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INTRODUCTION: Familial hypercholesterol-
emia (FH) is a public health genomics priority
but remains underdiagnosed and undertreated
despite widespread cholesterol screening. This
represents amissed opportunity to prevent FH-
associated cardiovascular morbidity and mor-
tality. Pathogenic variants in three genes (LDLR,
APOB, and PCSK9) account for the majority of
FH cases. We assessed the prevalence and clini-
cal impact of FH-associated genomic variants
in 50,726 individuals from the MyCode Com-
munity Health Initiative at Geisinger Health
System who underwent exome sequencing as
part of the DiscovEHR human genetics collab-
oration with the Regeneron Genetics Center.

RATIONALE: Genetic testing for FH is un-
common in clinical practice in theUnited States,
and the prevalence of FH variants in U.S. pop-
ulations hasnot beenwell established.We sought
to evaluate FH prevalence in a large integrated
U.S. health care systemusing genomic sequenc-
ing and electronic health record (EHR) data.We
determined the impact of FH variants on low-
density lipoprotein cholesterol (LDL-C) levels
and coronary artery disease (CAD) risk.We asses-
sed the likelihood of FH variant carriers achiev-
ing a presequencing EHR-based FHdiagnosis
according to established clinical diagnostic crite-
ria. Finally, we examined the rates of statinmed-
ication use and outcomes in FH variant carriers.

RESULTS: Thirty-five known and predicted
pathogenic variants in LDLR,APOB, and PCSK9
were identified in 229 individuals. The esti-
mated FH prevalence was 1:256 in unselected
participants and 1:118 in participants ascertained
via the cardiac catheterization laboratory. FH
variants were found in only 2.5% of individuals
with severe hypercholesterolemia (maximum
EHR-documented LDL-C ≥ 190 mg/dl) in the
cohort, and amaximum LDL-C of ≥190mg/dl
was absent in 45% of FH variant carriers. Over-
all, FH variant carriers had 69 ± 3mg/dl greater
maximum LDL-C than sequenced noncar-
riers (P = 1.8 × 10−20) and had significantly
increased odds of general and premature CAD

[odds ratio (OR), 2.6 (P =
4.3 × 10−11) and 3.7 (P =
5.5 × 10−14), respectively].
The increased odds of gen-
eral and premature CAD
were most pronounced in
carriers of LDLR predicted

loss-of-function variants [OR, 5.5 (P= 7.7 × 10−13)
and 10.3 (P = 9.8 × 10−19), respectively]. Four-
teen FH variant carriers were deceased; chart
review revealed that none of these individuals
had a clinical diagnosis of FH. Before genetic
testing, only 15% of FH variant carriers had an
ICD-10 (International Classification ofDiseases,
10th revision) diagnosis code for pure hyper-
cholesterolemia or had been seen in a lipid
clinic, suggesting that few had been previously
diagnosed with FH. Retrospectively applying
Dutch Lipid Clinic Network diagnostic criteria
to EHR data, we found presequencing criteria
supporting a probable or definite clinical diag-
nosis of FH in 24% of FH variant carriers, high-
lighting the limitations of using existing clinical
criteria for EHR-based screening in the absence
of genetic testing. Active statin use was identi-
fied in 58% and high-intensity statin use in 37%
of FH variant carriers. Only 46% of carriers cur-
rently on statin therapy had amost recent LDL-
C level below 100 mg/dl compared to 77% of
noncarriers.

CONCLUSION: In summary, we show that
large-scale genomic screening in patients with
longitudinal EHR data has the ability to detect
FH, uncover and characterize novel pathogenic
variants, determine disease prevalence, and en-
hance overall knowledge of clinical impact and
outcomes. The 1:256 prevalence of FH variants
in this predominantly European-American cohort
is in line with prevalence estimates from recent
work in European cohorts. Our findings high-
light the undertreatment of FH variant carriers
and demonstrate a potential clinical benefit for
large-scale sequencing initiatives in service of
precision medicine.▪
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Prevalence and clinical impact of FH variants in a large U.S. clinical care cohort. (A) Distribu-
tion of 229heterozygous carriers of an FHvariant in theDiscovEHRcohort by FHgene. (B) Prevalence
of an FH variant in the DiscovEHR cohort and according to recruitment site. (C) Prevalence of an
FH variant among individuals with severe hypercholesterolemia (LDL-C ≥ 190 mg/dl). (D) Statin
treatment rates and outcomes in FH variant carriers and noncarriers.
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Familial hypercholesterolemia (FH) remains underdiagnosed despite widespread
cholesterol screening. Exome sequencing and electronic health record (EHR) data of
50,726 individuals were used to assess the prevalence and clinical impact of FH-associated
genomic variants in the Geisinger Health System. The estimated FH prevalence was
1:256 in unselected participants and 1:118 in participants ascertained via the cardiac
catheterization laboratory. FH variant carriers had significantly increased risk of coronary
artery disease. Only 24% of carriers met EHR-based presequencing criteria for probable
or definite FH diagnosis. Active statin use was identified in 58% of carriers; 46% of
statin-treated carriers had a low-density lipoprotein cholesterol level below 100 mg/dl.
Thus, we find that genomic screening can prompt the diagnosis of FH patients, most of
whom are receiving inadequate lipid-lowering therapy.

