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Abstract

Background: Evidence-based policymaking for the genetic preventive interventions at the community level requires information on
the effectiveness of interventions in the operational areas taking into account the characteristics of health system and customer
behaviour. These information are limited in many low- and middle-income countries. In this study, we estimated the effectiveness of
preventive interventions for chromosomal disorders using the conceptual framework of Iran’s community genetics program (ICGP)
using a Bayesian Network as a modeling method in limited access situation to the complete and accurate observational data.

Methods: Expert elicitation method based on global and national scientific evidences was applied to determine the structure of the
Bayesian Network (BN) and to quantify the probability of nodes. The nomological and face validity of the network was checked. Also,
a sensitivity analysis against the sources of uncertainty of probabilities was conducted.

Results: By ICGP interventions, 63% (95% Cl, 0.55-0.71) of all chromosomal disorders can be prevented, which is responsible for
80% (95% CI, 0.76-0.84) and 38% (95% CI, 0.31-0.45) reduction of expected baseline birth prevalence of trisomis and other
autosomal disorders, respectively. Improving the access to and the uptake of screening service can also result in a 12% and 11%
increase in effectiveness, respectively.

Conclusion: Effectiveness of ICGP’s intervention is between the same interventions’ effectiveness in Western Europe and the
Eastern Mediterranean region. Opportunities for increasing the uptake of and the access to the interventions are strengthening the
public genetic literacy and implantation of a system of laboratory sample transfer at the side of the utilization of telehealth for
delivering the counseling services at remote areas.
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Introduction
Genetic and congenital disorders are a collection of het-  erogeneous disorders needing different interventions to be
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University of Medical Sciences, Tehran, Iran of intrinsic characteristics of the intervention, behavioral
characteristics of target groups, and characteristics of the health
system's services delivery was conducted in this study for the first
time. Moreover, the Bayesian network can also be applied in the
communities interested in implementing genetic programs at the
community level if domestic probabilities are considered in the
model.
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controlled or prevented. Improving children's health indi-
cators affected by genetic and congenital disorders was
impeded because of a lack of proper prioritization of the
interventions in many co untries (1). Iran is one of the
pioneer countries in implementing community-based ge-
netic programs (2, 3). The model was developed into a
comprehensive program of community-based control and
prevention of genetic and congenital disorders, which was
integrated into Iran's health system over the last 2 decades
(2, 4, 5). In Iran's community genetics program (ICGP),
interventions to prevent affected birth of genetic and con-
genital disorders are designed based on the nature and
epidemiological characteristics of disorders on the one
hand, and feasible intervention strategies on the other.
However, assessing the effectiveness of applied interven-
tion and estimating the effectiveness of further planed
interventions is necessary for improving the evidence-
based priority setting about this complex interventions.

Determining the effectiveness of health interventions is
usually done by conducting the primary studies on obser-
vational data or secondary study conducting on results of
the existing primary studies (6, 7). In the context of com-
plex interventions, the simple application of systematic
review and meta-analysis studies are not a sufficient ap-
proach because of the multidimensional aspects of com-
plex interventions, including multiplicity of interacting
components, groups and organizational levels targeted by
the interventions, variety in the outcomes, and degree of
flexibility or compatibility to the area of implementation
(8). In such cases, a tool is needed to integrate the exist-
ing scientific evidence and experts' opinions on the struc-
ture and strength of the relationship between the variables
determining the effectiveness. The Bayesian networks
(BNs) were introduced as an effective tool to estimate the
effectiveness of complex health interventions (9).

BNs are a tool for visualizing the relationships among
variables in a complex network of causal or noncausal
relationships and quantifying these variables' conditional
probabilities relative to each other. Therefore, conducting
a BN consists of 2 aspects: "structure learning™ and “pa-
rameter learning". Both aspects of BNs can be constructed
using the machine learning algorithms from a set of ob-
servational data or using a combination of existing pieces
of knowledge from scientific evidences or expert opin-
ions, which in the second case, BN is called a Belief BN
(10).

BNs also allow the sensitivity analysis for all aspects of
the network that provide the opportunity to investigate the
parameters influencing the overall effectiveness of the
intervention as well as the value of information and deci-
sion analysis regarding the alternative interventions. The
possibility of investigating the effectiveness of scenarios
in the desired intervention that have not been implemented
yet or are proposed as the alternatives is one of the BN's
unique features as a modeling tool (9, 11). Thus far, BN
has been used in several studies as a tool to analyze the
networks of various health outcomes in the field of com-
municable, noncommunicable diseases, public health,
cognitive and behavioral sciences, et cetera. Investigating
the effect of interventions on the outcomes using BNs is
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an area that has received more attention over recent years
(9, 12). Furthermore, in this study, interventions' effec-
tiveness to prevent chromosomal disorder in Iran was es-
timated as an example of interventions for preventing ge-
netic and congenital disorders because of the framework
of Iran’s community genetics program.

