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Abstract

Purpose: We compared new cases detected per index case in familial hypercholesterolemia (FH)
families with or without an identifiable monogenic etiology.

Methods: We enrolled 52 FH probands with a pathogenic variant (FH9*) in LDLR, APOB,
or PCSK9and 73 probands without such a variant (FH97). After direct contact by the study
team, family members (FMs) of FH9* probands could opt-in for genetic testing and FMs of
FHY~ probands were asked to provide a lipid profile. New cases were defined as presence of a
pathogenic variant in FH9* families and as low-density lipoprotein cholesterol =155 mg/dL in
FH9~ families.

Results: Of 71 FH9* probands seen by a genetic counselor, 52 consented and identified 253 FMs
(111 consented and were tested, yielding 48 new cases). Of 101 FHY9~ probands who received
counseling, 73 consented and identified 295 FMs (63 consented and were tested, yielding 17 new
cases). New case detection per index case was significantly greater in FH9* than in FH9I™ families
(0.92 vs 0.23), a result of higher cascade testing uptake (43.9 vs 21.4%) and yield (43.2 vs 27.0%)
in the former.

Conclusion: New case detection rate was significantly higher in FH families with a monogenic
etiology than in those without such an etiology owing to greater uptake and yield of cascade
testing.

"Correspondence and requests for materials should be addressed to Iftikhar J. Kullo, Department of Cardiovascular Medicine, Mayo
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Introduction

The Office of Public Health Genomics at the Centers for Disease Control and Prevention

has labeled familial hypercholesterolemia (FH), Lynch syndrome, and hereditary breast

and ovarian cancer as tier 1 conditions because these are relatively common genetic
disorders associated with significant morbidity, and screening and treatment options are
available to reduce adverse outcomes.! Population screening for tier 1 conditions has been
proposed, 24 and new case detection could increase substantially by cascade testing of
family members (FMs) of affected individuals,® a compelling example of precision medicine
at the population level. However, uptake of cascade testing for genetic disorders, particularly
FH, is poor in the United States.

FH is associated with significantly higher risk of early-onset coronary heart disease but
remains vastly underdiagnosed.’-11 It is estimated that of approximately 1.3 million patients
with FH in the United States, less than 10% have been identified despite established clinical
scoring systems, such as the Dutch Lipid Clinic Network (DLCN) diagnostic criteria.”8 A
major reason for the low detection rate in the United States is the lack of a widely accepted
screening strategy despite proposals for universal or targeted lipid screening.12:13

Although universal lipid screening remains a matter of debate,4 cascade testing (a form

of targeted screening of FMs of affected individuals) is acknowledged to be the most cost-
effective screening strategy for FH>15-17 and is recommended by expert panels in the United
States and Europe.17-20 A number of countries have assessed the efficacy of cascade testing
for FH,21 but data for uptake and yield of cascade testing for FH in the United States are
sparse, with initial reports indicative of low uptake.22:23 An added challenge is that at least
half of patients with a clinical diagnosis of FH do not have a pathogenic/likely pathogenic
(P/LP) variant in 1 of the 3 canonical genes for FH—LDLR, APOB, or PCSK$426—and,
in such cases, FMs have to be screened through a lipid profile. The basis of FH in these
cases is unclear, although polygenic factors likely play a role.25:27

We therefore conducted a pragmatic clinical trial,28 the Cascade Testing for Familial
Hypercholesterolemia study (NCT03640234), using direct contact of FMs of FH probands
and compared new case detection rates in those with or without a P/LP variant. Efficiency of
cascade testing was defined as new cases detected per index case (NCIC) for FH probands
with (FH9*) or FH probands without (FH9™) an identifiable P/LP variant. Furthermore, we
compared uptake and yield of cascade testing in the 2 groups to explain any observed
differences in NCIC. In exploratory analyses of families without a P/LP variant, we assessed
whether an elevated polygenic score (top quintile) for low-density lipoprotein cholesterol
(LDL-C) or a DLCN score of =6 was associated with greater NCIC.
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Materials and Methods

The study was approved by the Mayo Clinic Institutional Review Board.