F
amilial hypercholesterolemia (FH) is one of
three genomic conditions designated by the
Centers for Disease Control and Prevention
as having potential for a significant positive
impact on public health through improved

diagnosis and treatment (1, 2). FH is characterized
by substantial, lifelong elevation of low-density
lipoprotein cholesterol (LDL-C) and a markedly
increased risk of premature cardiovascular dis-
ease (3, 4). Known genetic causes of FH include
inactivating variants in the gene encoding the
LDL receptor (LDLR), protein-disrupting variants
in apolipoprotein B (APOB), and activating var-
iants in proprotein convertase subtilisin/kexin
type 9 (PCSK9). Although estimated at a world-
wide prevalence of 1:500 (5–7), recent studies
in some European countries have revealed that
FH could affect ~1:250 individuals (8, 9), with
higher prevalence observed in certain founder
populations (10, 11). The prevalence of FH in U.S.
populations is not well established. Notably, de-
spite widespread cholesterol screening, only a
small fraction of FH cases are appropriately
diagnosed and treated (4, 12, 13). This represents
a missed opportunity to prevent FH-associated
cardiovascular morbidity and mortality.
A diagnosis of FH can be made with a val-

idated set of criteria, such as those established by

the Dutch Lipid Clinic Network (DLCN), Simon
Broome, orMakeEarlyDiagnosis to Prevent Early
Death (MEDPED) (14–17). These diagnostic tools
estimate the likelihood of FH on the basis of
clinical features and, in the case of DLCN and
Simon Broome criteria, also include identifica-
tion of functional variants in the LDLR, APOB, or
PCSK9 genes. However, genetic testing for these
variants is uncommon in clinical practice in the
United States. We thus sought to understand the
prevalence and clinical impact of FH variants in
a clinical cohort by analyzing genomic sequence
and electronic health record (EHR) data from
50,726 individuals from the Geisinger Health Sys-
tem, an integratedhealth care systemwith provider
services in Pennsylvania and New Jersey.

Exome sequencing of 50,726 individuals
reveals a high genotypic prevalence of FH

This study included 50,726 consented adult par-
ticipants from the MyCode Community Health
Initiative of Geisinger Health System (18) who
underwent exome sequencing as part of the
DiscovEHR human genetics study (see table S1
for demographics and clinical characteristics
of the study population) (19). Participants were
59.2% female, with a median age of 61 years, and
predominantly Caucasian (98.4%). LDL-C values
were available in the EHR for 42,696 (84.2%) of
sequenced participants; of these, 4435 (10.4%)
had severe hypercholesterolemia, defined as max-
imumEHR-documented LDL-C ≥ 190mg/dl (20).

Statin use was documented at any point in the
EHR in 27,402 (54.0%) of sequenced participants.
The exome sequence data were analyzed for

known pathogenic variants in LDLR, PCSK9, and
APOB and for predicted protein-truncating, loss-
of-function (LoF) variants in LDLR (table S2), in-
cluding exonic copy number variants identified
via CLAMMS (Copy number estimation using
Lattice-AlignedMixtureModels) (21). By positional
intersection with the clinical genetics database
ClinVar (22), we found 19 missense variants in
LDLR, PCSK9, and APOB designated as “patho-
genic” for FH.We identified 21 additional predicted
LoF variants in LDLR, including 9 frameshift, 8
splice donor or acceptor, and 4 nonsense var-
iants. We also identified a predicted pathogenic
exon 13 to 17 tandem duplication in LDLR; this
was the only copy number variant identified in
LDLR. Upon manual review, six variants were re-
moved to produce amore stringent set of variants
(tables S1 and S2); these included two missense
variants with conflicting evidence in ClinVar, two
missense variants that were located at the same
amino acid residue as a pathogenic variant but
were not in ClinVar themselves, and two thatwere
annotated as splice variants in an alternative
transcript of LDLR, for which there is no evi-
dence of protein expression. Thus, 35 known
(that is, ClinVar-documented) andpredicted (that
is, protein-truncating LoF) pathogenic FH var-
iants (29 LDLR, 4 PCSK9, and 2 APOB variants)
were used for our analyses.
Among the 50,726 sequenced participants, we