Methods

Study Design

This was a secondary study based on a modeling meth-
od combining the best available data on different acpects
of effectiveness of the ICGP according to the national
reports when available and expert opinion in limitation of
abservational data. Details of modeling and data collection
methods are described below.

Determining BN Structure

To determine the structure of BN using the conceptual
framework of the ICGP, the target genetic disorder of the
program was divided into 3 main categories of chromo-
somal disorders, abnormalities, and inherited disorders,
including single-gene disorders and diseases with genetic
risk factors, extracted by grouping criteria introduced in
the Modell Global Database study (MGDb) (1). For sex
chromosomal disorders, pregnancy termination for Turner
and Klinefelter syndromes are not legally allowed, except
for the mosaicism cases that lead to hermaphroditism or
concomitation with major abnormalities. Therefore, sex
chromosomal disorders were not assumed as preventable
chromosomal disorders in this study.

Each preventive subprogram of ICGP includes 2 aspects
of intervention: first, identifying at risk cases (including
specific screening and/or opportunistic genetic risk as-
sessment), and second, the prevention of affected birth
(PAB). Genetic counselling, genetic diagnosis services,
and genetic literacy education are supplementary parts of
each preventive subprogram. The identification strategy,
depending on the disorder's nature and its relative preva-
lence, is either done through a specific screening or oppor-
tunistic risk identification program. Opportunistic risk
identification pathways through marriage questionnaire
and integrated in routine health services, seeking to identi-
fy a history of genetic disease with a diagnosis or recur-
rence of the unknown suspected genetic diseases in the
family is a strategy to identify rare genetic diseases. PAB
is the active pursuance of women at risk of having chil-
dren with genetic disorders, which were identified through
2 strategies mentioned above. PAB leads to timely risk
identification of pregnancies, genetic testing of fetus, and
counseling for termination of the pregnancy of affected
fetus by the mother's informed decisions. The conceptual
framework of the interventions of ICGP are shown in Fig-
ure 1.

The effectiveness of each subprogram is affected by 2
aspects of risk identification and prevention of affected
birth, which are mentioned above in 3 dimensions of effi-
cacy, access, and uptake of these 2 interventions. Efficacy
as each intervention's intrinsic trait is defined as a success
rate (detection rate for identification intervention and pre-
vented affected birth rate for PAB in the ideal conditions).
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Fig. 1. Conceptual Framework of Preventive Interventions of Community Genetics Program of Iran

However, access and uptake are traits of the implementa-
tion condition of intervention that can modify interven-
tions' intrinsic efficacy.

The BN structure generally consists of 2 categories of
variables: the parent node and the child node. Each child
node can itself be the parent of other nodes in the network.
Any node, which is just a parent and not a child of another
node, is called a root node. The set of parents and child
nodes is conditionally independent of all the other nodes,
which given the specific node, it is named Markov blanket
of that node. Based on the Bayesian probability theory,
essential assumptions for a Markov chain is that a node
must be conditionally independent of the entire network,
given its Markov blanket. In other words, a Markov net-
work is a direct acyclic graph without any return pathway
to the starting point (12). The 3 aspects of efficacy, access,
and uptake of each of the 2 interventions of risk identifica-
tion and PAB of each of preventive subprograms, used as
parent nodes, are important for the child node of the inter-
vention's effectiveness in BN.

Determining the Probability Distribution of the Parent
Nodes of BN

To quantify the probability distributions of root and par-
ent nodes, we reviewed the existing relevant scientific
evidence at the global and national levels (13-17). Then,

the probability elicitation method based on the expert
opinion was conducted to harmonize the evidence by con-
sidering the acceptable national range of the above indica-
tors (18-21). The truncated normal distribution phase been
taking into account as the prior distribution for all parent
nodes, except for the distribution of PAB’s efficacy. The
sources of information used in expert elicitation to deter-
mine the parameters of effectiveness of prior distribution
of parent nodes are presented in Table 1.

