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ARTICLE INFO ABSTRACT

Keywords: Objective There is no coordinated cascade testing program for familial hypercholesterolemia (FH) in the U.S.
Familial hypercholesterolemia We evaluated the contemporary cost-effectiveness of cascade genetic testing relatives of FH probands with a
Prevention

pathogenic variant.

Methods: A simulation model was created to simulate multiple family trees starting with progenitor individuals
carrying a pathogenic variant for FH who were followed through several generations. This approach allowed us
to examine a family tree that had grown sufficiently to have large numbers of relatives across multiple degrees of
relatedness. The model estimated costs and life years gained (LYG) when cascade genetic testing was implemented
for relatives of FH probands identified through standard care who were at or older than designated age thresholds
(5, 10, 15, 20, 25, 30, 35, 40). Costs were valued in 2018 U.S. dollars. Future costs and LYG projected by the
model were discounted at an annual rate of 3%.

Results: For 1st degree relatives, cascade testing at every age threshold resulted in a positive number of average
LYG per person, though this number decreased as testing was started at higher age thresholds. Testing was not
cost-effective if initiated at an age threshold of 40 and older but was cost-effective at younger age thresholds, with
a discounted cost per LYG per person of less than $50,000. For 2nd degree relatives, testing was cost-effective
with a screening age threshold of 10 but no longer cost-effective at a threshold of 15 or higher. In more distant
relatives, cascade genetic testing was not beneficial or cost-effective.

Conclusions: Based on our simulation model, cascade genetic testing for FH in the U.S. is cost-effective if started
before age 40 in 1st degree relatives and before age 15 in 2nd degree relatives.

Genetic testing
Cascade testing

tions. Prior studies have utilized economic models to evaluate the cost-
effectiveness of cascade testing programs in several European countries

1. Introduction

Familial hypercholesterolemia (FH) is an autosomal dominant dis-
order associated with an increased risk of premature coronary heart
disease (CHD) due to lifelong elevated levels of low-density lipoprotein-
cholesterol (LDL-C) [1,2]. The estimated prevalence of heterozygous FH
is approximately 1:250. Nearly 20 million people are affected worldwide
but more than 90% remain undiagnosed [3]. Early detection and treat-
ment can reduce risk of adverse outcomes such as myocardial infarction
and sudden cardiac death in those with FH.

Current guidelines recommend cascade testing of family members
of patients with FH [4], given the significant public health implica-

[5-8]. However, a coordinated testing program for FH does not cur-
rently exist in the U.S., though some have been evaluated [9-11]. A
previous cost-effectiveness analysis in a U.S. setting in 2014 only as-
sessed a male population and found that cascade genetic testing was not
cost-effective [12]. There have been significant developments since, in-
cluding marked reductions in the cost of genetic testing due to advances
in next generation sequencing and availability of statins as generic med-
ications [13].

Given the public health burden of FH, there is an urgent need to
conduct a contemporaneous analysis of the cost-effectiveness of cas-
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Fig 1. Simulation of family trees arising from a progenitor population (solid arrows) that has familial hypercholesterolemia (FH). Once a proband (dashed arrow) is
identified through standard care, cascade testing of his/her relatives is initiated. Circles depict women. Squares depict men. Solid circles/squares depict FH positive

individuals.

cade genetic testing in family members of patients with an identifiable
pathogenic variant. Using a novel simulation approach, we attempted
to provide an updated and comprehensive estimate regarding the cost-
effectiveness of cascade genetic testing for FH and assess whether it is
affected by the age at which testing is initiated in family members or the
degree of relatedness to the proband. We followed the CHEERS guide-
line for reporting economic evaluations [14].

2. Methods
2.1. Simulation model

There is not enough empirical data to estimate the number of
pathogenic variant-carrying relatives of an FH proband in order to de-
termine the cost-effectiveness of cascade testing family members. There-
fore, we generated simulated family trees where the pathogenic variant
was transmitted in an autosomal dominant mode through generations,
using Arena® version 14.0 simulation software (Rockwell Automation,
Coraopolis, PA) (Fig. 1). The creation of these simulated family trees
used multiple sources of information including the United States Cen-
sus Bureau Fertility Data [15] (see Supplemental Methods for more
details). The model evaluated three populations: (1) a model valida-
tion population with an FH negative progenitor population used to val-
idate the simulation model output against actual life expectancy (LE)
and family size statistics from historical data; (2) a simulated popula-
tion with an FH positive (FH+) progenitor population where cascade
testing is not implemented to identify patients with FH; (3) a simulated
population with an FH+ progenitor population where cascade testing is
implemented and patients with FH are identified and treated.