Overall study design

Participants

The design of this pragmatic clinical trial has been previously described.2® Participants were
enrolled at a single site (Mayo Clinic, Rochester, Minnesota) between November 2017 and
December 2021. Those with a P/LP variant in any of the 3 canonical FH genes (FH9*) or
with possible (DLCN score of 3-5), probable (DLCN score of 6-8), or definite (DLCN score
of >8) FH based on the DLCN criteria but negative on genetic testing (FH9™) were invited
to participate in the Cascade Testing for Familial Hypercholesterolemia trial at the time of
genetic counseling (Figure 1). Participants were notified of their results in a face-to-face,
phone, or telehealth appointment with a genetic counselor, and implications for FMs (blood
relatives) were also discussed. Participants gave informed consent for the study team to
contact relatives on their behalf and provided contact information for first-degree FMs. After
contact, FMs of the proband could opt-in for genetic testing for FH or provide lipid profile
data to the study team. A FM with the same P/LP variant as the proband or an LDL-C 2155
mg/dL noted in the prior 36 months was considered a new case.

We aimed to enroll 50 FH9* and 100 FH9™ probands. Enrollment was stopped when we
reached the target for FH9* proband enrollment, 4 years after starting the trial. During this
time, we enrolled 73 FHY~ probands, falling short of our target owing to the COVID-19
pandemic. Of the 71 FHY* probands with a P/LP variant in LDLR, APOB, or PCSK9
(FHY9*), 52 consented to participate (Supplemental Figure 1). FH9* probands were identified
from (1) the Return of Actionable Variants Empirical (RAVE) study3° in which adults

with hypercholesterolemia underwent sequencing of LDLR, APOB, and PCSK9Y, in a
Central Laboratory Improvement Amendment-certified laboratory (n7= 17), (2) the Familial
Hypercholesterolemia Identification Registry, a registry of Mayo Clinic patients who met
clinical criteria for FH (7= 23), and (3) the FH Clinic in the Department of Cardiovascular
Medicine (n=12).

FHY~ probands were ascertained from the RAVE study on the basis of an LDL-C >190
mg/dl, an inclusion criterion of the study. As a part of the RAVE study, genetic testing,
including a polygenic score for LDL-C, was performed (Supplemental Figure 2). Of 101
such probands in the RAVE study, 73 consented—36 FHY™ participants had a DLCN score
of =6 (probable/definite FH), and 37 participants had a DLCN score of 3 to 5 (possible FH).
Demographic and clinical characteristics were obtained from the electronic health records of
the consented probands. These characteristics included age, sex, race, ethnicity, education,
and highest LDL-C level before study consent date.

Sequencing LDLR, APOB, and PCSK9 and genotyping of 12 single nucleotide variants
associated with LDL-C

DNA from study participants was sent to a Central Laboratory Improvement Amendment-
certified laboratory for targeted sequencing. The postcapture library DNA was subjected to
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sequence analysis on Illumina HiSeq platform (Illumina Inc., 1998, San Diego, CA) for 100
basepair paired end reads. Quality control metrics of the sequencing data and the process

for identifying P/LP variants (including structural variants) have been described elsewhere.30
In FHY~ individuals from the RAVE study, we calculated a polygenic score for LDL-C by
combining 12 LDL-C-associated single nucleotide variants as previously described.2” The
gene score used the weighted sum of the risk allele (ie, the LDL-C-raising allele), and

the weights used were the corresponding per-allele (risk) beta coefficients reported in the
literature. The score was divided into quintiles and disclosed to the FH9~ proband.30 A list of
P/LP variants found in the FH9* probands is provided in Supplemental Table 1.

Disclosure of genetic test results to probands and contact of FMs

Participants received the results of the genetic testing in a face-to-face encounter, via phone,
or telehealth appointment with a genetic counselor (Supplemental Figure 3). The counselor
helped participants interpret and understand their results, highlighting the implications for
FMs for both FH9* and FH9~ probands. Participants who consented were asked to provide
a list of FMs for details on first-degree relatives and beyond (Supplemental Figure 4),

along with their contact information and permission to contact the FMs (Figure 1). A letter
or email was sent to FMs and stated that one of their relatives had been found to have
elevated cholesterol levels, asking them to indicate their interest in participating in the study
(Supplemental Material). FMs who indicated interest in the study were sent 2 copies of the
informed consent form, one for their records and one to return to the study team, and a
survey to gather demographic information by postal mail or email.