The efficacy of the questioner-based genetic risk identi-
fication has been determined based on the program's mari-
tal genetic risk identification observational data. In terms
of time direction of risk identification strategies, there are
2 general categories of interventions to prevent congenital
disorders: (1) prospective risk identification (PRI) in
which the risk identification is performed before having
the first affected child, leading to 100% prevention of af-
fected birth theoretically; (B) retrospective risk identifica-
tion (RRI) in which the risk identification for couples is
performed after the birth of the first affected child with
different efficacies associated with total fertility rate
(TFR) and with the goal of healthy childbearing of at-risk
couples (13). By assuming 2 healthy children for each at-
risk couples according to the observational data from the
thalassemia prevention program, we quantified efficacy
distribution of the PAB using the quantitative values in-
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Table 1. Sources of Information Used in Expert Elicitation for Determining Parameters of effectiveness of Prior Distribution of Parent Nodes

Root Node

Source of Information Used in Expert Elicitation

Total fertility rate
Percentage of urban resistance

Trisomy screening Efficacy

Statistical yearbook of the statistical centre of Iran (2018) (22)

Result of methaanalysis of cost-effectivness of prenatal screening methods,

Walker et al (23)

Access
Uptake

Result of a survey of ultrasound use in prenatal health care in Iran, Sangestani et
al (24)

And information from national electronic primary healthcare record system (25)

Opportunistic risk identification Efficacy

Report of national program of marital genetic risk identification (unpublished

document of genetics office of of Iran’s ministry of health)

Access

Prevention of affected birth (PAB) Efficacy

Result of Iranian healthcare utilization household survey, Vahedi et al (17)
Result of effect estimation of preventive interventions for congenital disorders,

Blencowe et al (13)

Access
Uptake

observational information of genetic prevention programs implemented in the
country (eg, beta-thalassemia major prevention program and phenylketonuria

prevention and control program) (26, 27)

troduced in the MGDb study for PRI and RRI using a
castom PDF distribution (13).

Estimating the Joint probability of Effectiveness
The joint conditional probability for each child nodes
factorized as a product of several conditional distributions
of parent nodes in its Markov blanket, as mentioned in
equation 1 is as follows (28):
n

PO X = | [PeiRcy

I=1

P(X;|P,(X;)) denotes the conditional probability of each
node given its parents.

In the present study, because of the simultaneous pres-
ence of continuous and discrete variables in the network,
the hybrid forward sampling algorithm was used to gener-
ate 10,000 samples to generate the posterior probability
distribution of nodes. The mean and SD of the posterior
distribution of effectiveness nodes have been used to cal-
culate this index's 95% CI. BN design and probability
calculation are performed using GeNle Software Academ-
ic Version 2.3.

Validation of Network and Sensitivity Analysis

In a broader sense, validity is defined as “describing the
system that is intended to describe both the output and the
mechanism by which the output is generated.” Further-
more, in the case of belief BNs, the structure of the net-
work is based on the researchers’ opinion and not machine
learning algorithms, and different methods are used to
check the validity of the model compared with the quanti-

Risk Identification
Efficacy

Living area k.

Retro Risk
Identification Access

PAB_RRI Efficacy

Prospo Risk
Identification
Access

.

Other trisomies
. TOP Uptake
Screening Eﬂn

tative validity check methods in data-based modeling. In
the present study, the validity of model structure in terms
of nomological validity and face validity was investigated
by examining the compatibility of model structure with
other existing models and experts' opinion (29). Also, 1-
way sensitivity analysis was conducted based on changing
each important parent's probability of effectiveness in the
spectrum of acceptable values based on experts’ opinions.

Ethics Statement
The study was approved by Shahid Beheshti University of
Medical Sciences Ethics Committee

(No.IR.SBMU.PHNS.REC.1398.044).

Results

The BN of prevention interventions of chromosomal
disorders is structured by 4 type of parent nodes that de-
termine the effectiveness nodes, as shown in Figure 2.

The effectiveness of chromosomal disorders prevention
interventions with 2 strategies, "pregnancy screening for
trisomies™ and "genetic risk identification for other auto-
somal disorders," based on their parent nodes of efficacy,
acceptance, and access is listed in Table 2.

In total, 63% (95% CI, 0.55-0.71) of all chromosomal
disorders can be prevented by ICGP interventions, which
are responsible for 80% (95% CI, 0.76-0.84) and 38%
(95% CI, 0.31-0.45) reduction of expected birth preva-
lence of trisomis and other autosomal disorders, respec-
tively.

The sensitivity analysis results of parent nodes of 2 ef-
fectiveness nodes in the network is shown in Figure 3.

