∗M, G∗F, GC
M
∗
, GC

F
∗
, T∗M, T∗F , S∗M, S∗F, C∗M, C∗F, U∗1 , U∗2 , U∗3 ),

and obtain the Jacobian matrix J ∈ R13×13 given by
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J =



−A1 0 0 0 0 0 0 0 0 0 A11 A12 −A13

0 −B2 0 0 0 0 0 0 0 0 B11 B12 −B13

C1 0 −C3 0 0 0 0 0 0 0 −C11 C12 C12

0 D2 0 −D4 0 0 0 0 0 0 −D11 D12 D12

E1 0 0 0 −dT 0 0 0 0 0 −E11 −E11 E13

0 F2 0 0 0 −dT 0 0 0 0 −F11 −F11 F13

γM 0 0 0 0 0 −G7 0 0 0 0 0 0

0 γF 0 0 0 0 0 −H8 0 0 0 0 0

0 0 γM 0 0 0 0 0 −I9 0 0 0 0

0 0 0 γF 0 0 0 0 0 −J10 0 0 0

0 0 0 0 0 0 K7 K8 0 0 −µ 0 0

0 0 0 0 0 0 ε1αM
S ε1αF

S ε1αM
S ε1αF

S 0 −µ 0

0 0 0 0 0 0 0 0 M9 M10 0 0 −µ



,

where

• A1 = E1 + C1 + C3, A11 =
GM
U

(E1 + C1), A12 =
GM
U

(E1 + C1 − ηM
CGβM

S ), and

A13 =
GM
U

(ηM
T βM

S + ηM
CGβM

S − E1 − C1)

• B2 = F2 + D2 + D4, B11 =
GF
U

(F2 + D2), B12 =
GF
U

(F2 + D2 − ηF
CGβF

S) and

B13 =
GF
U

(ηF
T βF

S + ηF
CGβF

S − F2 − D2)

• E1 = ζ1ηM
T βM

S , C1 = ζ2ηM
CGβM

S , and C3 = γM + dG
M

• F2 = ζ1ηF
T βF

S, D2 = ζ2ηF
CGβF

S, and D4 = γF + dG
F

• C11 =
GM
U

C1 and C12 =
GM
U

(ηM
CGβM

S − C1)

• D11 =
GF
U

D2 and D12 =
GF
U

(+ηF
CGβF

S − D2)

• E11 =
GM
U

E1 and E13 =
GM
U

(ηM
T βM

S − E1)

• F11 =
GF
U

F2 and F13 =
GF
U

(ηF
T βF

S − F2)

• G7 = αM
S + dM and H8 = αF

S + dF

• I9 = αM
S − ν(1− ε2)α

M
S + dM and J10 = αF

S − ν(1− ε2)α
F
S + dF

• K7 = (1− ε1)α
M
S and K8 = (1− ε1)α

F
S

• M9 = (1− ν)(1− ε2)α
M
S and M10 = (1− ν)(1− ε2)α

F
S .
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Then, we use the elementary row-operations to reduce J to an upper triangular matrix.
This means we multiply 16 elementary matrices to the original Jacobian matrix J given by

E31 = I
[
( C1

A1
)31

]
, E51 = I

[
( E1

A1
)51

]
, E71 = I

[
( γM

A1
)71

]
, E42 = I

[
(D2

B2
)42

]
,

E62 = I
[
( F2

B2
)62

]
, E82 = I

[
( γM

B2
)82

]
, E93 = I

[
( γM

C3
)93

]
, E104 = I

[
( γM

D4
)104

]
,

E117 = I
[
( K7

G7
)117

]
, E127 = I

[
(

ε1αM
S

G7
)127

]
, E118 = I

[
( K8

H8
)118

]
, E128 = I

[
(

ε1αF
S

H8
)128

]
,

E129 = I
[
(

ε1αM
S

I9
)129

]
E139 = I

[
(M9

I9
)139

]
, E1210 = I

[
(

ε1αF
S

J10
)1210

]
, and E1310 = I

[
(M10

J10
)1310

]
,

where

Emn = I[(a)mn] =


1 if i = j,
0 if i 6= j and i 6= m, j 6= n,
a( 6= 0) only if i = m and j = n and m 6= n.