The simulation model followed randomly generated family trees
based off U.S. Census information, with each family tree starting with

an FH+ female. Every year from 1900 to 1999, 10 FH+ females, which
is hereafter referred to as the progenitor population, were “born” into
the simulation, resulting in 1,000 family trees per simulation run. The
simulation was then run with 50 replications to account for variation,
resulting in 50,000 family trees for analysis. The year 1900 was chosen
because according to U.S. census information, women are largely done
having children by the age of 40, and there is good census information
regarding children born to mothers starting in 1940. The simulation
model assumed that the progenitor population would survive until age
40. This was done to reduce the size and complexity of the simulation
model by reducing the number of replications needed to generate a suf-
ficient number of FH+ descendants in the model for statistical analysis.
The progenitor population was not used in any analysis.

The children of the progenitor population, and all subsequent off-
spring, were generated using the U.S. Census information for the num-
ber of children born to women at various ages. If the simulated female
offspring did not live until age 40, their offspring were adjusted accord-
ingly. For example, if the female only lived until age 30, her offspring
would be modeled off known census information for a female at age
30. We could not find information regarding the number of children
born to men. However, there is U.S. Census information regarding the
likelihood of marriage for men as well as the age differences between
males and females. If a male married, we modeled their offspring using
their spouse. If a married male was FH negative, we still modeled their
offspring in order to complete the family tree for accurate cost analysis.

Each family tree was then followed through 8 generations, with ap-
proximately 6 million simulated individuals at the end. A 50% proba-
bility of inheriting an FH variant was incorporated. The 1999 to 2012
United States National Health and Nutrition Examination Surveys re-
ported a prevalence of 0.40% (95% confidence interval (CI) 0.32-0.48%)
for FH in the U.S. [16]. During model building, it was determined that
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there needed to be a 0.5% chance of an individual within the simulated
family tree marrying someone outside with FH in order to maintain the
estimated prevalence in the general population.

The model was initially run with all women in the progenitor popu-
lation as FH negative in order to validate the simulation model output
against actual LE and family size statistics from historical data [17].
After validation, the progenitor population was set as FH+ because we
were only interested in the future offspring of an FH+ individual. The
model was also validated by comparing the number of children born to
women, as well as the number of individuals alive at a given age in our
simulation, with national averages.

Life years gained with cascade testing was determined based on LE
data extrapolated from a United Kingdom (UK) cost effectiveness analy-
sis, which has detailed information regarding LE at various ages for the
general population as well as FH individuals who are treated and un-
treated [7,18]. Assuming that LE for both the UK and U.S. populations
have a similar mathematical function, the UK general population data
were transformed to mirror the U.S. general population, and this func-
tion was then applied to the UK FH treated and untreated populations to
obtain estimated LE for the U.S. FH treated and untreated populations,
respectively.

Our simulation evaluated the potential benefit of cascade testing by
comparing the average LE in a simulated population where cascade test-
ing is implemented and patients with FH are treated, to the average LE
in a simulated population where patients with FH are not treated. We
refer to the latter population as the baseline state. We acknowledge that
in practice, some patients with FH (with or without a clinical diagnosis)
may receive treatment for hypercholesterolemia in the baseline state
where there is no cascade testing. Therefore, our simulation assumed
that 17% of FH patients in the baseline state would be treated with
a lipid-lowering therapy by the age of 60 based on the National Health
and Nutrition Examination Survey data showing that 17% of adults aged
40-59 take cholesterol-lowering medications [19]. Though this estimate
reflects treatment in the general population, it would be expected that
in the baseline state, without targeted testing programs, the proportion
of FH patients that are treated should be similar to the proportion for
the general population.

2.2. Cascade genetic testing of relatives

The identification of probands with FH in the year 2018 was pre-
sumed to occur through standard care. Therefore, there were no costs
associated with identifying a proband. The model then looked at ex-
tended family members with various degrees of genetic relatedness in-
cluding 1%t-degree relatives, 2"d-degree relatives, 3'd-degree relatives,
and up until 6®-degree relatives (Supplemental Table 1). The model
was also run with different age thresholds at and above which genetic
testing would be initiated for these family members (ages 5, 10, 15, 20,
25, 30, 35, 40).

If a simulated family member of a proband with FH was alive in 2018
and at or older than the designated age threshold above which genetic
testing would be initiated, genetic testing was performed on that indi-
vidual. If that individual were FH+, then he/she would begin treatment.
Because our estimated LE for the FH treated population in the U.S. was
modeled from data from the FH treated population in the UK, our simu-
lation incorporates the effects of real-world treatment patterns, compli-
ance, and achievement of therapeutic targets (or lack thereof) and the
effects of outcomes such as cardiovascular events on LE.

The family tree of the proband was then followed for 30 years and
any family members that reached the age threshold were tested. For
example, the family tree of a proband identified in 2018 would be fol-
lowed until 2048. We also ran the model following a family tree for 40
years but found there were almost no additional cases identified. Fam-
ily members who were over the age of 45 at the time the proband was
identified were excluded from the cost-benefit analysis because of lack
of census information on how changes in their LE might affect future
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populations. Additionally, when we modeled U.S. life expectancy for
FH+ individuals using UK life expectancy models [18] and adjusted for
years of life gained with treatment for people in this age group who had
not been previously identified as having FH, the results suggested that
the gains in life expectancy for individuals with FH who were treated
compared to untreated would be marginal after age 45.