Pregnancy
Screening Uptake

Trisomies
Scr Access

Fig. 2. The Bayesian Network of Prevention Interventions of Chromosomal Disorders
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Table 2. The Effectiveness of Chromosomal Disorders Prevention Interventions and Their Parent Nodes Posterior Probability

Disorder Category Aspect of Components of Subcategory Percentage (95% CI)!
Intervention Intervention
Trisomies Efficacy Pregnancy screening Trisomy 21 0.93 (0.91-0.95)
Trisomy 13 & 18 0.95 (0.93-0.97))
PAB? PRI} 0.99 (0.98-1)
Access 0.90 (0.96-0.94)
Uptake Screening 0.97 (0.95-0.99)
TOP* 0.98 (0.97-0.99)
Effectiveness Trisomy 21 0.80 (0.76-0.84)
Trisomy 13 & 18 0.90 (0.87-0.93)
Other autosomal Efficacy Questionnaire based 0.70 (0.65-0.75)
genetic risk identifica-
tion
PAB PRI 0.99 (0.98-1)
RRIS 0.15 (0.12-0.17)
Access PRI 0.99 (0.98-1)
RRI 0.85 (0.78-0.92)
Uptake TOP 0.98 (0.97-0.99)
Effectiveness PRI 0.68 (0.63-0.73)
RRI 0.09 (0.06-0.12)
Weighted mean  of both ap- 0.38 (0.31-0.45)
proaches
Total 0.63 (0.55-0.71)

1 Based on the mean and SD of normal distribution as the posterior distribution of each node in the Bayesian network.
2 Prevention of affected birth services, including genetic testing for fetus and posttest genetic counselling.
3 Prospective risk identification strategy (risk identification for at-risk couples at marital time until preconception)

4Termination of pregnancy by mothers’ request.

5 Retrospective risk identification strategy (risk identification for at-risk couples after the first affected birth)

5 By assuming the equal fraction for PRI and RRI.

A
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Pregnancy Screening Uptake (0.90-0.99)
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"

30

35 40 45

Effectivness of Genetic Risk Identification

Fig. 3. Tornado Diagram of 1-Way Sensitivity analysis (A) for Down Syndrome Screening and (B) for Risk Identification of Other Autosomal

and Sex chromosomal Disorders.

Sensitivity analysis results showed that the change in the
quantitative amount of probability distribution of down
syndrome screening effectiveness and Down screening
access has the greatest effect on estimating the joint prob-
ability of effectiveness of pregnancy screening interven-
tion for trisomy disorders. And in the order of changing
the probability of these parent nodes from the minimum to

the maximum acceptable value, the effectiveness of Down
screening varied 22% and 12%, respectively (Fig. 3-A).
Regarding the effectiveness of genetic risk identifica-
tion, the efficacy of the questioner was the most important
parent node, which can change the probability of its child
node from 36% to 44%, considering its 10% variation. In
the following manner, the percent of residency in urban
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areas, as a root node of access to PHC services, and TFR,
as a root node of retrospective PAB efficacy, changed the
effectiveness of genetic risk identification 6% and 5%, top
to the ceiling of 38% as a mean of the joint probability of
genetic risk identification effectiveness. Raising up to the
uptake of 99% increased the mean of effectiveness to 40%
(Fig. 3-B).

Discussion

The effectiveness of trisomies screening as the strategy
for preventing the common genetic disorders in ICGP and
the effectiveness of genetic risk identification as the strat-
egy of preventing the relatively rare genetic disorders are
estimated. Effectiveness of screening for trisomies at
pregnancy as the main preventive strategy for chromoso-
mal disorders was estimated 80% (95% ClI, 76%-84%) for
Down syndrome and 90% (95% CI, 87%-93%) for tri-
somy 13 and 18, which is in the range of the result of ob-
servational studies conducted in different countries (30).
In total, all preventive interventions of ICGP can result in
a 31% decrease in birth prevalence of chromosomal disor-
ders in Iran, which is equal to the reduction of 63% of
preventable chromosomal disorders. This reduction in-
cludes trisomies and other autosomal disorders, except for
sex chromosomal disorders.