identified 229 heterozygous carriers of 1 of the
35 FH variants, corresponding to a total carrier
frequency of 1:222 participants (Table 1). There
were no cases of homozygous or compound he-
terozygous FH. Given that this prevalence esti-
mate is based on a sampling of individuals within
a single health care delivery system, it may be an
overestimation of population frequency due to
ascertainment bias. TheMyCode cohort included
6747 participants recruited from the cardiac cathe-
terization laboratory; the estimated prevalence
of an FH variant among these participants was
1:118, and the prevalence in other participants
was 1:256 (Table 1). Overall, 98 (42.8%) individ-
uals were found with LDLR variants, 102 (44.5%)
with APOB variants, and 29 (12.7%) with PCSK9
variants (table S2). A recent study by Khera et al.
(23) identified more individuals with variants in
LDLR (86%) and relatively fewerAPOB (13%) and
PCSK9 (0.6%); this discrepancy is likely due to
the inclusion of different populations in each
study, with theirs being 46% South Asian and
7% black.
We identified 30 first- or second-degree rela-

tionships among FH variant carriers using their
exome data (24), including two pedigrees con-
taining five sequenced noncarriers and eight car-
riers of the APOB p.Arg3527Gln variant, where
segregation of high LDL-C levels with carrier
status can be observed (fig. S1). The three variants
with the largest number of related carriers ac-
counted for more than half of FH cases in the
study:APOB p.Arg3558Cys (46 carriers, 8 related),
APOB p.Arg3527Gln (56 carriers, 10 related), and
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the LDLR exon 13 to 17 duplication (29 carriers,
10 related). This underscores the likelihood of
encountering close family members with FH
even in an unselected clinical population within
a regional health care system and the opportu-
nity for family-based screening and clinical man-
agement. In a subset of the sequenced cohort in
which only one individual in every first- and
second-degree relationshipwas retained, the over-
all prevalence of an FH variant remained un-
changed at 1:224 (Table 1).

FH variant carriers have higher LDL-C
levels than noncarriers and are at
increased cardiovascular risk

LDL-C levels were available in the EHR for 204
of 229 FH variant–positive and for 42,442 FH
variant–negative individuals. We examinedmax-
imum EHR-documented LDL-C levels in the se-
quenced cohort to approximate the untreated
or pretreated state. Among FH variant–positive
and FH variant–negative individuals, maximum
LDL-C levels approximated a normal distribution
(Fig. 1A). Carriers of any FH variant had 69 ±
3mg/dl greatermaximumLDL-C than sequenced
noncarriers in a mixed linear model analysis (P =
1.8 × 10−20). Maximum LDL-C values were signif-
icantly higher in carriers of LDLR variants
[median, 240.3 mg/dl; interquartile range (IQR),
196.5 to 303.5] compared to carriers of APOB
[median, 178.0mg/dl; IQR, 148.0 to 210.0; one-way

aaf7000-2 23 DECEMBER 2016 • VOL 354 ISSUE 6319 sciencemag.org SCIENCE
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Fig. 1. FH variants are associated with increased LDL-C levels. (A) Density
of maximum EHR-documented LDL-C levels in heterozygous carriers of any
FH variant (FH variant–positive, n = 204) and in sequenced noncarriers (FH
variant–negative, n = 42,442) with LDL-C data available in the EHR. LDL-C
levels approximated a normal distribution (Anderson-Darling normality test;
P < 2.2 × 10−16 in FH variant–negative and P = 6.1 × 10−5 in FH variant–
positive). FH variant carriers had 69 ± 3 mg/dl greater LDL-C than non-
carriers in a mixed linear model analysis adjusting for age, age2, sex, and the
first five principal components of ancestry (P < 1.8 × 10−20). (B) Maximum
EHR-documented LDL-C levels in sequenced noncarriers (n = 42,442) and

in carriers according to FH gene (n = 88, 92, and 24 for LDLR, APOB, and
PCSK9, respectively). Open circles indicate individual LDL-C values for FH
variant carriers. Median LDL-C level (in mg/dl) and IQR are shown in the box
plots; these were 133.0 (106.0 to 160.0) in noncarriers, 240.3 (196.5 to
303.5) in LDLR, 178 (148.0 to 210.0) in APOB, and 155.0 (107.5 to 173.0) in
PCSK9 variant carriers. Maximum LDL-C was higher in carriers of variants in
LDLR compared to APOB or PCSK9 (one-way ANOVA with post hoc Tukey
test; P = 1.5 × 10−10 and P = 1.3 × 10−9, respectively). There was no sig-
nificant difference in maximum LDL-C between carriers of APOB and PCSK9
variants (P = 0.09).

Fig. 2. FH variants are associated with increased risk of CAD. CAD cases and controls were
defined with ICD-9 (International Classification of Diseases, Ninth Revision) diagnosis codes and
cardiac catheterization report data extracted from EHRs. ORs for general CAD (A) and premature
CAD (B) (defined as males ≤55 years and females ≤65 years) were calculated by logistic regression
with adjustment for age, sex, and principal components of ancestry (see table S3). pLoF, predicted
LoF (defined as variants leading to a premature stop codon, or loss of a start or stop codon;
disrupting canonical splice acceptor or donor dinucleotides; or frameshifting leading to the formation
of a premature stop codon); LDLR - all, all known and predicted pathogenic variants identified in
LDLR; LDLR - pLoF, predicted LoF variants identified in LDLR.
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analysis of variance (ANOVA) with post hoc
Tukey test, P = 1.5 × 10−10] or PCSK9 (median,
155.0 mg/dl; IQR, 107.5 to 173.0; P = 1.3 × 10−9)
variants (Fig. 1B). Despite overall increased
LDL-C in FH carriers, maximum LDL-C levels
for each identified FH variant were widely var-
iable, ranging from a median of 90 to 479 mg/dl
(table S2).
The frequency of known and predicted path-