2.3. Outcome variables

Outcome variables of interest included the average number of life
years gained per person in a simulated population where cascade test-
ing is implemented and patients with FH are treated compared to a sim-
ulated population where patients with FH are not treated. For an FH+
individual under treatment, the average life expectancy is greater than
the average life expectancy for an FH+ individual not under treatment.
However, it is possible for the FH+ population under treatment to have
a worse outcome compared to the FH+ population not under treatment
because of random variation since all life expectancies are based on
probability distributions. For example, by chance, we might have an it-
eration of the simulation where on average, the simulated population
where patients with FH are not treated lives longer than the simulated
population where patients with FH are treated. We accounted for this
by running many replications of the simulation model, which reduces
the confidence interval around the estimate and thus minimizes the ef-
fect of random variation. If testing and treatment start at a later age,
the benefit of treatment is small and we are more likely to encounter
simulations where there is no benefit to treatment and the confidence
interval shows a negative effect of treatment. Because this had no con-
text within the model, it was displayed as 0 and implies that any benefit
of treatment is not statistically detectable. In our simulation, a positive
number of average life years gained, with a confidence interval did not
include 0, indicated group benefit with testing.

We also evaluated the average discounted cost in U.S. dollars per
life year gained per person. The cost-effectiveness threshold that was
used was $50,000 per life year gained per person. As a quality-adjusted
life year (QALY) is equivalent to 1 year in perfect health, if the quality
of the life years gained in our simulation was at least 50% of perfect
health, our results would show that testing would be cost-effective with
a threshold of $100,000 per QALY that is typically used [20,21]. Testing
for a group was not cost-effective when the average cost per life year
gained per person or lower/upper bound of the confidence interval was
noted to be greater than $50,000 per life year gained per person or to
be infinite.

2.4. Costs

Costs included in the simulation are from the health care provider’s
perspective and are restricted to direct costs of medical care. Input costs
are displayed in Table 1. In terms of genetic testing, most laborato-
ries now offer next generation sequencing targeted panels for FH index
cases at an out-of-pocket cost of less than $500. Subsequent testing for a
pathogenic variant in relatives is typically cheaper [13]. In our model,
the genetic testing cost used for family members was $250, which is a
conservative estimate, as it may be offered free for family members of
identified probands within a 90-day period [22]. This cost was applied
to all family members of an FH proband as part of the cascade testing
process.

Family members of the proband with a negative FH test did not in-
cur additional costs above what is expected in the baseline state where
cascade testing is not implemented and FH patients are not identified
and treated. For family members identified to have FH, additional costs
considered in the model included lipid panels, ECG, stress tests, car-
diac computerized tomography (CT) scans for coronary calcium scoring,
lipoprotein (a), alanine aminotransferase/aspartate aminotransferase
(ALT/AST), and clinical consultation with a specialist. Some of these
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Table 1
Simulation input costs for those who have a positive genetic test for FH.
Proportion
Cost in 2018 First Year Subsequent Years Receiving
Test or Office Visit U.S. Dollars
Yes/No Number of Tests Yes/No Number of Tests
FH Genetic Test* $250.00 Yes 1 No 0 100%
Lipid Panel $26.46 Yes 3 Yes 1 100%
ECG $25.84 Yes 1 No 0 100%
Stress Test $75.18 Yes 1 No 0 25%
CT Coronary Calcium $99.21 Yes 1 No 0 25%
Lipoprotein (a) $17.23 Yes 1 No 0 100%
ALT/AST $12.93 Yes 2 Yes 1 100%
Specialist Visit $179.63 Yes 1 Yes 1 100%
Lipid-Lowering Therapies Cost in 2018 Proportion of Patients
U.S. Dollars** Month 0 Month 6 Month 12 Subsequent
Years
Statins Only $91.03 74% 25% 25% 25%
Statins + Ezetimibe $230.16 0% 45% 23% 23%
Statins + Ezetimibe + PCSK9 Inhibitors $12,601.54 0% 0% 22% 22%
Statins + PCSK9 Inhibitors $12,462.41 0% 4% 4% 4%
PCSK9 Inhibitors Only $12,371.80 3% 3% 3% 3%
Ezetimibe Only $139.13 13% 3% 3% 3%
PCSK9 Inhibitors + Ezetimibe $12,510.51 0% 10% 10% 10%
No Lipid-Lowering Therapies $0 10% 10% 10% 10%

*FH genetic testing was performed for all family members of an FH proband as part of the cascade testing process. Other items only apply to those who have a

positive genetic test for FH.
**Listed costs for lipid-lowering therapies are annual costs.

