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Laboratories can play a role in identifying FH by alerting providers to patients with

elevated lipid levels who may benefit from additional evaluation
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ABSTRACT

Introduction: Familial Hypercholesterolemia (FH) is a primarily autosomal dominant condition characterized by
markedly elevated low-density lipoprotein-cholesterol (LDL-c) and an increased risk of atherosclerosis and
cardiovascular disease (CVD). Though early identification and treatment are crucial to optimizing outcomes, few
laboratory strategies exist to detect FH.

Methods: All lipid tests for total cholesterol (TC) and LDL-c ordered through a large nation-wide network of
medical laboratories in the United States (US) from 2018 - 2022 were retrospectively evaluated using a decision
tree algorithm based on Simon Broome lipid criteria. If thresholds were met, results were classified as “possible
FH” or as “no lipid evidence of FH” if not met.

Results: The review of 121,141,307 lipid panels and associated genetic tests from 58,400,105 patients resulted in
1,843,966 (3.2 %) that were classified as “possible FH”. Overall, the mean TC was higher in females than males,
particularly in those >16 years. LDL-c in the “no lipid evidence of FH” cohort increased year-over-year; LDL-c
was stable or decreased in the “possible FH” cohort. Despite the large number of patients classified with “possible
FH”, very few (0.02 %) matched patients had genetic testing.
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Conclusion: A laboratory-developed algorithm using Simon Broome lipid criteria can help identify patients who
may benefit from additional FH evaluation. While critical, testing hyperlipidemic children for FH is grossly
underutilized, as is genetic testing for FH. Diagnostic laboratories are uniquely positioned to bring FH to the
attention of clinicians, with the goal of earlier diagnosis, cascade testing, and appropriate treatment.

1. Introduction

Familial Hypercholesterolemia (FH) is a common, yet largely
underdiagnosed genetic disorder in which LDL-c levels are markedly
elevated, significantly increasing the risk of atherosclerosis and CVD.
Individuals with FH may exhibit other clinical manifestations associated
with excess lipids, including xanthomas, xanthelasmas, and arcus cor-
nealis [1,2]. FH is present from birth and requires early diagnosis to
initiate appropriate and timely medical intervention [3]. The American
Academy of Pediatrics recommends universal lipid screening for all
children 9 to 11 years of age for early detection of FH [4]; aggressive
pharmacologic treatment should be undertaken as early as 8 to 10 years
of age, or upon diagnosis [3,4].

A variety of algorithms have been proposed for the diagnosis of FH,
including but not limited to: Make Early Diagnosis to Prevent Early
Death (MEDPED) [5], Dutch Lipid Clinic Network (DLCN) [6], Simon
Broome [7], National Lipid Association (NLA) [3], American Heart As-
sociation (AHA) [8], Japan Atherosclerosis Society FH Criteria [9],
Simplified Canadian Definition for FH [10], and machine learning al-
gorithms based on data from electronic health records [11]. The criteria
for diagnosing FH vary according to the algorithm chosen [12], but
typically involve one or more of the following: TC or LDL-c levels,
clinical presentation, family history, and/or results of genetic testing.

Pathogenic variants in several genes have been shown to affect LDL
metabolism and are associated with FH. Variants in the LDL receptor
gene (LDLR) are most common, accounting for >90 % of cases with an
identifiable genetic etiology; variants in apolipoprotein B (APOB) and
protein convertase subtilisin/kexin type 9 (PCSK9) genes account for
5-10 % and <1 % of cases, respectively [13]. LDLRAP1 mutations are
considered rare and lend themselves to a diagnosis of autosomal reces-
sive FH. The presence of a single pathogenic variant in LDLR, APOB, or
PCSK9 (heterozygous FH (HeFH)) is the most common presentation;
wherein untreated adults typically have significantly elevated TC of
310-580 mg/dL (8-15 mmol/L) and/or elevated LDL-c > 190 mg/dL
(4.9 mmol/L). Co-occurrence of two pathogenic variants in these genes
(homozygous FH (HoFH)) results in a more severe form of FH; these
adults have TC values of 460-1160 mg/dL (12-30 mmol/L) with LDL-c
values >400 mg/dL (>10.0 mmol/L) [12,14]. A modern-day US based
registry of individuals with homozygous FH assessed the presence of
xanthomas in 56.3 % of children and 80.4 % of adults. No children had
corneal arcus while 46.8 % of adults did [15]. Untreated, individuals
with HeFH may die as early as 55-60 years of age while those with HoFH
may die before age 20, whereas early diagnosis and effective treatment
can avert serious cardiovascular events in later life, barring additional
comorbid risk factors [14]. A subset of FH has polygenic etiology due to
a cumulative effect of variants in genetic loci associated with LDL-c, and
polygenic factors also modulate severity of monogenic FH [16,17]. Not
surprisingly, a high prevalence of FH is found in individuals with CVD.
FH has been estimated to be 10 times higher in patients with ischemic
heart disease (IHD), 20 times higher in patients with premature IHD, and
23 times higher in patients with severe hypercholesterolemia [18].