ogenic FH variants was evaluated across catego-
ries ofmaximumEHR-documented LDL-C levels
(Table 1 and table S1). A significantly higher pro-
portion of FH variant carriers (112 of 204 or
54.9%) had severe hypercholesterolemia (max-
imum LDL-C ≥ 190 mg/dl) compared to non-
carriers (4309 of 42,442 or 10.2%; c2 test, P <
0.0001; table S1). The prevalence of an FH var-
iant increased significantly across increasing
thresholds of maximum LDL-C levels (Table 1;
Cochran-Armitage test for trend, P < 0.0001). Of
the 4435 sequenced participants with LDL-C
≥ 190 mg/dl, only 112 harbored an FH variant
(2.5% or 1:40). Of the 53 with maximum LDL-C
≥ 330mg/dl, 17 had an FH variant (32.1% or 1:3).
We evaluated the association of known and

predicted pathogenic FH variants with coronary
artery disease (CAD) as defined by electronic
phenotyping of CAD cases and controls through
the EHR (25), using linear mixed models to ac-
count for population structure due to ancestry
and relatedness (Fig. 2 and table S3). Individuals
with an FH variant had increased odds of CAD
[odds ratio (OR), 2.6; 95% confidence interval
(CI), 2.0 to 3.5; P = 4.3 × 10−11] compared to non-
carriers. The increased risk of CAD was greatest
in carriers of LDLR predicted LoF variants (OR,
5.5; 95% CI, 3.4 to 8.7; P = 7.7 × 10−13) and
smallest in carriers of APOB variants (OR, 1.9;

95% CI, 1.2 to 3.1; P = 7.6 × 10−3). We identified
4150 individuals with premature CAD (defined
as having CAD ≤55 years in males and ≤65 years
in females) in the cohort. Of these, 53 individuals
harbored an FH variant, indicating a prevalence
of genotypically defined FH among individuals
with premature CAD of 1:78 (1.3%). The odds of
prematureCADwere significantly increasedamong
FH variant carriers (OR, 3.7; 95% CI, 2.6 to 5.2;
P=5.5× 10−14). Aswas observedwith general CAD,
the increased risk of premature CAD was great-
est in carriers of LDLR predicted LoF variants
(OR, 10.3; 95% CI, 6.1 to 17.3; P = 9.8 × 10−19)
and smallest in carriers of APOB variants (OR,
1.7; 95% CI, 0.9 to 3.5; P = 0.12). Notably, 14 of
the 229 FH variant carriers were deceased (mean
age of death, 76.1 years; range, 58 to 91 years).
Chart review revealed that the cause of deathwas
cardiovascular-related in half of these individ-
uals and that 13 had evidence of potential FH-
related comorbid disease (table S4). None of the
deceased FH variant carriers carried a clinical
diagnosis of FH.

EHR-based FH diagnosis is challenging
without knowledge of an FH variant

We evaluated whether any of the 229 FH variant
carriers might have been previously diagnosed
with FH bymining the EHRs for a diagnosis code
of “pure hypercholesterolemia” or for any en-
counter at Geisinger’s specialized Lipid Clinic
(table S1); these were present in the EHRs of
only 35 (15.3%) carriers.
We retrospectively applied the DLCN criteria for

FH diagnosis to EHR data available from living
individuals in the sequenced MyCode cohort
(table S5). These criteria allow for a diagnosis of
FH on the basis of clinical and family history of

elevated LDL-C, premature cardiovascular dis-
ease, physical stigmata of hypercholesterolemia,
and, when known, molecular identification of
FH variants (16). Among living variant–negative
individuals (n = 46,070), there were 37 (0.1%)
“definite,” 462 (1.0%) “probable,” and 5397 (11.7%)
“possible” FH diagnoses solely on the basis of
EHRdata (Fig. 3A). Among living variant–positive
individuals (n= 215), therewere 16 (7.4%) definite,
35 (16.3%) probable, and 68 (31.6%) possible FH
diagnoses (Fig. 3A and table S6). Individuals
meeting probable or definite criteria for FH diag-
nosis (23.7% of carriers) were clustered among
thosewith amaximumLDL-C level of≥190mg/dl
(Fig. 3B). There were 96 (44.7%) variant carriers
who would have been judged unlikely to have a
diagnosis of FH; there were no significant dif-
ferences in age or other characteristics between
these individuals and those in the combined
possible/probable/definite FH categories (table
S6). When the same DLCN criteria were applied
with the inclusion of identified FH variants, 188
(87.4%) individuals met criteria for definite and
27 (12.6%) met criteria for probable FH diagno-
sis. Application of MEDPED criteria (17) to EHRs
produced similar results, with 53 (24.7%) living
FH variant carriers meeting criteria for clinical
FH diagnosis (table S7). Together, these data high-
light the limitations of using clinical criteria
for EHR-based screening and the opportunity
for genomic data to augment the detection of
individuals with FH.
Individuals deemed unlikely to have FH (by