For example, E31 above is the same as the identity matrix except one entry at i = 3
and j = 1 that is C1

A1
. Thus, Emn is the same as the identity matrix except only one entry at

i = m and j =n that is an off-diagonal element but not 0. Hence, its determinant is 1. The
transformed upper triangular matrix Ĵ is obtained by

E1310E1210E139E129E128E118E127E117E104E93E82E62E42E71E51E31 J = Ĵ

and written as

Ĵ =



−A1 0 0 0 0 0 0 0 0 0 A11 A12 −A13

0 −B2 0 0 0 0 0 0 0 0 B11 B12 −B13

0 0 −C3 0 0 0 0 0 0 0 C̃11 C̃12 −C̃13

0 0 0 −D4 0 0 0 0 0 0 D̃11 D̃12 −D̃13

0 0 0 0 −dT 0 0 0 0 0 Ẽ11 Ẽ12 −Ẽ13

0 0 0 0 0 −dT 0 0 0 0 F̃11 F̃12 −F̃13

0 0 0 0 0 0 −G7 0 0 0 G11 G12 −G13

0 0 0 0 0 0 0 −H8 0 0 H11 H12 −H13

0 0 0 0 0 0 0 0 −I9 0 I11 I12 −I12

0 0 0 0 0 0 0 0 0 −J10 J11 J12 −J13

0 0 0 0 0 0 0 0 0 0 −K11 K12 −K13

0 0 0 0 0 0 0 0 0 0 0 −L12 −L13

0 0 0 0 0 0 0 0 0 0 0 0 −M13



,

where
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• C̃11 = C11 − A11
C1

A1
, C̃12 = C12 + A12

C1

A1
, and C̃13 = −C12 + A13

C1

A1

• D̃11 = D11 − B11
D2

B2
, D̃12 = D12 + B12

D2

B2
and D̃13 = −D12 + B13

D2

B2

• Ẽ11 = E11 − A11
E1

A1
, Ẽ12 = E11 − A12

E1

A1
, and Ẽ13 = −E13 + A13

E1

A1

• F̃11 = F11 − B11
F2

B2
, F̃12 = F11 − B12

F2

B2
and F̃13 = −F13 + B13

F2

B2

• G11 = A11
γM
A1

, G12 = A12
γM
A1

, and G13 = A13
γM
A1

• H11 = B11
γF
B2

, H12 = B12
γF
B2

, and H13 = B13
γF
B2

• I11 = −C11
γM
C3

, I12 = C12
γM
C3

, and I13 = C12
γM
C3

• J11 = −D11
γF
D4

, J12 = D12
γF
D4

, and J13 = D12
γF
D2

• K11 = µ−
(

G11
K7

G7
+ H12

K8

H8

)
= µ−

(
GM(E1 + C1)γMK7

U(E1 + C1 + C3)G7
+

GF(F2 + D2 − ηF
CGβF

S)γFK8

U(F2 + D2 + D4)H8

)
> 0

K12 = G12
K7

J7
+ H12

K8

H8
and K13 = G13

K7

J7
+ H13

K8

H8

• L11 = J11
ε1αF

S
J10

+ I11
ε1αM

S
J9

+ H11
ε1αF

S
H8

+ G11
ε1αF

S
G7

L12 = µ−
(

K12
L11

K11
+ J12

ε1αF
S

J10
+ I12

ε1αM
S

I9
+ H12

ε1αF
S

H8
+ G12

ε1αM
S

G7

)
> 0

L13 = J13
ε1αF

S
J10

+ I13
ε1αM

S
J9

+ H13
ε1αF

S
H8

+ G13
ε1αF

S
G7

+ K13
L11

K11

• M11 = J11
M10

J10
and M12 = K12

M11

K11
+ J12

M9

J10
+ I12

M9

I9

M13 = µ−
(

K13
M11

K11
+ J13

M10

J10
+ I13

M9

I9

)
> 0.

Then, the eigenvalues of Ĵ are the diagonal entries in it as follows:

λ1 = −A1, λ2 = −B2, λ3 = −C3, λ4 = −D4, λ5 = −E5, λ6 = −F6, λ7 = −G7,

λ8 = −H8, λ9 = −I9, λ10 = −J10, λ11 = −K11, λ12 = −L12, λ13 = −M13.

Thus, this implies that all eigenvalues of the Jacobian matrix J are negative and hence the
equilibrium point E∗ is locally asymptotically stable.