Abbreviations: FH (familial hypercholesterolemia); ECG (electrocardiogram); CT (computerized tomography); PCSK9 (proprotein convertase subtilisin/kexin type

9)

items were only included as first-year costs, while others were also in-
cluded in subsequent years. Estimates regarding the frequency of lipid
panel and AST/ALT testing were obtained from a study on laboratory
monitoring in patients on chronic statin therapy [23]. Coronary calcium
scoring was included given its utility in risk stratification and informing
decisions regarding intensity of treatment in FH patients [24]. All indi-
viduals received lipoprotein (a) testing as recommended by guidelines
[25]. Additional costs included lipid-lowering therapies such as statins,
ezetimibe, and PCSK9 (proprotein convertase subtilisin/kexin type 9)
inhibitors. Estimates regarding treatment patterns were based on infor-
mation from the CASCADE FH registry [26]. The timeframe over which
treatment was escalated for those not at therapeutic targets was based
on expert opinion. Costs of professional services including diagnostic
tests and office visits were based on Medicare reimbursement rates [27],
which is typically the standard practice at our institution [28]. Though
Medicare costs may be a lower bound, they are generalizable. Costs
of medications were obtained from the GoodRx website [29]. All costs
were valued at constant 2018 U.S. Dollars and were ultimately recorded
in the simulation using a 3% discounted rate for future costs.

3. Results

Our simulation demonstrated that cascade genetic testing for 18-
degree relatives was cost-effective, with an average discounted cost per
life year gained per person and associated confidence interval of less
than $50,000, using testing age thresholds of 5, 10, 15, 20, 25, 30, and
35 (See central illustration for a graphical display of our results. Please
refer to Supplemental Table 2 for more details). However, when testing
was started at age 40 and above, the average discounted cost per life year
gained per person and associated confidence interval was greater than
$50,000. Cascade testing at every age threshold resulted in a positive
number of life years gained per person, indicating benefit with testing.
However, the average number of life years gained per person decreased
when testing was started at higher age thresholds.

For 2nd degree relatives, cascade genetic testing using screening age
thresholds of 5, 10 and 15 years of age resulted in a positive number
of life years gained per person. However, when testing was started at
older age thresholds, there was no statistically significant increase in

life years gained per person. Cascade testing was cost effective, with an
average discounted cost per life year gained per person and associated
confidence interval of less than $50,000, using a testing age threshold
of 10 but was not cost-effective using other age thresholds.

Simulation results for 3rd degree relatives, 4th degree relatives, 5th
degree relatives, and 6™-degree relatives showed that cascade testing
led to no benefit in terms of average life years gained per person except
with testing of 3"d-degree relatives at an age threshold of 5, which re-
sulted in a positive number of life years gained per person. Additionally,
the discounted cost per life year gained per person with testing of these
distant relatives at all age thresholds was not cost-effective based on a
$50,000 per life year threshold.

4. Discussion

Our simulation provides a contemporaneous analysis of the cost-
effectiveness of cascade testing in family members of FH probands iden-
tified through standard care. Early detection and treatment of individu-
als with FH, who are often asymptomatic, is critical to prevent adverse
outcomes such as sudden cardiac death and myocardial infarction. Euro-
pean guidelines recommend that all patients with clinical and biochem-
ical features of FH should be counseled about genetic cascade testing in
their relatives [4]. In the Netherlands, cascade testing in families of FH
probands with a pathogenic variant led to statin treatment of affected
family members who were at risk of early CHD [30]. As a result, more
than 70% of the estimated familial cases have been identified, in con-
trast to fewer than 15% in the U.S [4]. Although the Centers for Disease
Control and Prevention has prioritized the detection of prevalent and
actionable Tier 1 genetic disorders such as FH [31], no formal cascade
testing programs currently exist in the U.S.

Our simulation model demonstrates that cascade genetic testing for
FH in the U.S. would be cost-effective, with an average discounted cost
per life year gained per person and associated confidence interval of less
than $50,000, if started by age 35-40 for 1st degree relatives. This esti-
mated range was derived from the finding that testing is cost-effective
with screening age thresholds of 5, 10, 15, 20, 25, 30, and 35 but not
cost-effective when testing is started at age 40 and above. For 2nd de-
gree relatives, cascade testing was cost-effective using a screening age
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threshold of 10 but was not cost-effective at higher age thresholds. In-
terestingly, testing using an age threshold of 5 was not found to be cost-
effective, which makes the data for 2nd degree relatives more difficult
to interpret. However, this finding could be due to random variation as
well as the composition of 2nd degree relatives compared to other de-
grees of relatedness. With more replications of the simulation, it is likely
that testing with an age threshold of 5 would be cost-effective since the
upper bound of the confidence interval ($61,880) is only marginally
greater than $50,000. Therefore, cascade testing is likely cost-effective
if started by age 10-15 for 2nd degree relatives. To our knowledge,
prior cost-effectiveness analyses of cascade testing have not specifically
looked at age thresholds for cascade genetic testing [5,6,7,8]. In coun-
tries where a form of cascade testing had been implemented and eval-
uated on a national or local level, the ages at which relatives under-
went cascade testing varied widely. For instance, in a regional initiative
in Australia, the average age of relatives who were tested was 35-37
years, with standard deviation 19-20 years [32]. In a local initiative in
Brazil, the average age of relatives who were tested was 43-45 years,
with standard deviation 17-18 years [33].