DLCN criteria) before identification of a patho-
genic variant, despite having LDL-C data availa-
ble in the EHR (n = 75), were considered to have
nonpenetrant disease. On the basis of these re-
sults, we predicted 18 FH variants to have re-
duced penetrance, which included 13 of 29 LDLR,
3 of 4 PCSK9, and 2 of 2 APOB variants (table S2).
This estimate is limited by the incompleteness
of EHR data (table S5), the inability to account
fully for lipid-lowering treatment effects, the
variable number of heterozygous carriers per
variant, and familial relationships between some
of the carriers within the cohort. For example,
closely related carriers may have shared envi-
ronmental and genetic factors influencing their
phenotypes, which could affect estimates of
penetrance.

FH variant carriers are undertreated and
have LDL-C levels above goal

Overall, 173 (80.5%) of the 215 living FH variant
carriers had been prescribed lipid-lowering ther-
apy (mostly statin medications; table S8). We
examined the medication reconciliation records
from 2015 to 2016 available for 189 of the FH var-
iant carriers. An active prescription for statinmed-
ication was identified in 109 (57.7%) FH variant
carriers, of whom 70 (37.0%) were prescribed
high-intensity statin therapy. Among those not
receiving high-intensity statin therapy (n = 119),
10 individuals (8.4%) had EHR-documented evi-
dence of statin intolerance. The average lowest
LDL-C level among 192 FH variants carriers with
these data available was 104.9 mg/dl. Among 106

SCIENCE sciencemag.org 23 DECEMBER 2016 • VOL 354 ISSUE 6319 aaf7000-3

Fig. 3. Presequencing likelihood of FH diagnosis with DLCN criteria. Criteria for diagnosis of FH (un-
likely, possible, probable, or definite) were based exclusively on extracted EHR data. (A) Percentage
of participants meeting clinical criteria for FH diagnosis among living noncarriers (variant-negative;
n = 46,070) and carriers (variant-positive; n = 215) of an FH variant. (B) Number of living variant carriers
(n = 215) that would meet presequencing criteria for FH diagnosis per stratum of maximum EHR-
documented LDL-C range (in mg/dl).
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variant carrierswith LDL-C levels availablewithin
12months of the study, the average most recent
LDL-C level was 130.3 mg/dl, and only 41 (38.7%)
carriers had a most recent LDL-C level below
100mg/dl,which is theLDL-C target recommended
by the National Lipid Association’s Expert Panel
for adults with FH (26). Subsetting to carriers cur-
rently on statin therapy and with recent LDL-C
levels available (n=63), only 29 (46.0%)hadamost
recent LDL-C level below 100 mg/dl. In compari-
son, 76.8% of noncarriers currently on statin had a
most recent LDL-C below 100 mg/dl (c2 test, P <
0.0001; table S8).

Conclusion

Underdiagnosis and undertreatment of FH con-
tinue to be a concern, and are associated with
premature CAD and stroke, indicating that ge-
nomic approaches to case identification may be
needed as a front-end intervention to improve
outcomes (4). Here, exome sequence data linked
to longitudinal EHRs identified FH variants at
a higher than previously estimated prevalence
(6, 7, 10); excluding participants recruited from
a cardiac catheterization laboratory, the preva-
lence was 1:256, in line with more recent esti-
mates of 1:217 in Denmark (8) and 1:319 in the
Netherlands (9). Our assessment of FH preva-
lence in a U.S. health care system using this
methodology supports the claim that there is
significant underdiagnosis of this condition (4, 12).
Whether our estimated prevalence of FH variants
in our patient population, largely a stable regional
health care population in central Pennsylvania,
is generalizable to other U.S. patient populations
remains to be determined. We caution that ex-
tant familial (and cryptic) relatedness in our study
population could result in overestimation of a
given FH-causing allele that is rare in the general
population but segregating in family members.
For example, our study population was enriched
for APOB p.Arg3527Gln, which is known to be
common in individuals of Amish descent in
Lancaster, Pennsylvania (11).