References
1. Thalassemia Foundation of Canada. Guidelines for the Clinical Care of Patients with Thalassemia in Canada. 2009. Available

online: http://www.thalassemia.ca/resources/ (accessed on 15 July 2022).
2. Cao, A.; Galanello, R. Beta-thalassemia. Genet. Med. 2010, 12, 61–76. [CrossRef] [PubMed]
3. Danjou, F.; Anni, F.; Galanello, R. Beta-thalassemia: From genotype to phenotype. Haematologica 2011, 96, 1573–1575. [CrossRef]

[PubMed]
4. Weatherall, D. The inherited diseases of hemoglobin are an emerging global health burden. Blood 2010, 115, 4331–4336. [CrossRef]

[PubMed]
5. Alwash, R.; Abbas, A. Beta-thalassemia. Public Health Med. 1999, 1, 61–76.
6. WHO. Genes and Human Disease. Available online: http://www.who.int/genomics/public/geneticdiseases/en/index2.html

(accessed on 15 July 2022).
7. Modell, B.; Darlison, M. Global epidemiology of haemoglobin disorders and derived service indicators. Bull. World Health Organ.

2008, 86, 480–487. [CrossRef] [PubMed]
8. Weatherall, D. Thalassemia as a global health problem: Recent progress toward its control in the developing countries. Ann. N. Y.

Acad. Sci. 2010, 86, 480–487. [CrossRef] [PubMed]

http://www.thalassemia.ca/resources/
http://doi.org/10.1097/GIM.0b013e3181cd68ed
http://www.ncbi.nlm.nih.gov/pubmed/20098328
http://dx.doi.org/10.3324/haematol.2011.055962
http://www.ncbi.nlm.nih.gov/pubmed/22058279
http://dx.doi.org/10.1182/blood-2010-01-251348
http://www.ncbi.nlm.nih.gov/pubmed/20233970
http://www.who.int/genomics/public/geneticdiseases/en/index2.html
http://dx.doi.org/10.2471/BLT.06.036673
http://www.ncbi.nlm.nih.gov/pubmed/18568278
http://dx.doi.org/10.1111/j.1749-6632.2010.05546.x
http://www.ncbi.nlm.nih.gov/pubmed/20712767


Thalass. Rep. 2022, 12 122

9. Al-Gazali, L.; Alwash, R.; Abdulrazzaq, Y. United Arab Emirates: Communities and Community Genetics. Public Health Genom.
2005, 8, 186–196. [CrossRef] [PubMed]

10. Al-Gazali, L.; Alwash, R.; Abdulrazzaq, Y. Mutations of a country: A mutation review of single gene disorders in the United
Arab Emirates (UAE). Hum. Mutat. 2010, 31, 505–520. [CrossRef] [PubMed]

11. Hamamy, H.; Antonarakis, S.; Cavalli-Sforza, L.; Temtamy, S.; Romeo, G.; Kate, L.; Bennett, R.L.; Shaw, A.; Megarbane, A.; van
Duijn, C.; et al. Consanguineous marriages, pearls and perils: Geneva International Consanguinity Workshop Report. Genet.
Med. 2011, 13, 841–847. [CrossRef] [PubMed]

12. Tadmouri, G.; Nair, P.; Obeid , T.; Ali, M.A.; Hamamy, N.A.K.H. Consanguinity and reproductive health among Arabs. Reprod.
Health 2009, 6, 1–9. [CrossRef] [PubMed]

13. Denic, S.; Aden, B.; Nagelkerke, N.; Essa, A. β-Thalassemia in Abu Dhabi: Consanguinity and tribal stratification are major
factors explaining the high prevalence of the disease. Hemoglobin 2013, 37, 351–358. [CrossRef] [PubMed]

14. Bittles, A. Reproductive behavior and health in consanguineous marriages. Science 1991, 252, 789–794. [CrossRef] [PubMed]
15. Bittles, A. The impact of consanguinity on neonatal and infant health. Early Hum. Dev. 2010, 86, 737–741. [CrossRef] [PubMed]
16. Baysal, E. Molecular Heterogeneity of Beta-Thalassemia in the United Arab Emirates. Community Genet. 2005, 8, 35–39. [CrossRef]

[PubMed]
17. Baysal, E. Molecular Basis of β-Thalassemia in the United Arab Emirates. Hemoglobin 2011, 35, 581–588. [CrossRef] [PubMed]
18. Al-Dabbagh, B.; Shawqi, S.; Yasin, J.; Al Essa, A.; Nagelkerke, N.; Denic, S. Half of the Emirati Population Has Abnormal Red