Cascade testing in FMs

For FMs who provided informed consent, we initiated cascade testing. A saliva collection kit
(Invitae Corporation, 2010, San Francisco, CA) was used for DNA testing in FMs of FH9*
patients. Saliva collection kits were mailed to the homes of FH9* FMs who then sent the
sample directly to the laboratory. FMs of FHI9™ patients were asked to have a lipid profile
drawn or to send the results of a lipid profile drawn in the preceding 36 months to the study
team.

Disclosure of test results to FMs

Outcomes

Consented FH9* FMs received genetic test results through postal mail or via a phone call
by the study coordinator and were encouraged to see their primary care provider for further
evaluation. FMs also received a letter that summarized their results as well as the key points
related to hypercholesterolemia as a risk factor for coronary heart disease.

The primary outcome was NCIC, a measure of the efficiency of cascade testing, in the FH9*
and FHY~ groups.2X NCIC was defined as the ratio of the number of newly diagnosed cases
of FH to the number of probands.

Family members diagnosed with FH (n)

Nele = Probands (n)
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NCIC can be conceptualized as the product of (FMs per proband) x uptake x yield. The
latter two were secondary outcomes for the trial. Cascade testing uptake was defined as

the proportion of FMs who consented and completed testing. Yield was defined as the
proportion of FMs who met criteria as a new case among the FMs who consented and
completed testing. In exploratory analyses, we compared NCIC in strata defined by the top
quintile of polygenic score vs quintiles 1 to 4, and by a DLCN score of >6 vs a DLCN
score of <6, in FH9™ probands. New cases were defined as presence of a P/LP variant in the
FHY* group and LDL-C =155 mg/dL in adults (the threshold for defining an elevated LDL-C
based on the DLCN criteria) in the FH9™ group. For FMs on lipid lowering therapy, LDL-C
levels were imputed using a multiplier on the basis of the type and dose of lipid lowering
therapy.3!

We aimed to enroll 50 FH9* and 100 FH9~ probands, assuming an average of 3 FMs
identified per proband; because of intrafamily correlation, this would mean a reduced
effective number of 1.5 independent FMs per proband, which would lead to effective sample
sizes of 75 and 150, respectively, for estimates and tests of group means and proportions.2?
We were able to enroll 52 FH9* probands and 73 FHY~ probands out of a target of 100. We
therefore performed a post hoc assessment of power (see Results section).

Statistical methods

Results

Proband characteristics were compared using XZ tests, ftests, Cochran Armitage test of
trends, or Wilcoxon rank sum tests. The LDL-C levels in probands or FMs were imputed if
they were on lipid lowering treatment at the time of testing.3! The primary outcome—NCIC
—is the product of family size, participation rate, and positivity rate, all of which could
potentially cluster in families. We used bootstrap analyses to account for the possibility

of such clustering. Cls for NCIC, uptake, and yield were calculated using bootstrapping
with 1000 iterations. Each bootstrap sample selected the corresponding number of probands
(ie, 52 FH9* and 73 FHY™) with simple random sampling with replacement and their
corresponding FMs. Each parameter was calculated separately within each bootstrap sample
and the 2.5th and 97.5th percentiles across all bootstrap samples defined the 95% Cls.
Significance tests were based on calculating the bootstrap distribution for group differences
and doubling the smaller of the proportion of these differences below or above zero as the
observed 2-sided Pvalue.

Characteristics of the probands are shown in Table 1. Compared with FH9~ probands, FH9*
probands were slightly younger and more often females. FH9* probands had higher LDL-C
levels (Table 1) and were more likely to be on lipid lowering therapy (single medication or

combination of medications) at time of the highest LDL-C (Supplemental Table 2).

Of the 71 FHY* probands approached, 52 enrolled in the study and identified 253 FH9* FMs.
Of the 129 FMs who consented to participate, 111 (86.0%) completed genetic testing, and
48 new cases (defined as presence of a P/LP variant) were detected (Supplemental Figure
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1). Some FHY* probands provided contact information for FMs beyond first-degree relatives,
and they were contacted when a P/LP variant was confirmed in the first-degree relative
(Supplemental Figure 4). Among FH9* FMs, 11.7 % were aged <18 years and 14.4% were
second- or third-degree relatives, whereas, all FH9~ FMs were adult first-degree relatives
(Supplemental Figure 4).