The prevalence of HeFH was historically cited to be ~1:500 but is
now thought to be as high as 1:311, whereas the prevalence of HoFH is
estimated at 1:160,000 to 1:400,000 [2,14,18-21]. In the US, it is esti-
mated that fewer than 10 % of individuals with FH receive a diagnosis
[11,22]. As there are currently about 1.3 million diagnosed FH cases in
the US, it is estimated that >11.5 million Americans have FH, do not
know it, and are not being treated appropriately [23].

Although genetic testing is recommended by key professional

societies including the American College of Cardiology (ACA) [13], AHA
[24], and NLA [25], genetic testing is underutilized in the US with only
3.9 % of diagnosed FH patients listed in the CASCADE-FH registry as
tested [22]. Genetic testing as a part of FH cascade screening is also
recommended for families where a causative genetic variant has been
identified, beginning with first degree relatives, then extending to sec-
ond- and third-degree relatives [4,12].

In the US, Simon Broome is the most commonly used formal criteria
for diagnosing FH [22] and incorporates lipid values, family history,
clinical findings and genetic variants to arrive at a diagnosis (Table 1).
The lipid criteria separate the clinical decision points for TC and LDL-c
based on age, with the pediatric population represented by individuals
<16 years of age and the adult population represented by individuals
>16 years. An individual whose TC and/or LDL-c exceeds a set
threshold, and has a genetic mutation in an FH gene, or presents with a
personal or family history (first- or second-degree relative) of tendon
xanthoma(s) is determined to have “definite” FH. An individual whose
TC and/or LDL-c exceeds a set threshold and has a positive family his-
tory of premature myocardial infarction (MI), or a family history of
elevated total cholesterol is determined to have “possible” FH.

Through employing a unique screening strategy to lipid test results,
the current study assessed the prevalence of potential FH in 121,141,307
lipid panels representing a population of over 58 million patients at a
large nation-wide medical laboratory. Secondary goals were to examine
the utilization of genetic testing in patients meeting FH criteria, and to
assess age related trends in lipid and FH testing over a five-year period.

2. Materials and methods
2.1. Analysis of data from lipid panels

Under the conditions of an IRB exemption for de-identification of
patient laboratory data from the WCG Western Institutional Review
Board (Puyallup, WA), subjects were identified as having any lipid
profile or both individual LDL-c and TC orders performed at Labcorp®
between January 2018 and December 2022. All lipid analyses were
performed using standardized Roche Diagnostics (Indianapolis, IN) re-
agents and on Roche Diagnostics instrument platforms throughout the
Labcorp® network of testing labs. Calculations for LDL-c used the

Table 1
Simon Broome criteria for the diagnosis of familial hypercholesterolemia.

Criteria Diagnosis

In adults >16 years: TC >290 mg/dL (7.5 mmol/L), or LDL-C > 190 Definite
mg/dL (4.9 mmol/L)
In pediatric patients <16 years: TC >259 mg/dL (6.7 mmol/L), or
LDL-C > 155 mg/dL (4.0 mmol/L)
AND
Tendon xanthoma in the patient or first/second-degree relative, OR
alternatively:
presence of LDLR, APOB, or PCSK9 P/LP variant

In adults >16 years: TC >290 mg/dL (7.5 mmol/L), or LDL-C > 190
mg/dL (4.9 mmol/L)
In pediatric patients <16 years: TC >259 mg/dL (6.7 mmol/L), or
LDL-C > 155 mg/dL (4.0 mmol/L)
AND
family history of MI <50 y old in second-degree relative or <60 y old
in first-degree
relative OR alternatively:
family history of TC >7.5 mmol/L (290.0 mg/dL) in a first- or second-
degree relative.

Possible
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Friedewald formula through 2019 [26] and the Sampson NIH formula
[27] beginning in 2020.

Simon Broome criteria was selected as the basis for the FH Lipid
Profile due to physician familiarity in the US, as well as demonstrating a
higher diagnostic screening yield compared to MEDPED and DLCN FH
criteria when used in conjunction with clinical findings [22]. TC and
LDL-c levels were compiled and retrospectively evaluated using an
internally developed algorithm (FH Lipid Profile Algorithm) (Fig. 1)

A. Algorithm for patients <16 years
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utilizing Simon Broome lipid criteria as decision points to evaluate for
FH If the patient’s lipid values exceeded the Simon Broome thresholds,
the patient was classified as having “Possible FH”; if values fall below
the thresholds, the patient was classified as having “No lipid evidence of
FH.” It is important to note that only the Simon Broome lipid criteria are
used in the algorithm, to the exclusion of clinical presentation or family
history, although these are important factors contributing to the
diagnosis.