Cell Parameters: Challenges for Standards and Screening Guidelines. Hemoglobin 2013, 38, 56–59. [CrossRef] [PubMed]
19. Health Authority Abu Dhabi. Health Statistics 2013. Available online: https://scad.gov.ae/Release%20Documents/health%2020

13.pdf (accessed on 15 July 2022).
20. Belhoul, K.; Abdulrahman, M.; Alraei, R. Hemoglobinopathy carrier prevalence in the United Arab Emirates: First analysis of the

Dubai health authority premarital screening program results. Hemoglobin 2013, 37, 359–368. [CrossRef] [PubMed]
21. Sheikh Saud bin Saqr Al Qasimi Foundation for Policy Research. Public Health in the United Arab Emirates and Ras Al Khaimah.

2015. Available online: https://publications.alqasimifoundation.com/en/public-health-in-the-united-arab-emirates-and-ras-al-
khaimah-2021 (accessed on 15 July 2022).

22. Federal Competitiveness and Statistics Authority. Statistics by Subjects. 2015. Available online: https://fcsc.gov.ae/en-us/
Pages/Statistics/Statistics-by-Subject.aspx#/%3Ffolder=Economy/National%20Account/National%20Account (accessed on 15
July 2022).

23. Statistics Center Abu Dhabi. Statistical Yearbook of Abu Dhabi. 2013. Available online: https://www.scad.ae/Release%20
Documents/SYB%202013%20English%20-full%20version.pdf (accessed on 15 July 2022).

24. R Development Core Team. R: A Language and Environment for Statistical Computing; R Development Core Team: Vienna,
Austria, 2016.

25. Soetaert, K.; Petzoldt, T. Inverse modeling, sensitivity and Monte Carlo analysis in R using package FME. J. Stat. Softw. 2010,
33, 1–28. [CrossRef]

http://dx.doi.org/10.1159/000086764
http://www.ncbi.nlm.nih.gov/pubmed/16113536
http://dx.doi.org/10.1002/humu.21232
http://www.ncbi.nlm.nih.gov/pubmed/20437613
http://dx.doi.org/10.1097/GIM.0b013e318217477f
http://www.ncbi.nlm.nih.gov/pubmed/21555946
http://dx.doi.org/10.1186/1742-4755-6-17
http://www.ncbi.nlm.nih.gov/pubmed/19811666
http://dx.doi.org/10.3109/03630269.2013.790827
http://www.ncbi.nlm.nih.gov/pubmed/23600619
http://dx.doi.org/10.1126/science.2028254
http://www.ncbi.nlm.nih.gov/pubmed/2028254
http://dx.doi.org/10.1016/j.earlhumdev.2010.08.003
http://www.ncbi.nlm.nih.gov/pubmed/20832202
http://dx.doi.org/10.1159/000083336
http://www.ncbi.nlm.nih.gov/pubmed/15767753
http://dx.doi.org/10.3109/03630269.2011.634706
http://www.ncbi.nlm.nih.gov/pubmed/22074124
http://dx.doi.org/10.3109/03630269.2013.848811
http://www.ncbi.nlm.nih.gov/pubmed/24205932
https://scad.gov.ae/Release%20Documents/health%202013.pdf
https://scad.gov.ae/Release%20Documents/health%202013.pdf
http://dx.doi.org/10.3109/03630269.2013.791627
http://www.ncbi.nlm.nih.gov/pubmed/23647352
https://publications.alqasimifoundation.com/en/public-health-in-the-united-arab-emirates-and-ras-al-khaimah-2021
https://publications.alqasimifoundation.com/en/public-health-in-the-united-arab-emirates-and-ras-al-khaimah-2021
https://fcsc.gov.ae/en-us/Pages/Statistics/Statistics-by-Subject.aspx#/%3Ffolder=Economy/National%20Account/National%20Account
https://fcsc.gov.ae/en-us/Pages/Statistics/Statistics-by-Subject.aspx#/%3Ffolder=Economy/National%20Account/National%20Account
https://www.scad.ae/Release%20Documents/SYB%202013%20English%20-full%20version.pdf
https://www.scad.ae/Release%20Documents/SYB%202013%20English%20-full%20version.pdf
http://dx.doi.org/10.18637/jss.v033.i03

	Introduction
	Methods
	Results
	Impact of the Three Marriageable Actions
	Sensitivity Analysis of the Selected Model Parameters

	Discussion
	Appendix A
	Appendix A.1
	Appendix A.2

	References