Of the 101 FHY™ probands approached, 73 enrolled and identified 295 FH9~ FMs. Of the 75
FMs who consented to participate, 63 (84.0%) provided a lipid profile, and 17 new cases
(defined as LDL-C =155 mg/dL) were detected (Supplemental Figure 2).

Characteristics of the FMs are shown in Table 2. The age range was wider in FHI* families
(1-91 years) than in FHI™ families (23-96 years) because children were only enrolled in
FHY* families. No children were provided by the FH9™ probands for the study team to
contact. In total, 10 FH9* and 64 FHY9~ FMs responded that they were not interested in
participating in the study via the study interest survey. FMs were enrolled from 25 states in
the United States with approximately half of both FH9* and FH9~ FMs residing outside of
Minnesota (Supplemental Table 3).

Primary outcome

NCIC after cascade testing was significantly higher in FH9* families than in FHI~ families
(0.92,95% CI = 0.61-1.27 vs 0.23, 95% CI = 0.12-0.34; P< .001) (Table 3). Results were
similar in a sensitivity analysis limited to only first-degree relatives (Supplemental Table 4).
The higher NCIC in FH9" families was a result of greater uptake and yield than in the FH9~
families (see the following).

Secondary outcomes

Uptake of cascade testing was significantly higher in FH9* families than FH9~ families.
Of FHY* FMs, 43.9% (95% CI = 35.5-52.2) consented and completed testing compared
with 21.4% (95% CI = 15.8-26.7) of FHY9~ FMs. Similarly, the yield of cascade testing
(proportion of new cases among FMs tested) was significantly higher in the FH9* group
(43.2%, 95% CI = 33.6-54.2) than in the FH9~ group (27.0%, 95% CI = 16.7-38.5).

In FHY~ families, there was a nonsignificant trend toward higher NCIC for probands with
elevated polygenic score (quintile 5) compared with probands in quintiles 1 to 4 (0.32,

95% CI =0.14-0.59 vs 0.19, 95% CI = 0.08-0.31; P=.28) (Table 4). We also observed a
nonsignificant trend toward higher NCIC for FHY9™ probands with a DLCN score of =6 than
the FH9™ probands with a DLCN score of <6 (0.31, 95% CI = 0.14-0.50 vs 0.16, 95% CI =
0.05-0.29; P=.12) (Table 4). Polygenic score analyses were not performed in FHI* families
owing to FH9* probands being recruited from other sources than the RAVE study.

Power (post hoc)

The FHY* and FHY~ families included an average of 4.9 and 4.0 FMs per proband,
respectively, higher than the anticipated number of 3 in each arm. A comparison of the
naive and bootstrap-based Cls for uptake and yield indicated that the effective percentage
of independent observations exceeded prior assumptions, leading to greater power than
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and yield, were 0.48, 14.0%, and 21.0%, respectively, based on bootstrap standard errors.

Discussion

The main finding of this clinical trial was that new case detection after cascade testing for
FH is significantly greater when a pathogenic variant is identified in the proband. This was
because of higher uptake and yield of cascade testing in FH families with a pathogenic
variant. Compared with prior reports,2223 the uptake of cascade testing in both groups of FH
families was much higher in our study, most likely a result of direct contact of FMs. To our
knowledge, this is the first study in the United States to use direct contact to assess new case
detection rate after cascade testing for FH.

The greater new case detection rate in the FH9* group was because of a 2-fold higher uptake
(43.9% vs 21.4%) and 1.6-fold higher yield (43.2% vs 27.0%) of cascade testing in FH9*
families than in FHY~ families. The higher uptake may have been because of the greater
effect on FH9* FMs of learning about a monogenic condition in the proband. The lower
yield in the FH9~ group may be explained by probands having a polygenic etiology2°:27

for FH, which could result in a lower proportion of FMs having elevated LDL-C than the
approximately 50% predicted for those with monogenic FH.