Age <16 years

Total Cholesterol

LDL Cholesterol

>260 mg/dL (6.7 mmol/L) <260 mg/dL (6.7mmol/L) >155 mg/dL (4.0 mmol/L) 155 mg/dL (4.0 mmol/L)
(meets Simon Broom (does not meet Simon (mee.ts. Simon Broom (does not meet Simon
lipid criteria) Broom lipid criteria) lipid criteria) Broom lipid criteria)
Possible FH No lipid evidence of FH Possible FH No lipid evidence of FH
FH genetic testing Consider FH genetic testing FH genetic testing Consider FH genetic testing
recommended as indicated* recommented as idicated*
B. Algorithm for patients 216 years
Age 216 years
| |
Total Cholesterol LDL Cholesterol
I [
[ | [ [
>290 mg/dL (7.5 mmol/L) <290 mg/dL (7.5 mmol/L) >190 mg/dL (4.9 mmol/L) 190 mg/dL (4.9 mmol/L)
(meets Simon Broom (does not meet Simon (meets Simon Broom (does not meet Simon
lipid criteria) Broom lipid criteria) lipid criteria) Broom lipid crieria)
Possible FH No lipid evidence of FH Possible FH No lipid evidence of FH
FH genetic testing Consider FH genetic testing | L—] FH genetic testing L Consider FH genetic testing
recommended as indicated* recommented as idicated*

Fig. 1. FH Lipid Profile Algorithm for identification of patients with possible FH from laboratory-based lipid testing. Patients are stratified to the appropriate al-
gorithm by age (A) for age 16 years and (B) for >16 years; lipid results are then incorporated with TC and LDL-c decision points based on Simon Broome lipid criteria.
If lipid values exceed Simon Broome thresholds, the patient is classified as “possible FH” and FH genetic testing is recommended; if not, the patient is classified as “no

lipid evidence of FH” and additional guidance is provided.

Patient Report Statement: *Consider FH genetic testing as indicated, in the presence of clinical manifestations of FH (e.g., arcus cornealis, cutaneous xanthomas);
family history of myocardial infarction in 1st degree relatives age 60 or younger, or 2nd degree relatives 50 or younger; or, family history of TC >260 mg/dL in a
child, brother or sister <16 years old, or an adult with a TC >290 mg/dL in a 1st or 2nd degree relative.
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Patient demographics (Table 2), including age, sex and geographical
region, in accord with the US Census designation (Northeast, Midwest,
South, West) [28], were summarized by percentages or mean and
standard deviation, as applicable, from the total cohort of unique pa-
tients; for patients with multiple samples submitted during the study
timeframe, demographics and lipid test results were analyzed based on
the information associated with the patient’s first specimen only. Means
were compared using Mann Whitney U testing, with p < 0.05 considered
significant. Year-over-year trends in lipid results were analyzed using
the Mann Kendall Trend test. For the trend analysis, multiple specimens
from the same patient were included (e.g., annual testing) in the analysis
for the respective year. All statistical analyses were performed with
Python 3.7 and the SciPy package. International Classification of Dis-
eases (ICD) codes associated with the laboratory orders were used to
assess whether the patient potentially had a diagnosis of, or if there was
a suspicion of FH; codes analyzed included: 272.0 (Hypercholesterole-
mia) for ICD-9, and E78.01 (Familial Hypercholesterolemia) and Z83.42
(Family History of Familial Hypercholesterolemia) for ICD-10.

2.2. Analysis of FH genetic testing

All FH genetic tests performed between January 2018 and December
2023 were cross-referenced with patients that also had lipid testing

Table 2

Demographic characteristics, lipid results, and genetic testing outcomes in patients tested at Labcorp® between January 2018-December 2022.
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performed between January 2018 and December 2022 to determine
matches based on patient demographics. The timeframe for the analysis
of genetic testing results was extended an extra year for comparison to
previous years.

Genetic testing for FH includes four genes currently known to be
associated with the condition: APOB, LDLR, LDLRAP1, and PCSK9.
Assessment of the LDLR, LDLRAPI, and PCSK9 genes includes sequence
analysis of all coding exons and adjacent intron/exon junctions.
Assessment of the APOB gene is limited to the 556 bp region of exon 26
which harbors the most frequent pathogenic variants. Testing is per-
formed using a hybridization capture method and the Illumina® next-
generation sequencing platform. Sequencing reads are aligned to the
human genome reference GRCh37/hg19. Variant detection is performed
by QIAGEN CLC Genomics and in-house algorithms and does not include
copy number variation. Pathogenic (P) and likely pathogenic (LP) var-
iants are reported using numbering and nomenclature recommended by
the Human Genome Variation Society [29]. Classification of identified
variants is determined by an evidence-based proprietary algorithm in
accordance with current American College of Medical Genetics and
Genomics and Association for Molecular Pathology (ACMG/AMP)
standards [30].