Surprisingly, FH variants explain only 2.5% of
severe hypercholesterolemia in the cohort, which
challenges the notion that patients with LDL-C
levels of more than 190 mg/dl are likely to have
genotypically defined FH (27); this is consistent
with a recent observation that 1.7% of patients
with severe hypercholesterolemia had an FH
variant (23). There are several potential expla-
nations for this. Polygenic hypercholesterolemia
(28, 29) could account for a proportion of FH
variant–negative cases of severe LDL-C elevation,
as could common, secondary causes of elevated
LDL-C, such as obesity, hypothyroidism, and
nephrotic syndrome (20, 30). It is also possible
that, by including only established pathogenic
variants in LDLR, APOB, and PCSK9, and pre-
dicted pathogenic LoF variants in LDLR in our
analysis, we excluded additional truly pathogenic
FH variants that would explain some cases of
severe hypercholesterolemia. Finally, there may be
yet-to-be-identified genes that are causative of FH.
We applied a validated set of clinical FH diag-

nostic criteria to EHR data to estimate the like-
lihood of achieving a presequencing diagnosis in
living FH variant carriers. Only 24% of carriers
would have met criteria for probable or def-
inite FH diagnosis before variant identification.
This suggests that such diagnostic algorithms
may be of limited utility when applied to EHRs
in the absence of genetic testing, as others have
observed (31), which has direct implications for
current efforts seeking to use similar method-
ologies. Future large-scale EHR screening pro-
grams may use natural language processing and
machine learning to improve reliability. For ex-
ample, the FH foundation recently launched the
FindFHprogram,which is developing amachine-
learning algorithm to identify individuals with
probable FH within EHR data, laboratory results,
and claims databases (32).
By surveying EHR records from last year, we

found that 58% of FH variant carriers were cur-
rently prescribed a statin medication, and only
46% of those on statin treatment had a most

recent LDL-C level under 100 mg/dl, the re-
commended LDL-C target for adult FH patients
(20, 27, 33). These findings are consistent with
previous reports and highlight the undertreat-
ment of FH (4, 34). The risk for general and pre-
mature CADwas significantly higher in FH variant
carriers, withORs of 2.6 and 3.7, respectively, and
thiswasmost pronounced in thosewith predicted
LoF variants inLDLR. A similarly increased risk of
CAD was observed by Khera et al. (23), who re-
ported ORs of 3.8 for carriers of any FH variant
and 9.5 for predicted LoF variants in LDLR. This
underscores the importance of early diagnosis
and appropriate treatment of these patients. At
present, there are no genotype-based guidelines
for the treatment of hyperlipidemia; future studies
evaluating the effects of new therapies on cardio-
vascular disease outcomes may lead to clarifica-
tion of FH treatment guidelines.
Despite its strengths, this study has limita-

tions. The study population does not necessarily
reflect the global community, but rather individ-
uals presenting for clinical care. The average age
of sequenced MyCode participants was 61 years;
therefore, there may be survival bias in this co-
hort, with underrepresentation of individuals
having severe or homozygous FH (who often
do not survive past the second decade if left un-
treated) (35). The cohort also had a higher per-
centage of ever-prescribed statin compared to
the total ~1.4 million patients in the Geisinger
Health Systemwith EHRdata (54%versus 13%),
although surprisingly few FH variant carriers
had an active statin order in the sequenced co-
hort. As with any real-world study, we were
limited by the data collected, which is subject to
error in entry and incompleteness, specifically
missing data in the EHR (such as physical exam
findings and family history). Because major ef-
forts, including the national Precision Medicine
Initiative, will also rely heavily on EHR data,
this study helps to validate this approach de-
spite the limitations cited. We assumed that the
most recent outpatient LDL-C valuewas reflective
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Table 1. Prevalence of an FH variant in the MyCode cohort.We assessed the prevalence of an FH variant in all sequenced participants, in a subset in

which only one individual in each first- and second-degree relationship was retained, according to recruitment site (from the cardiac catheterization

laboratory or elsewhere), and across increasing LDL-C thresholds.

Population characteristics n FH variant–positive n (%)* Estimated prevalence

All sequenced participants 50,726 229 (0.5) 1:222
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Including only one individual in every first- and second-degree relationship 38,339 171 (0.5) 1:224
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Recruitment site†
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Cardiac catheterization laboratory 6,747 57 (0.8) 1:118
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Other sites 43,979 172 (0.4) 1:256
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Maximum EHR-documented LDL-C (mg/dl)‡
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

LDL-C < 155 28,512 48 (0.2) 1:607
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

LDL-C ≥ 155 14,184 156 (1.1) 1:91
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

LDL-C ≥ 190 4,435 112 (2.5) 1:40
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

LDL-C ≥ 250 390 50 (12.8) 1:8
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

LDL-C ≥ 330 53 17 (32.1) 1:3
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