Though cost-effectiveness thresholds are typically based on QALYs
and a threshold of $100,000 per QALY is typically used [20,21], we did
not have information regarding QALYs. A QALY is equivalent to 1 year in
perfect health, and if the quality of the life years gained in our simulation
was at least 50% of perfect health, our results would show that testing is
still cost-effective with a threshold of $100,000 per QALY. Furthermore,
our analysis likely underestimates the cost-effectiveness of cascade ge-
netic testing. Costs incurred following diagnosis of FH through cascade
testing were applied for all patients diagnosed with FH in the population
where cascade testing was implemented (Table 1). However, as previ-
ously described, there is a subset of FH patients (with or without a clin-
ical diagnosis) that our simulation assumes is already being followed
and treated in the baseline state without cascade testing. This group
should not incur any additional costs above what is already accounted
for in the baseline state, but we were unable to isolate and exclude these
costs from our simulated population with cascade testing. Additionally,
the genetic testing cost used for family members was $250 per relative,
which is a conservative estimate as it may be offered free for family
members of identified probands within a 90-day period. Furthermore,
costs of cardiovascular events were not included in our simulation. It is
likely that the cost-effectiveness of cascade testing would be even greater
if the costs of cardiovascular events were included, as these costs would
be lower if individuals with FH were identified earlier and treated.

In a recent systematic review of the literature [34], the yield of FH
cascade testing was higher with direct contact of relatives, progressing
beyond 15t-degree relatives through a family tree, utilizing in home sam-
ple collection, and use of genetic testing. In the U.S., most of these ap-
proaches are not implemented [35,36]. Awareness of FH among health
care providers is low and genetic testing for FH is not commonly utilized.
Additionally, patients and family members may be concerned about the
stigma associated with genetic diagnoses and the potential implications
for employment and health insurance coverage. Interestingly, in a study
looking at the uptake of genetic testing, even when the barriers of cost
and privacy were removed, uptake of family cascade testing was low at
25% [37].

Our results are applicable when a pathogenic variant is identified.
FH patients without an identifiable pathogenic variant in LDLR, APOB,
and PCSK9 may have a polygenic etiology [38]. The efficiency of a cas-
cade testing program is likely lower in the setting of index cases with a
polygenic rather than monogenic cause of hypercholesterolemia, as the
proportion of relatives who might also have an elevated LDL-C is less
than the 50% that is predicted for monogenic FH.

4.1. Strengths

We utilized a novel simulation of FH transmission through genera-
tions to provide contemporaneous data regarding the cost-effectiveness

American Journal of Preventive Cardiology 8 (2021) 100245

of cascade testing. Our study reflects contemporary practice including
marked reductions in genetic testing costs due to advances in next gen-
eration sequencing technology and the availability of most statins as
generic medications.

4.2. Limitations

Our study has several limitations. First, our simulation model did
not evaluate lipid testing. However, the objective of our study was to as-
sess the cost-effectiveness of cascade genetic testing given the increasing
availability and reduced costs of genetic testing. Additionally, we calcu-
lated life years gained but did not have the information to assess quality-
adjusted life years, a more patient-centered outcome as it incorporates
not only quantity of years gained but also quality as well. Our study is
also limited by the absence of long-term data regarding the FH popula-
tion in the U.S. in terms of diagnosis, treatment, and outcomes. Though
we did not have good information on the number of offspring fathered
by men, we did have census information on marriage rates for men by
a certain age as well as age differences between men and women that
were included in the model. We assume by extension that discrepancies
due to various family units will be accounted for by known numbers
of offspring to women. Furthermore, we did not take into account the
costs of contacting and interacting with relatives of FH probands in ad-
vance of genetic testing. Costs of identifying probands were not included
as our simulation model evaluates the cost-effectiveness of cascade ge-
netic testing of relatives after an index case has already been identified
through standard care. In terms of outcomes, the risk of cardiovascu-
lar events is technically incorporated into the life expectancy data from
the UK populations from which our U.S. FH treated population life ex-
pectancy data were obtained. However, costs of cardiovascular events
were not included in our simulation as discussed previously. Lastly, we
were unable to perform sensitivity analysis around the costs due to com-
putational limits, but we tried to account for this by using conservative
estimates for our costs.

5. Conclusion

Based on a novel simulation model, we demonstrate that cascade ge-
netic testing of relatives of individuals with FH is cost-effective if started
before age 40 in 1st degree relatives and before age 15 in 2nd degree
relatives. Our results support establishing FH cascade testing programs
in the U.S.