Based on the MGDb study results, as a comprehensive
review of existing evidences in the congenital disorder
prevention topic, effectiveness of the ICGP’s itervention
is lower than the effectiveness of preventive interventions
for chromosomal disorders in Western Europe, which is
estimated to be 0.47 (31). This difference can be the result
of more effective screening strategies and higher access in
high-income countries. On the other hand, compared with
the effectiveness of related interventions in the East Medi-
tation Region (EMR), which is estimated about 26%, the
effectiveness of preventive interventions for chromosomal
disorders in Iran is higher. This difference can be ex-
plained by religious and legal permission of TOP in the
case of mother requests in Iran, which is not the case in
many countries in EMR (13). Besides, conducting an ac-
tive and national community-based preventive program,
ICGP, has an important role in this increase.

Based on the results of 1-way sensitivity analysis, the
highest impact on effectiveness was attributed to Down
syndrome screening efficacy that varied from 85% in the
minimal scenario (first trimester combined test) to 99% in
the maximal scenario (universal noninvasive prenatal test-
ing [NIPT]), resulting in 22% change in pregnancy screen-
ing effectiveness. Choosing the optimal screening strategy
needs the complete health economic analysis rather than
an effectiveness study. However, our results quantified the
amount of improvement of pregnancy screening effective-
ness by advancing to application of more precise and ac-
curate screening methods, such as NIPT screening strate-
gies. Other important nodes for determining pregnancy
screening effectiveness were access to and uptake of the
services for Down screening by 12% and 11% change of
effectiveness, respectively. Changes in the percentage of
TOP uptake had the lowest effect on the effectiveness as a
result of the narrower range of variability of this node.
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According to this findings, by fixing the efficacy of tri-
somy screening at the optimal level of a national strategy
(using contingent NIPT), the best opportunities for im-
proving the effectiveness of this screening are increasing
the uptake of screening by improving public genetic liter-
acy through the operation of educational programs, im-
proving the access of remote areas by implantation of a
system of laboratory sample transfer, and utilization of
telehealth for delivering the counseling services. In addi-
tion, the development of insurance coverage for costly
parts of the screening progress can increase less privileged
consumers' uptake. Based on the sensitivity analysis re-
sults of the effectiveness of prevention of affected birth
(PAB), by assuming the equal fraction for each risk identi-
fication approach (PRI and RRI), effectiveness of genetic
risk identification is 38% for preventing nontrisomic
chromosomal disorders. In populations with TFR lower
than 2 as what Iran is expecting in recent years, only 0.5%
of interventional nontrisomic disorders can be prevented
by retrospective risk identification. Despite this, PRI iso-
latedly has an effectiveness equal to 68%, if this strategy
can identify all at-risk couples before having the first af-
fected child. Thus, emphasizing genetic self-care to in-
crease the couples' timely attendance at the early repro-
ductive age to the genetic counseling sections can improve
PRI's effectiveness. Hence, in general, genetic risk identi-
fication does not have high effectiveness for preventing
chromosomal disorders, as this intervention can approach
only 5% of all preventable fraction of chromosomal disor-
ders.

The active partnership of managers of community ge-
netics program in the design and conducting the study led
to significant advantages in the field of model validity.
First, access to a strong team of experts and first-hand
evidence of observational data from the implementation of
health programs in the country, including published and
unpublished reports, and data in relevant registration sys-
tems. Second, a correct understanding of the executive
mechanisms of the community genetics program and its
practical adaptation to the model of the health interven-
tions and the results of previous studies to design the net-
work structure. Introduced models can also be applied in
the communities interested in implementing genetic pro-
grams at the community level if domestic probabilities are
considered in the model.

We used the access of the target group as a proxy of
utility in the network, as in most regions of Iran, the ac-
cess to the active genetic services can be assumed equal to
the utility of consumers, especially for the services that
are necessary for legal registration of marriage. In some
areas of the country, the assumption can not be achieved
because of different cultural and religious beliefs and
might result in a slight overestimation of the effectiveness,
if we are to generalize the findings at the provincial level.

Conclusion

The effectiveness of interventions to prevent genetic
disorders is affected by 3 areas of efficacy, uptake of in-
terventions, and the percentage of access in 2 aspects of
"identification" and "prevention" of each intervention.
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Despite the limited opportunity to increase each specific
intervention's efficacy, the intervention's effectiveness can
be improved by modifying the setting and implementation
factors of the intervention, such as applying flexible ser-
vice delivery approaches and beneficial informing of the
target group. Besides, the Bayesian belief network was
applied as a useful tool for visualizing the structure of the
conceptual framework of preventive interventions of the
community genetics program of Iran and for facilitating
the integration of the best available international and na-
tional evidence in a scientific manner for assessing the
effectiveness of complex health interventions and provid-
ing higher levels of national evidence to support evidence-
based policymaking, even in the face of limited access to
individual observational data.
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