*Heterozygous carriers of 1 of the 35 identified FH variants (n = 229 total; n = 204 individuals with LDL-C data available). †n = 50,726 sequenced
participants. ‡n = 42,696 sequenced participants with LDL-C data available.
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of current prescribed lipid-lowering therapy and
that medications were being taken upon phy-
sician order and not by independent verification.
We did not adjust LDL-C values to account for
treatment effect; instead, we elected to analyze
maximum EHR-documented LDL-C, because
this wasmost likely to approximate the untreated
state in this real-world cohort and because of
some degree of uncertainty in the timing of statin
initiation relative to EHR-documented LDL-C
levels. Other studies have implemented a stan-
dard 30% reduction in LDL-C in individuals on
statin treatment (23), but note that this does not
account for different statin types or doses, or
potential variability in response across FH car-
riers and noncarriers. Finally, we elected to use
a conservative definition of pathogenic variants,
which did not include missense variants des-
ignated as “likely pathogenic” or having in silico
predictions of pathogenicity in our analysis; this
could have resulted in an underestimate of the
true frequency of FH.
This study helps build support for the emerg-

ing concept that, in conditions such as FH, ge-
nomic sequencing might soon be applied as part
of a population screen (36). Given that genomic
sequencing has not been routinized in U.S. health
care except in research settings such as this, other
health care systems would currently require pro-
grammatic fundingbeyondclinical reimbursements
to apply a similar approach to their patient pop-
ulation (37). The costs of sequencing, interpreta-
tion, and follow-up of secondary and false-positive
findings from genomic sequencing would need
to be considered. Proof of clinical utility and cost-
effectiveness of genomic screening for FH can
be built on the Dutch model experience, where
screening, diagnosis, and treatment led to more
than 3 years of life gained in FH (38). A recent
study modeling genetic screening for FH sug-
gested that it would not currently be cost-effective
in the United States, although the authors ac-
knowledged several knowledge gaps regarding
FH diagnosis, cascade screening, management,
and clinical outcomes in the United States, as
well as outdated genetic testing cost input data
(39). Further analyses taking into account a
changed DNA sequencing landscape with rap-
idly declining costs, and new andmore effective
treatment options, will be critical in considering
implementation of genomic screening for FH and
in determining the clinical settings and patient
populations that would benefit most from this
approach. Genetic identification of FH is just one
clinical application of the many possible uses of
genomic sequencing, and in and of itself may not
justify the cost. Cost-effectiveness and clinical util-
ity models in which genomic sequencing is used
as a single test to informmany actionable genetic
diseases require further evaluation.
This study targets a particular use of sequenc-

ing information, and at this point, we cannot
fully model how genomic sequencing as a front-
end intervention might alter clinical care by
improving detection of FH-conferred risk. None-
theless, our findings demonstrate a potential
clinical benefit for the large-scale sequencing

planned by the national Precision Medicine Ini-
tiative (40). An important goal of precisionmedi-
cine is to accurately identify and treat individuals
at increased risk ofmedically actionable conditions
(41); as a highlymodifiable genetic condition, FH
is an ideal starting point for implementation of a
return of results program (42). The clinical im-
pact of systematic genomic screening for FHmay
be furthermagnified by cascade screening of fam-
ilymembers, identification of novel genetic causes
of FH, and protective genetic or other factors to
explain nonpenetrance, ultimately leading to
more refined cardiovascular risk stratification
for patients with elevated LDL-C levels.

Materials and methods
Setting and study participants

Human genetics studies were conducted as part
of the DiscovEHRproject of the GeisingerHealth
System (GHS) and theRegeneronGenetics Center
(RGC). The study was approved by the GHS In-
stitutional ReviewBoard. The study population con-
sisted of 50,726 consented participants ≥ 18 years
from the MyCode® Community Health initiative
of GHS, an integrated health services organiza-
tion in Pennsylvania and New Jersey. A detailed
description of the DiscovEHR study population
can be found in a companion publication (19).

Sequencing of LDLR, APOB, and PCSK9

Sample preparation andwhole exome sequencing
were performed at the RGC as previously de-
scribed (25). Inbrief, exomecapturewasperformed
using NimbleGen probes according to the manufac-
turer’s recommended protocol (Roche NimbleGen).
The capturedDNAwas PCR amplified and quan-
tified by qRT-PCR (Kapa Biosystems). The multi-
plexed samples were sequenced using 75 bp
paired-end sequencing on an Illumina v4HiSeq
2500 to a coverage depth sufficient to provide
greater than 20x haploid read depth of over 85%
of targeted bases in 96% of samples (approxi-
mately 80x mean haploid read depth of targeted
bases). Raw sequence data from each Illumina
Hiseq 2500 run were uploaded to the DNAnexus
platform (43) for sequence read alignment and
variant identification. In brief, raw sequence
data were converted from BCL files to sample-
specific FASTQ-files, which were aligned to the
human reference build GRCh37.p13 with BWA-
mem (44). Single nucleotide variants (SNV) and
insertion/deletion (indel) sequence variants were
identified using the Genome Analysis Toolkit
(45, 46). Copynumber variantsweredetectedusing
the CLAMMS algorithm (21).
Sequence data for LDLR, APOB, and PCSK9

were extracted from exome sequences generated
at the RGCwith the use of protocols described in
detail in a companion publication (19). Sequence
variants were annotated using SnpEff (47) and
predicted LoF variants were defined as any of
the following: SNVs leading to a premature stop
codon, loss of a start codon, or loss of a stop codon;
SNVs or indels disrupting canonical splice ac-
ceptor or donor dinucleotides; open reading
frame shifting indels leading to the formation
of a premature stop codon. Sequence variants

annotated by the clinical genetics database
ClinVar (22) as “pathogenic”were also identified
by positional intersection with exome sequence
variant calls. The ClinVar database was accessed
inMarch 2016. We considered LoF variants (pre-
viously known and novel) in LDLR as “predicted
pathogenic” variants, and considered missense
variants classified in ClinVar as “pathogenic” in
LDLR, APOB, and PCSK9 as “known pathogenic”
variants. The union of “predicted pathogenic”
and “known pathogenic” variants was the set of
sequence variations used for all subsequent
analyses.