Simon Broome Lipid Criteria Met

Simon Broome Lipid Criteria Not Met

All Subjects All Ages Age Age All Ages Age Age
<16 years >16 years <16 years >16 years
N 58,400,105 1843,966 37,900 1806,066 56,556,139 2440,407 54,115,732
Age, yrs. (mean + SD) 54.8 +18.2 54.7 +15.0 11.6 + 3.1 55.6 + 13.8 54.2 +15.6 11.7 + 3.6 56.1 +£17.1
Patient Sex
Female (%) 31,744,519 1093,325 18,156 1075,169 30,651,194 1219,188 29,432,006
(54.5 %) (59.3 %) (47.9 %) (59.5 %) (54.2 %) (49.9 %) (54.4 %)
Male (%) 26,655,586 750,641 (40.7 19,744 730,897 (40.5 25,904,945 1221,219 24,683,726
(45.5 %) %) (52.1 %) %) (45.8 %) (50.1 %) (45.6 %)
Region (%)
Northeast 8952,045 (15.3 279,345 (15.1 9211 270,134 (15.0 8672,700 (15.3 564,072 (23.1 8108,628 (15.0
%) %) (24.3 %) %) %) %) %)
Midwest 4467,480 (7.6 137,905 2405 135,500 4329,575 (7.7 164,642 (6.7 4164,933 (7.7
%) (7.5 %) (6.3 %) (7.5 %) %) %) %)
South 29,165,792 973,078 (52.8 18,658 954,420 (52.8 8192,714 (49.8 1159,847 27,032,867
(49.9 %) %) (49.2 %) %) %) (47.5 %) (50.0 %)
West 11,654,887 359,634 (19.5 6021 353,613 (19.6 11,295,253 443,946 (18.2 10,851,307
(20.0 %) %) (15.9 %) %) (20.0 %) %) (20.1 %)
Unknown 4159,901 (7.1 94,004 1605 92,399 4065,897 (7.2 107,900 (4.4 3957,997 (7.3
%) (5.1 %) (4.2 %) (5.1 %) %) %) %)
Lipid testing results*
TC mg/dL, mean + SD (mmol/L) 181.0 + 42.3 297.2 + 32.7 252.7 + 298.2 + 31.9 177.3 + 36.4 154.5 + 27.1 181.1 + 37.2
(47 £1.1) (7.7 £ 0.8) 37.7 (7.7 £ 0.8) (4.6 £0.9) (4.0 +0.7) (4.7 £1.0)
(6.5 +£1.0)
LDL mg/dL, mean + SD (mmol/L) 102.8 + 35.6 206.4 + 29.6 177.7 + 207.1 +29.2 101.1 + 30.5 85.1 + 23.5 103.3 + 32.0
(2.7 £0.9) (5.3+0.8) 34.2 (5.4 +0.8) (2.6 £0.8) (2.2 4+ 0.6) 2.7 +£0.8)
(4.6 +0.88)
N, with LDL-c > 400 mg/dL (10.3 2961 2961 88 2873 0 0 0
mmol/L) (0.005 %) (0.2 %) (0.2 %) (0.2 %) (0.0 %) (0.0 %) (0.0 %)
Genetic testing results at Labcorp®
Patients with FH genetic + lipid testing 1691 382 16 366 1309 20 1289
(% of total N) (<0.01 %) (0.02 %) (0.04 %) (0.02 %) (0.002 %) (0.001 %) (0.002 %)
Patients with P/LP FH variant + lipid 200 98 9 (56.3 %) 89 102 1 101
testing (% of row above) (4.0 %) (25.7 %) (24.3 %) (7.8 %) (5.0 %) (7.8 %)
ICD-9/ICD-10 coding
Test orders (%) with Family History of 35,877 (0.06 %) 1517 (0.08 %) 328 1189 34,360 6595 27,765
FH (Z83.42) (0.9 %) (0.07 %) (0.06 %) (0.3 %) (0.05 %)
Test orders (%) with FH (272.0/E78.01)  2090,014 (3.6 105,902 (5.7 1353 104,549 1984,112 (3.5 12,388 1971,724
%) %) (3.6 %) (5.8 %) %) (0.5 %) (3.6 %)

SD= standard deviation.

" For patients with multiple lipid samples submitted during the study timeframe, the results of the patient’s first submitted test were used.

f LDL-c > 400 is suggestive of HoFH.

at Labcorp®.

* For patients that had lipid testing at any time between January 2018 — December 2022 and FH genetic testing at any time between January 2018 — December 2023



J.K. Fleming et al.