Appendix A. Supplementary data
Supplementary data to this article can be found online at:
Central illustration

Central Illustration. Life years gained per person and dis-
counted cost per life year gained per person (thousands of U.S. dol-
lars) when genetic testing is implemented in 1%-degree, 2"d-degree,
and 3"-degree relatives of a proband with familial hypercholes-
terolemia. The upper bound of the confidence interval extends above
the maximum value for the vertical axis scale for some results.
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C.L. Jackson, T. Huschka, B. Borah et al.
Disclosures

None

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

The authors declare the following financial interests/personal rela-
tionships which may be considered as potential competing interests:
None.

CRediT authorship contribution statement

Candace L. Jackson: Investigation, Writing — original draft, Writing
—review & editing, Resources, Data curation. Todd Huschka: Conceptu-
alization, Methodology, Investigation, Writing — original draft, Writing —
review & editing, Formal analysis, Validation, Resources, Data curation.
Bijan Borah: Conceptualization, Methodology, Investigation, Formal
analysis, Validation, Resources, Data curation. Katherine Agre: Con-
ceptualization, Resources. Magdi Zordok: Conceptualization, Writing —
original draft. Medhat Farwati: Conceptualization, Writing — original
draft. James Moriarty: Conceptualization, Methodology, Investigation,
Writing - review & editing, Formal analysis, Validation, Resources, Data
curation. Iftikhar J. Kullo: Conceptualization, Investigation, Writing —
original draft, Writing — review & editing, Formal analysis, Validation,
Resources, Data curation, Supervision, Project administration.

Acknowledgements

This study was funded as part of the NHGRI-supported eMERGE
(Electronic Records and Genomics) Network (U0O1HG006379) and by
NHLBI grant K24 HL137010.

Supplementary materials

Supplementary data associated with this article can be found, in the
online version, at 10.1016/j.ajpc.2021.100245.

References

[1] Gidding SS, Champagne MA, de Ferranti SD, et al. The agenda for familial hyperc-
holesterolemia: a scientific statement from the American heart association. Circula-
tion 2015;132(22):2167-92. doi:10.1161/CIR.0000000000000297.

Safarova MS, Kullo 1J. My approach to the patient with familial hypercholes-
terolemia. Mayo Clin Proc 2016;91(6):770-86. doi:10.1016/j.mayocp.2016.04.013.
[3] Goldberg AC, Hopkins PN, Toth PP, et al. Familial hypercholesterolemia: screening,
diagnosis and management of pediatric and adult patients: clinical guidance from
the national lipid association expert panel on familial hypercholesterolemia. J Clin
Lipidol 2011;5(3 Suppl) S1-8. 10.1016/j.jacl.2011.04.003.

Nordestgaard BG, Chapman MJ, Humphries SE, et al. Familial hypercholestero-
laemia is underdiagnosed and undertreated in the general population: guidance
for clinicians to prevent coronary heart disease: consensus statement of the Euro-
pean Atherosclerosis Society. Eur Heart J 2013;34(45):3478-90. doi:10.1093/eur-
heartj/eht273.

[5] Marang-van de Mheen PJ, ten Asbroek AH, Bonneux L, Bonsel GJ, Klazinga NS.
Cost-effectiveness of a family and DNA based screening programme on familial hy-
percholesterolaemia in The Netherlands. Eur Heart J 2002;23(24):1922-30.

Lazaro P, Pérez de Isla L, Watts GF, et al. Cost-effectiveness of a cascade screen-
ing program for the early detection of familial hypercholesterolemia. J Clin Lipidol
2017;11(1):260-71. doi:10.1016/j.jacl.2017.01.002.

Marks D, Wonderling D, Thorogood M, Lambert H, Humphries SE, Neil HA. Cost
effectiveness analysis of different approaches of screening for familial hypercholes-
terolaemia. BMJ 2002;324(7349):1303.

Kerr M, Pears R, Miedzybrodzka Z, et al. Cost effectiveness of cascade testing for
familial hypercholesterolaemia, based on data from familial hypercholesterolaemia
services in the UK. Eur Heart J 2017;38(23):1832-9. doi:10.1093/eurheartj/ehx111.

[2

—

[4

=

[6

s}

[7

—

[8

—

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]
[30]

[31]

[32]

[33]

[34]

[35]

American Journal of Preventive Cardiology 8 (2021) 100245

Safarova MS, Liu H, Kullo 1J. Rapid identification of familial hypercholesterolemia
from electronic health records: the SEARCH study. J Clin Lipidol 2016;10(5):1230-
9. doi:10.1016/j.jacl.2016.08.001.

Wald DS, Bestwick JP, Morris JK, Whyte K, Jenkins L, Wald NJ. Child-parent familial
hypercholesterolemia screening in primary care. N Engl J Med 2016;375(17):1628-
37. d0i:10.1056/NEJMo0al602777.

Jackson CL, Keeton JZ, Eason SJ, et al. Identifying familial hypercholesterolemia
using a blood donor screening program with more than 1 million volunteer donors.
JAMA Cardiol 2019;4(7):685-9. doi:10.1001/jamacardio.2019.1518.