FH diagnostic criteria and
clinical characteristics

A clinical diagnosis of FH was established using
the DLCN criteria (15, 16). Relevant data were
extracted from the EHR and a numerical score
was assigned (see table S5). EHR data were
unavailable for some of the phenotypic criteria,
in particular physical exam findings (tendon
xanthomata and arcus cornealis) in patients or
relatives. Total scores were calculated without
and with the knowledge of a functional variant
in LDLR, APOB, or PCSK9 genes. A diagnosis of
FH was considered definite if the total score
was greater than 8, probable if the score was 6–
8, possible if the score was 3–5, and unlikely if
the score was below 3 points.
We applied MEDPED criteria to EHRs in a

similar manner. As MEDPED criteria rely on the
knowledge of 1st, 2nd, or 3rd degree relatives of
FH (17), which is not captured in the EHR, we
expanded the criteria to include knowledge of
any family history of hyperlipidemia, and used
corresponding MEDPED age-based LDL-C thresh-
olds for individuals with 1st degree relatives with
FH (if positive family history of hyperlipidemia)
or for general population (if negative family his-
tory of hyperlipidemia).
Maximum EHR-documented LDL-C values and

lowest EHR-documented LDL-C values were ex-
tracted from EHRs. We extracted most recent
EHR-documented LDL-C values from levels re-
corded in the EHR within 12 months of the
study. Only outpatient LDL-C measurements
are reported. Evidence of ever-prescribed lipid-
lowering therapy was also extracted from the
EHR. Current lipid-lowering therapy was defined
as the last prescribed lipid-lowering agent docu-
mented in the EHR in patients with a medical
reconciliation performed in 2015 or 2016. “High-
intensity statins” were defined as high doses of
specific statin medications: simvastatin 80 mg,
atorvastatin 40 or 80 mg, and rosuvastatin 20
or 40 mg daily (20). Moderate-intensity statins
were defined as moderate doses of specific statin
medications: atorvastatin 10 or 20mg, rosuvastatin
5 or 10mg, simvastatin 20 or 40 mg, pravastatin 40
or 80mg, lovastatin 40mg, fluvastatin XL 80mg,
and pitavastatin 2 or 4 mg daily; or fluvastatin
40 mg twice daily.

Coronary artery disease definitions

Participants were assigned a CAD case or control
status using an electronic phenotyping algorithm
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that is described in a previous publication (25).
In brief, individuals were considered to have CAD
if they had a history of coronary revascularization
in the EHR, or history of acute coronary syndrome,
ischemic heart disease, or exertional angina
(ICD-9 codes 410*, 411*, 412*, 413*, 414*) with
angiographic evidence of obstructive coronary
atherosclerosis (>50% stenosis in at least one
major epicardial vessel from catheterization
report). CAD controls were defined as individ-
uals without any case criteria or any single en-
counter or problem list diagnosis code indicating
CAD. Two case–control definitions were con-
sidered: “general CAD,” in which all individuals,
regardless of age, were analyzed, and “premature
CAD,” defined as cases and controls younger than
55 (for males) or 65 (for females) years of age.

Statistical analysis

We used amixed linear model, coding genotypes
under an additive model (0 for sequenced non-
carriers, 1 for heterozygotes), adjusting for age,
age2, sex, and the first 5 principal components of
ancestry to test for associations between pre-
dicted and known pathogenic variants in LDLR,
APOB, and PCKS9 individually and in aggregate,
and maximum EHR-documented LDL-C values.
ANOVA with post hoc Tukey honest significant
difference tests was used to examine differences
in maximum LDL-C values across LDLR, APOB,
and PCSK9 variant carriers.
We tested for associations between LDLR,

APOB, and PCKS9 variants in aggregate (coded
as above) and “general” and “premature” CAD
liability adjusting for age, age2, and sex using
mixed linear model association analysis. Odds
ratios for CAD were estimated using Firth’s pe-
nalized likelihood logistic regression (48) adjust-
ing for age, age2, sex, and the first five principal
components of ancestry. Wald 95% confidence
intervals were estimated for odds ratios using
standard error estimates back-calculated from
p-values from the mixed linear models of asso-
ciation. GCTA v2.1.4 (49) and R version 3.2.1 (R
Project for Statistical Computing) were used
for all statistical analyses.
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