3. Results
3.1. Characteristics of the total study population

From January 2018 — December 2022 a total of 121,141,307 lipid
panels from 58,400,105 patients were submitted for testing (Table 2).
Approximately 55 % of this population was female and 45 % was male.
While fewer females than males < 16 years of age are observed to meet
the Simon Broome lipid criteria, a significantly higher percentage of
females than males meet the criteria after the age of 16. Hormonal ho-
meostasis may be altered in adult females in menstruation, ovulation,
pregnancy, and obesity, in addition to resistance to lipid lowering
therapy are factors associated with higher lipid level in adult women
than in men. The higher incidence of hyperlipidemia along with an
emphasis placed on heart disease in women over the past decade within
the in the medical literature, lay press, and in programs like the Go Red
for Women initiative by the AHA, may be responsible for driving more
lipid testing in adult women than men [31-36].

Approximately 97 % of all lipid panels ordered were associated with
patients >16 years of age, as opposed to 3 % for patients <16 years.
Geographically, nearly 50 % of patients tested were from the South,
followed by ~20 % from the West, 15 % from the Northeast, and 8 %
from the Midwest; geographic location was unknown for 7 % of patients.
By region (excluding unknown geography), the South had the highest
percentage of patients that met Simon Brome lipid criteria at 3.34 %,
followed by the Northeast at 3.12 %, and the West and Midwest, both at
3.09 %. The mean TC in the study population was 181 + 42 mg/dL (95
% CI: 180.99, 181.01 mg/dL), (4.7 + 1.1 mmol/L, 95 % CI: 4.70, 4.70
mmol/L), and the mean LDL-c was 103 + 36 mg/dL (95 % CI: 102.99,
103.01 mg/dL) (2.7 £+ 0.9 mmol/L, 95 % CI: 2.70, 2.70 mmol/L), where
n = 58,400,105. A total of 3.6 % of patients (2090,014) had testing
submitted with an ICD-9 or ICD-10 code indicating Pure/Familial Hy-
percholesterolemia (i.e., 272.0/E78.01), and an additional 0.06 %
(35,877) had testing submitted with an ICD-10 code indicating Family
History of FH (i.e., Z83.42).

3.2. Patients classified as “Possible FH” from the FH lipid profile
algorithm

Over the 5-year study period, 3.2 % had TC and/or LDL-c levels
classified as “Possible FH” from the FH Lipid Profile Algorithm,
comprising 37,900 patients <16 years and 1806,066 patients >16 years.
The mean TC was 253+ 38 mg/dL (6.5 + 1.0 mmol/L) in patients <16
years (95 % CI: 252.32, 253.08 mg/dL or 6.49, 6.51 mmol/L), and 298
+ 32 mg/dL (7.7 + 0.8 mmol/L) in patients >16 years (95 % CI: 298.15,
298.25 mg/dL or 7.69, 7.01 mmol/L). The mean LDL-c was 178 + 34
mg/dL (4.6 + 0.9 mmol/L) in patients <16 years (95 % CI: 177.36,
178.04 mg/dL or 4.59, 4.61 mmol/L), and 207 + 29 mg/dL (5.4 + 0.8
mmol/L) in patients >16 years (95 % CI: 207.06, 207.14 mg/dL or 5.39,
5.40 mmol/L). Further breakdown by smaller age groups and sex can be
observed in Supplemental Table 1 for mean TC and LDL-c, and preva-
lence of meeting Simon Broome lipid criteria in Supplementary Table 2.
Approximately 0.2 % (2961) of all patients with “possible FH,” had an
LDL-c level >400 mg/dL (>10.3 mmol/L), suggestive of HoFH [37].
When patients classified as “Possible FH” were stratified by age and sex
(Table 3), mean TC levels were significantly higher in females vs. males
in both age groups, however mean LDL-c levels were only higher in fe-
males vs. males in the <16 years group. Of note, although statistical
significance was reached due to the size of the study, some findings may
not be clinically relevant differences.

In 2018, 436,567 of 22,058,067 (2.2 %) of patients were classified as
“Possible FH”. This percentage steadily increased over the study period,
and in 2022, 797,900 of 27,088,064 (2.9 %) patients were classified as
“Possible FH”. Year-over-year mean TC levels for all patients who met
Simon Broome lipid criteria remained relatively stable or trended
downward (Fig. 2), though the only statistically significant trend was
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Table 3

Male and female 5-year mean total cholesterol (TC) and low-density lipoprotein
cholesterol (LDL-c) values. For patients with multiple lipid samples submitted
during the study timeframe (January 2018 — December 2022), the results of the
patient’s first submitted specimen were used.