Chen CX, Hay JW. Cost-effectiveness analysis of alternative screening and treatment
strategies for heterozygous familial hypercholesterolemia in the United States. Int J
Cardiol 2015;181:417-24. doi:10.1016/j.ijcard.2014.12.070.

Sturm AC, Knowles JW, Gidding SS, et al. Clinical genetic testing for familial hyperc-
holesterolemia: JACC scientific expert panel. J Am Coll Cardiol 2018;72(6):662-80.
doi:10.1016/j.jacc.2018.05.044.

Husereau D, Drummond M, Petrou S, et al. Consolidated health economic
evaluation reporting standards (CHEERS) statement. BMJ 2013;346 f1049.
doi:10.1136/bmj.f1049.

Fertility Data. United States Census Bureau. https://www.census.gov/topics/
health/fertility/data/tables.html, Accessed 31 March, 2018.

de Ferranti SD, Rodday AM, Mendelson MM, Wong JB, Leslie LK, Sheldrick RC.
Prevalence of familial hypercholesterolemia in the 1999 to 2012 United
States national health and nutrition examination surveys (NHANES). Circulation
2016;133(11):1067-72. doi:10.1161/CIRCULATIONAHA.115.018791.

Life Tables. National center for health statistics, centers for disease control and pre-
vention. https://www.cdc.gov/nchs/products/life_tables.htm, Accessed 20 August,
2021.

Marks D, Wonderling D, Thorogood M, Lambert H, Humphries SE, Neil HA. Screen-
ing for hypercholesterolaemia versus case finding for familial hypercholestero-
laemia: a systematic review and cost-effectiveness analysis. Health Technol Assess
2000;4(29):1-123.

Gu Q, Paulose-Ram R, Burt VL, Kit BK. Prescription cholesterol-lowering medica-
tion use in adults aged 40 and over: United States, 2003-2012. NCHS Data Br
2014;177:1-8.

Ramsey S, Willke R, Briggs A, et al. Good research practices for cost-effectiveness
analysis alongside clinical trials: the ISPOR RCT-CEA task force report. Value Health
2005;8(5):521-33. doi:10.1111/§.1524-4733.2005.00045.x.

Cameron D, Ubels J, Norstrom F. On what basis are medical cost-effectiveness thresh-
olds set? Clashing opinions and an absence of data: a systematic review. Glob Health
Action 2018;11(1):1447828. doi:10.1080/16549716.2018.1447828.

FHNext. Ambry Genetics. https://www.ambrygen.com/clinician/genetic-testing/
13/cardiology/fhnext, Accessed 20 August 2021.

Lowe RN, Marrs JC, Saseen JJ. Patterns of serum laboratory monitoring for safety
and efficacy in patients on chronic statin therapy. Ther Adv Drug Saf 2013;4(1):9-
17. doi:10.1177/2042098612474293.

Pérez de Isla L, Alonso R, Muiiiz-Grijalvo O, et al. Coronary computed tomographic
angiography findings and their therapeutic implications in asymptomatic patients
with familial hypercholesterolemia. Lessons from the SAFEHEART study. J Clin Lipi-
dol 2018;12(4):948-57. doi:10.1016/].jacl.2018.04.003.

Catapano AL, Graham I, De Backer G, et al. ESC/EAS guidelines for the manage-
ment of dyslipidaemias: the task force for the management of dyslipidaemias of the
european society of cardiology (ESC) and European atherosclerosis society (EAS)
developed with the special contribution of the European assocciation for cardio-
vascular prevention & rehabilitation (EACPR). Atherosclerosis. 2016;253:281-344.
doi:10.1016/j.atherosclerosis.2016.08.018.

Duell PB, Gidding SS, Andersen RL, et al. Longitudinal low density lipoprotein
cholesterol goal achievement and cardiovascular outcomes among adult patients
with familial hypercholesterolemia: the CASCADE FH registry. Atherosclerosis
2019;289:85-93. doi:10.1016/j.atherosclerosis.2019.08.007.
https://www.cms.gov/apps/physician-fee-schedule/search/search-criteria.aspx.
Visscher SL, Naessens JM, Yawn BP, Reinalda MS, Anderson SS, Borah BJ. De-
veloping a standardized healthcare cost data warehouse. BMC Health Serv Res
2017;17(1):396. doi:10.1186/512913-017-2327-8.

https://www.goodrx.com/.

Umans-Eckenhausen MA, Defesche JC, Sijbrands EJ, Scheerder RL, Kastelein JJ. Re-
view of first 5 years of screening for familial hypercholesterolaemia in the Nether-
lands. Lancet 2001;357(9251):165-8. doi:10.1016/50140-6736(00)03587-X.

Tier 1 Genomics Applications and their Importance to Public Health. Centers for
Disease Control and Prevention. https://www.cdc.gov/genomics/implementation/
toolkit/tier]l.htm, Accessed 20 August 2021.