We designed our pragmatic trial to replicate how a direct contact cascade testing program
would be implemented in real-world practice. In individuals with a clinical diagnosis of

FH, a pathogenic variant is not always identified.> Therefore, case detection was based

on genetic testing in FH9* families and assessment of lipid profiles in the FHY~ families.
The latter group often have polygenic etiology,2>27 are high-risk nonetheless, and cascade
testing is recommended.17-20 We noted a reasonable new case detection rate in such
families, and our exploratory analyses motivate further investigation to assess whether the
detection rate would be higher when the proband has a high polygenic score for LDL-C or a
more severe clinical phenotype (eg, a DLCN score of =6).

Ajufo et al?2 investigated the uptake of cascade testing in FH probands who received genetic
testing vs those who received usual care, which included lipid profile testing. In the genetic
testing group, only 13.1%, and in the usual care group, 8.8% of probands enrolled a FM

for cascade testing.22 The NCIC was low (0.1) in both groups. In preliminary results from

a study that returned FH results to 114 patients with 401 first-degree relatives, only 3.5% of
FMs completed cascade testing.23 This is a much lower uptake of cascade testing than in our
study (43.9% in FH9* families and 21.4% in FHY~ families).

The higher uptake and yield in our study is likely primarily owing to direct contact of FMs
in contrast to probands contacting relatives themselves.?2 In a systematic review of cascade
testing for FH that examined NCIC in 10 studies (all from outside of the United States),2
direct contact of FMs and use of genetic testing were both associated with a higher NCIC.
The greater NCIC observed in the FH9* group suggests that readily available genetic testing
increases efficiency of a cascade testing program for monogenic FH.

Genet Med. Author manuscript; available in PMC 2023 June 01.
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The current framework for cascade testing in the United States places the burden of
contacting at-risk FMs on the proband using “Dear Family Member” letters.6:32 This passive
approach is associated with low uptake of cascade testing for FH owing to multiple reasons,
including complex family dynamics.>33:34 Direct contact of FMs by health care providers
appears to be more effective and could be implemented with the proband’s consent. 21:35-37
We did not encounter any issues related to direct contact, consistent with prior studies,
indicating that direct contact is well accepted by FH probands and FMs.16:23.38

Despite direct contact, an enrollment gap for cascade testing persisted with only 51.0% of
FHY* and 25.4% of FHI~ FMs participating. Further research is needed to better understand
the reasons for this gap and to implement strategies to bridge it. Easier access to genetic/
lipid testing and policies that facilitate direct contact of FMs by health care personnel could
increase uptake of cascade testing and enable affected FMs of probands to seek timely
treatment for FH.

Study limitations

Conclusion

A limitation of our study is that whereas genetic testing was available to FH9* families,
FHY9~ FMs were asked to provide lipid panel results or obtain new lipid profiles. This
approach was necessitated by the pragmatic nature of our clinical trial but could have
inflated the differences in cascade testing metrics between the 2 groups. Another factor
that could have had a similar effect is that FH9*, but not FH9~ probands, provided contact
information for children and FMs beyond first-degree relatives. However, in sensitivity
analyses limited to only first-degree relatives of the 2 proband groups, our inferences
remained similar (Supplemental Table 4). Owing to logistical challenges, lipid level data
could not be collected in FH9* FMs. The method of direct contact used in this study may
not be generalizable to all institutions. Most participants were non-Hispanic Whites, and
additional studies are needed in diverse ancestry groups. The polygenic score for LDL-C
available at the time of study initiation comprised 12 single nucleotide variants, and an
expanded polygenic score has been recently reported.3® The COVID-19 pandemic affected
our rate of FH9™ proband enrollment. However, power to detect a difference in the main
outcome was maintained given the higher-than-expected number of FMs per proband who
enrolled in the study.

Our study demonstrates that new case detection after cascade testing for FH was higher

in families with monogenic FH than in families without a monogenic etiology, a result of
greater uptake and yield of cascade testing in the former. New case detection and uptake

of cascade testing for both groups in our study was higher than what has been reported in
near-contemporaneous studies in the United States,?2:30 most likely a result of direct contact,
for which we encountered no major barriers. Our findings provide evidence for adoption

of cascade testing for FH in real-world clinical practice and suggest that direct contact of
FMs and coordinated genetic/lipid testing can overcome the low uptake and yield of cascade
testing for FH in the United States.23:36
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