Test Age Simon-Broome  Male Female p-value
Lipid Criteria
TC mean, mg/ <16 Not Met 155.3 156.4 0.0038
dL (mmol/L) years (4.0) (4.0)
>16 Not Met 171.8 185.5 <0.0001
years (4.4) (4.8)
<16 Met 254.1 256.7 <0.0243
years (6.6) (6.6)
>16 Met 295.3 303.9 <0.0001
years (7.6) (7.9)
LDL-c mean, <16 Not Met 86.7 87.0 0.1701
mg/dL years (2.2) (2.2)
(mmol/L)
>16 Not Met 99.0 104.3 <0.0001
years (2.6) 2.7)
<16 Met 180.1 181.5 0.0331
years (4.7) 4.7)
>16 Met 208.8 208.6 1.000
years (5.4) (5.4)

observed in females <16 years. Similarly, year-over-year mean LDL-c
trends for all patients meeting the criteria were also observed to be
decreasing (Fig. 3), with statistically significant trends seen in both
males and females <16 years.

3.3. Patients classified as “No lipid evidence of FH” from the FH lipid
profile algorithm

Over the 5-year study period, 56,556,139 of the 58,400,105 patients
tested (96.8 %) were classified as “No lipid evidence of FH” from the FH
Lipid Profile Algorithm, comprising 2440,407 patients <16 years and
54,115,732 patients > 16 years. The mean TC was 155 + 27 mg/dL (4.0
+ 0.7 mmol/L) in patients <16 years

(95 % CI: 154.47, 154.53 mg/dL or 3.99, 4.00 mmol/L), and 181 +
37 mg/dL (4.7 £+ 1.0 mmol/L) in patients >16 years (95 % CI: 181.09,
181.11 mg/dL or [4.69, 4.70 mmol/L). The mean LDL was 85 + 24 mg/
dL (2.2 4+ 0.6 mmol/L) in patients <16 years (95 % CI: 85.07, 85.13 mg/
dL or 2.19, 2.20 mmol/L), and 103 + 32mg/dL (2.7 £+ 0.8 mmol/L) in
patients >16 years (95 % CI: 103.29, 103.31 mg/dL or 2.69, 2.70 mmol/
L).

When patients classified as “No lipid evidence of FH” were stratified
by age and sex (Table 3), mean TC levels were significantly higher in
females vs. males in both age groups. The mean LDL-c levels were
significantly higher in females vs. males only in the >16 years group.
Again, although statistical significance was reached, some differences
may not be clinically relevant. Unlike those who met the Simon Broome
lipid criteria, the year-over-year mean TC levels for patients not meeting
the criteria appeared to trend upward (Fig. 2), though none of these
trends were statistically significant. Year-over-year mean LDL-c trends
for all patients not meeting the criteria were also observed to be
increasing (Fig. 3), with statistically significant increasing trends seen in
females <16 years; 84 mg/dL (2.2 mmol/L) in 2018 to 91 mg/dL (2.4
mmol/L) in 2022 and males <16 years; 84 mg/dL (2.2 mmol/L) in 2018
to 90 mg/dL (2.3 mmol/L) in 2022.

3.4. Analysis of FH genetic testing

A broad search of all FH genetic testing performed at Labcorp® from
January 2018 - December 2023 (not limited to patients that had lipid
testing during the study period) identified a total of 4993 patients tested
(Table 4). Of these 4993 patients, 418 (8.4 %) had at least one P or LP
variant identified in an FH-associated gene — 411 with a single hetero-
zygous variant, 2 with heterozygous variants identified in more than one
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Fig. 2. Year-over-year mean TC trends for patients by sex, age, and whether the patients met Simon Broome thresholds for TC based upon lipid testing. For patients

with multiple lipid specimens submitted during a single year, the results from the pa
each sample was analyzed for the respective year.

FH-associated gene, and 5 homozygotes. The observed gene-specific
distribution of P/LP variants was generally consistent with previous
findings, showing variants in LDLR as most common (seen in ~84 % of
samples with an FH variant), followed by variants in APOB (~15 %), and
variants in LDLRAPI and PCSK9 (~1 % combined).

A subset of 1691 patients had both FH genetic testing and lipid
testing at Labcorp® during the study (Table 2); 200 of these patients
were found to have at least one P/LP variant in an FH-associated gene;
10 were <16 years of age and 190 were >16 years of age. In the <16
years cohort, the mean TC of patients with a P/LP FH variant was 307 +
108 mg/dL (95 % CI: 240.06, 373.94 mg/dL) and LDL-c was 239 + 106
mg/dL (95 % CI: 173.30, 304.70 mg/dL) (6.2 + 2.7 mmol/L, 95 % CI:
4.53, 7.87 mmol/L); 90 % (9/10) of these patients met Simon Broome
lipid criteria. In the >16 years cohort; the mean TC of patients with a P/
LP FH variant was 265 + 68 mg/dL (95 % CI: 220.57, 309.43 mg/dL)
(6.9 + 1.8 mmol/L, 95 % CI: 5.72, 8.08 mmol/L) and LDL-c was 186 +
59 mg/dL (95 % CI: 173.74, 198.26 mg/dL) (4.8 + 1.5 mmol/L, 95 % CI:
4.49, 5.11 mmol/L); 47 % (89/190) of these patients met Simon Broome
lipid criteria. For the <16 years cohort, P/LP variant detection rate was
56.3 % (9/16) in patients classified as “Possible FH” as compared to 5 %
(1/20) of those classified as “No lipid evidence of FH”. For the adult
cohort, the P/LP variant detection rate was 24.3 % (89/366) and 7.8 %
(101/1289) in the “Possible FH” and “No lipid evidence of FH” cate-
gories, respectively.