Bell DA, Pang J, Burrows S, et al. Effectiveness of genetic cascade screen-
ing for familial hypercholesterolaemia using a centrally co-ordinated -clin-
ical service: an Australian experience. Atherosclerosis 2015;239(1):93-100.
doi:10.1016/j.atherosclerosis.2014.12.036.

Jannes CE, Santos RD, de Souza Silva PR, et al. Familial hypercholesterolemia
in Brazil: cascade screening program, clinical and genetic aspects. Atherosclerosis
2015;238(1):101-7. doi:10.1016/j.atherosclerosis.2014.11.009.

Lee C, Rivera-Valerio M, Bangash H, Prokop L, Kullo 1J. New case detection by cas-
cade testing in familial hypercholesterolemia: a systematic review of the literature.
Circ Genom Precis Med 2019;12(11) e002723. 10.1161/circgen.119.002723.
Deskins S, Harris CV, Bradlyn AS, et al. Preventive care in Appalachia: use of
the theory of planned behavior to identify barriers to participation in choles-
terol screenings among West Virginians. J Rural Health 2006;22(4):367-74.
10.1111/§.1748-0361.2006.00060.x.


https://doi.org/10.1016/j.ajpc.2021.100245
https://doi.org/10.1161/CIR.0000000000000297
https://doi.org/10.1016/j.mayocp.2016.04.013
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0003
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0003
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0003
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0003
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0003
https://doi.org/10.1093/eurheartj/eht273
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0005
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0005
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0005
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0005
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0005
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0005
https://doi.org/10.1016/j.jacl.2017.01.002
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0007
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0007
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0007
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0007
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0007
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0007
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0007
https://doi.org/10.1093/eurheartj/ehx111
https://doi.org/10.1016/j.jacl.2016.08.001
https://doi.org/10.1056/NEJMoa1602777
https://doi.org/10.1001/jamacardio.2019.1518
https://doi.org/10.1016/j.ijcard.2014.12.070
https://doi.org/10.1016/j.jacc.2018.05.044
https://doi.org/10.1136/bmj.f1049
https://www.census.gov/topics/health/fertility/data/tables.html
https://doi.org/10.1161/CIRCULATIONAHA.115.018791
https://www.cdc.gov/nchs/products/life_tables.htm
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0018
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0018
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0018
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0018
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0018
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0018
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0018
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0019
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0019
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0019
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0019
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0019
https://doi.org/10.1111/j.1524-4733.2005.00045.x
https://doi.org/10.1080/16549716.2018.1447828
https://www.ambrygen.com/clinician/genetic-testing/13/cardiology/fhnext
https://doi.org/10.1177/2042098612474293
https://doi.org/10.1016/j.jacl.2018.04.003
https://doi.org/10.1016/j.atherosclerosis.2016.08.018
https://doi.org/10.1016/j.atherosclerosis.2019.08.007
https://www.cms.gov/apps/physician-fee-schedule/search/search-criteria.aspx
https://doi.org/10.1186/s12913-017-2327-8
https://www.goodrx.com/
https://doi.org/10.1016/S0140-6736(00)03587-X
https://www.cdc.gov/genomics/implementation/toolkit/tier1.htm
https://doi.org/10.1016/j.atherosclerosis.2014.12.036
https://doi.org/10.1016/j.atherosclerosis.2014.11.009
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0034
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0034
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0034
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0034
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0034
http://refhub.elsevier.com/S2666-6677(21)00100-8/sbref0034
http://10.1111/j.1748-0361.2006.00060.x

C.L. Jackson, T. Huschka, B. Borah et al. American Journal of Preventive Cardiology 8 (2021) 100245

[36] Safarova MS, Kullo 1J. Lessening the burden of familial hypercholesterolemia using [38] Talmud PJ, Shah S, Whittall R, et al. Use of low-density lipoprotein choles-
health information technology. Circ Res 2018;122(1):26—7. doi:10.1161/CIRCRE- terol gene score to distinguish patients with polygenic and monogenic famil-
SAHA.117.312319. ial hypercholesterolaemia: a case-control study. Lancet 2013;381(9874):1293-301.

[37] Gidding SS, Sheldon A, Neben CL, et al. Patient acceptance of genetic testing for doi:10.1016/S0140-6736(12)62127-8.

familial hypercholesterolemia in the CASCADE FH Registry. J Clin Lipidol 2020.
doi:10.1016/j.jacl.2020.02.001.


https://doi.org/10.1161/CIRCRESAHA.117.312319
https://doi.org/10.1016/j.jacl.2020.02.001
https://doi.org/10.1016/S0140-6736(12)62127-8

	Cost-effectiveness of cascade genetic testing for familial hypercholesterolemia in the United States: A simulation analysis
	1 Introduction
	2. Methods
	2.1. Simulation model
	2.2. Cascade genetic testing of relatives
	2.3. Outcome variables
	2.4. Costs

	3. Results
	4. Discussion
	4.1. Strengths
	4.2. Limitations

	5. Conclusion
	Appendix A. Supplementary data
	Central illustration
	Disclosures
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgements
	Supplementary materials
	References