tient’s first specimen were used. For patients with samples submitted annually,

4. Discussion

From January 2018 - December 2022, more than 58 million unique
patients had lipid testing at Labcorp®. Nearly 2 million of these patients
(3.6 %) had samples submitted with an ICD-9 or ICD-10 code indicating
a diagnosis of FH, yet only about 5 % (n = 105,902) of patients with an
FH diagnosis code met Simon Broome lipid criteria, as determined by a
laboratory-developed algorithm based on TC and/or LDL-c levels. This
suggests that patients having lipid testing with a presumed diagnosis of
FH often have lipid levels below Simon Broome thresholds, potentially
because these patients have prior knowledge of their diagnosis and have
already implemented lipid-lowering interventions.

Over the 5-year study period, approximately 1.8 million of the >58
million patients that had lipid testing (3.2 % or 1:31) were classified as
possibly having FH, including 2961 patients with LDL-c levels suggestive
of HoFH (>400 mg/dL, >10.3 mmol/L). Recent evidence estimates the
prevalence of HeFH in the US to be approximately 1:200-250 [12,38,
39]. Therefore, patients classified as “Possible FH” by the FH Lipid
Profile Algorithm would be good candidates for additional clinical
evaluation and genetic testing to distinguish FH from other causes of
hyperlipidemia (e.g., diet, lifestyle choices, or secondary causes such as
liver disease, hypothyroidism or nephrotic syndrome as mentioned by
Sturm et al. [13]. In the present study, for patients identified as having
both lipid and genetic testing during the study period, P/LP variants
were detected in 56 % of pediatric patients and 23 % of adult patients
who were categorized as “Possible FH” by the FH Lipid Profile Algo-
rithm. Lack of P/LP variant detection does not rule out genetic causes.
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Mean LDL-c by Age, Sex and Meeting Simon-Broome Criteria Status
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Fig. 3. Year-over-year mean LDL-c trends for patients by sex, age, and whether the patients met Simon Broome thresholds for LDL-c based upon lipid testing. For
patients with multiple lipid specimens submitted during a single year, the results from the patient’s first specimen were used. For patients with samples submitted

annually, each sample was analyzed for the respective year.

Table 4
Samples submitted for FH genetic testing from January 2018-December 2023
(not limited to patients with lipid testing).

Number of
samples
Overall cohort
Total samples tested 4993

Samples with at least one P/LP* variant identified 418 (8.4 %)

Summary of P/LP results

Heterozygous variant identified in a single FH-associated gene =~ 411
(HeFH)

APOB 63

LDLR 346

LDLRAP] 0

PCSK9 2
Heterozygous variants identified in more than one FH- 2
associated gene

APOB-+LDLRAP1 2
Homozygous variants identified in an FH-associated gene 5
(HoFH)

APOB 1

LDLR 4

LDLRAP1 0

PCSK9 0

" P/LP=Pathogenic/Likely Pathogenic.

Negative genetic testing results could be due to multiple factors,
including P/LP variants not detectable due to technical limitations of the
assay or miscategorized as an unknown significance based on currently

available information, FH caused by a different genetic etiology, either
monogenic or polygenic, abnormal lipid profile secondary to other
conditions, etc.

Even though FH genetic testing is recommended by several key
professional societies, the utilization of this testing appears quite low. In
the current study, over 1.8 million patients met Simon Broome lipid
criteria from 2018 to 2022, yet fewer than 5000 FH genetic tests were
ordered even when the timeframe was extended an extra year
(2018-2023) to account for a potential delay in follow-up genetic
studies.

Genetic testing for FH is currently able to identify a disease-causing
variant in about 60-80 % of individuals with a clinical diagnosis of FH
[2]. According to the Genetic Testing Registry, FH genetic testing is
available at many commercial and academic labs in the US and in
Western Healthcare systems. Furthermore, the collective costs of diag-
nosing patients with genetic testing and implementing appropriate
therapies early in life are wholly offset by the lifetime savings gained
across healthcare systems by preventing coronary events and deaths, as
well as by gains in quality-adjusted life years [14,40-43]. Many payers
consider genetic testing for FH as a medically necessary service subject
to beneficiaries meeting clinical criteria, although some payers may
impose prior-authorization requirements. (internal data). Identification
of a familial mutation allows for efficient and cost-effective cascade
testing, which can be particularly helpful in the early identification and
treatment of affected children. Additionally, a genetic diagnosis can
provide important prognostic and treatment-related information — with
certain genes associated with higher or lower lipid levels, likelihood of
physical exam findings (e.g., xanthomas), and altered response to
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statin-therapy [2]. Genetic testing is particularly important for those
patients with lipid levels suggestive of HoFH to ensure initiation of
therapy as early as possible and appropriate.

It is important to note that genetic testing may also be indicated for
some patients that do not meet Simon Broome lipid criteria. From the
current study, 10 % of pediatric patients (1/10) and 53 % of adult pa-
tients (101,/190) with a P/LP variant in an FH gene did not meet Simon
Broome lipid criteria. These patients may have additional FH risk fac-
tors, or (particularly in the adult population) may be taking lipid-
lowering medications which have normalized their lipid levels. There-
fore, lipid results and genetic testing recommendations should be
considered in the context of the patient’s unique personal and family
history.

Year-over-year analysis of lipid panel results showed an increase in
the percentage of patients meeting Simon Broome lipid criteria; in 2018,
2.2 % of all patients that had lipid testing met criteria, while in 2022, 2.9
% met those criteria. In patients meeting Simon-Broome lipid criteria,
TC remained relatively constant over the 5-year period, and LDL-c levels
were even noted to decrease slightly from 2018 through 2022, though
mostly not significantly except in the <16 year age group (p = 0.0275);
this may be evidence of increased awareness of hyperlipidemia, as well
as more aggressive treatment of those individuals in a higher risk cate-
gory. In contrast, for patients not meeting Simon Broome lipid criteria,
TC and LDL-c were found to increase over the study period, with LDL-c
levels rising by about 7 % from 2018 to 2022; this may be associated
with an increase in both pediatric and adult obesity in the US, an in-
crease in lipid panel ordering due to increased awareness of hyperlip-
idemia in both age groups, due to client organic growth in testing, or due
to increased testing after the COVID-19 pandemic.

During the study, females were found to have higher average TC
levels than males in both the population of patients meeting Simon
Broome lipid criteria and the population not meeting criteria, with more
pronounced findings in the adult population. LDL-c levels were rela-
tively similar in females and males who met Simon Broome lipid criteria
versus those that did not, regardless of age. These trends are similar to
other observations, [29 Tharu] but also differ from a study conducted
from 2009- 2011 where men (age 20-59) had higher LDL-c values than
women [34]. It has been suggested that elevated levels of LDL-c in
women compared to men may be due to resistance to lipid lowering
therapies like statins [35]. Women may also receive lower potency drug
regimens resulting in the inability to reach LDL-c goals, may face
perceived concerns of treatment if of childbearing potential, or experi-
ence impacts to drug levels due to increasing visceral fat deposition with
increasing age [44,45].

Review of lipid results by geographic region showed that the highest
percentage of patients meeting Simon Broome lipid criteria were from
the South. This is consistent with the Center for Disease Control and
Prevention’s data showing a high prevalence of elevated cholesterol in
adults across southernmost states, as well as a known greater burden of
CVD in this region [46,47]. In such areas, genetic testing has the po-
tential to be particularly helpful in elucidating the etiology of a patient’s
dyslipidemia and identifying families that could benefit from FH inter-
vention and cascade testing.

This study faces limitations. Patient information available for anal-
ysis was limited to the data provided on the laboratory test requisition
form; as such, details regarding the patient’s clinical presentation, cur-
rent list of medications (including the use of lipid-lowering medica-
tions), family history, race/ethnicity were not available. While more
testing was ordered for females when compared to males, this is
consistent with studies that females are more likely than males to have
seen a physician over a two-year period [48]. There were no means of
confirming a diagnosis of FH in a patient; and, when using ICD-9 or
ICD-10 codes, it was not possible to determine whether a patient had a
presumed or confirmed diagnosis of FH versus a suspicion of FH or a
family history of the disease. Additionally, analysis of genetic testing
results was limited to tests ordered though Labcorp® during the study
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timeframe and does not account for individuals tested at other labora-
tories and/or outside the study timeframe.

5. Conclusion

FH is a common, yet largely underdiagnosed genetic disorder. A
laboratory-developed algorithm using Simon Broome lipid criteria, or
other FH diagnostic criteria, can help identify patients who may benefit
from additional FH evaluation. While critical, testing hyperlipidemic
children for FH is grossly underutilized, as is genetic testing for FH.
Although there have been several studies advancing strategies to iden-
tify patients with probable FH, including screening electronic medical
records [12,49] or direct contact with relatives of FH probands [50], to
the authors’ knowledge, this is the first example of a large-scale strategy
to detect possible cases of FH in the general population within a
nationwide laboratory network. By applying a laboratory-developed
algorithm to the evaluation of lipid panels and adding evidence-based
guidance in the form of report comments, the medical laboratory can
play a key role in maximizing the identification of potential patients
with FH that may benefit from further evaluation and intervention.
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