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ABSTRACT

BACKGROUND
Child—parent screening for familial hypercholesterolemia has been proposed to
identify persons at high risk for inherited premature cardiovascular disease. We
assessed the efficacy and feasibility of such screening in primary care practice.

METHODS

We obtained capillary blood samples to measure cholesterol levels and to test for
familial hypercholesterolemia mutations in 10,095 children 1 to 2 years of age
during routine immunization visits. Children were considered to have positive
screening results for familial hypercholesterolemia if their cholesterol level was
elevated and they had either a familial hypercholesterolemia mutation or a repeat
elevated cholesterol level 3 months later. A parent of each child with a positive
screening result for familial hypercholesterolemia was considered to have a positive
screening result for familial hypercholesterolemia if he or she had the same muta-
tion as the child or, if no mutations were identified, had the higher cholesterol
level of the two parents.

RESULTS

The use of a prespecified cholesterol cutoff value of 1.53 multiples of the median
(MoM, corresponding to a percentile of 99.2) identified 28 children who had positive
screening results for familial hypercholesterolemia (0.3% of the 10,095 children;
95% confidence interval [CI], 0.2 to 0.4), including 20 with a familial hypercho-
lesterolemia mutation and 8 with a repeat cholesterol level of at least 1.53 MoM.
A total of 17 children who had a cholesterol level of less than 1.53 MoM also had
a familial hypercholesterolemia mutation. The overall mutation prevalence was 1 in
273 children (37 in 10,095; 95% CI, 1 in 198 to 1 in 388). The use of an initial
cholesterol cutoff value of 1.35 MoM (95th percentile) plus a mutation, or two
cholesterol values of at least 1.50 MoM (99th percentile), identified 40 children
who had positive screening results for familial hypercholesterolemia (0.4% of the
10,095 children, including 32 children who had a familial hypercholesterolemia
mutation and 8 who did not have the mutation) and 40 parents who had positive
screening results for familial hypercholesterolemia.

CONCLUSIONS
Child—parent screening was feasible in primary care practices at routine child
immunization visits. For every 1000 children screened, 8 persons (4 children and
4 parents) were identified as having positive screening results for familial hyper-
cholesterolemia and were consequently at high risk for cardiovascular disease.
(Funded by the Medical Research Council.)
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CHILD—PARENT FAMILIAL HYPERCHOLESTEROLEMIA SCREENING

OPULATION-BASED CHILD-PARENT

screening has been proposed to detect

familial hypercholesterolemia.! The method
screens two generations; the child provides the
screening entry point, at an age when the mea-
surement of cholesterol is most discriminatory.!
If a child with familial hypercholesterolemia is
identified, the parent with familial hypercholes-
terolemia may then be identified. Adults 20 to
39 years of age who were classified as having
familial hypercholesterolemia were found to have
a risk of a coronary heart disease event at a
young age that was 100 times that of a person
who did not have familial hypercholesterolemia.?
Identification of children and most parents be-
fore the onset of overt cardiovascular disease
provides an opportunity to initiate preventive
medication. Statins can be offered to parents
immediately and to affected children once they
become adolescents since adolescence is a period
at which evidence of benefit has been reported
in a randomized trial.?> Furthermore, it is obvious
that children potentially benefit if premature
death is averted in one of their parents.

A measure of the value of a screening test is
the detection rate (sensitivity) for a given false
positive rate, but estimation of the detection rate
associated with familial hypercholesterolemia
screening is not straightforward. Familial hyper-
cholesterolemia can be defined by identification
of a familial hypercholesterolemia mutation,*’
but not all mutations are known.® Furthermore,
some people who have a familial hypercholester-
olemia mutation do not have high cholesterol
levels.”® These issues could be addressed by de-
fining familial hypercholesterolemia on the basis
of high cholesterol levels and a familial hyper-
cholesterolemia mutation.’® However, when a dis-
order is defined on the basis of measures used
to screen for it, a tautology is created that tends
to overestimate the assessment of screening per-
formance because the disorder is then defined
on the basis of the results of the screening test.

On the basis of a meta-analysis, we previously
estimated that a total cholesterol cutoff value of
1.53 multiples of the median (MoM), corre-
sponding to the 99.9th percentile, would identify
88% of children 1 to 9 years of age who had
familial hypercholesterolemia.! Because the stud-
ies in that meta-analysis used the cholesterol
level, at least in part, to define familial hyper-
cholesterolemia, the results had the limitations

noted above. We sought to overcome these limi-
tations and assess the feasibility and efficacy of
child—parent familial hypercholesterolemia screen-
ing in a large study in primary care practices by
analyzing data on both cholesterol level and fa-
milial hypercholesterolemia mutation.

METHODS

STUDY DESIGN AND PROCEDURES
From March 2012 through March 2015, at 92
general medical practices in the United Kingdom,
the parents of 13,097 children approximately 13
months of age were asked if they would like
their children to participate in familial hyper-
cholesterolemia screening, which would take
place at the time of the child’s immunization
(e.g., hemophilus influenza type B immuniza-
tion). A total of 11,010 parents (84%) agreed to
their children’s participation in the screening
study. At the time that the immunization was
administered, a heel-stick capillary blood sam-
ple was obtained for measurement of cholesterol
and for testing for familial hypercholesterolemia
mutations.” Satisfactory samples were obtained
from 10,118 children; an overall 8% test failure
rate occurred because of either slow collection of
capillary blood that resulted in clotting or an in-
sufficient sample, but among staff who collected
at least 200 blood samples, the test failure rate
was 4%. Total cholesterol levels (hereafter referred
to as cholesterol levels), high-density lipoprotein
cholesterol levels, and triglyceride levels were
measured with the use of the Cholestech LDX
point-of-care analyzer (Alere). Monthly coeffi-
cients of variation were calculated for low stan-
dard samples (median, 159 mg per deciliter
[4.11 mmol per liter]) and high standard sam-
ples (median, 240 mg per deciliter [6.21 mmol
per liter]); median coefficients of variation were
4.7% (10th to 90th percentile, 3.7 to 8.4) and 4.7%
(10th to 90th percentile, 3.2 to 8.3), respectively.
Low-density lipoprotein (LDL) cholesterol levels,
which were initially estimated with the use of
the Friedewald equation,’” were later indepen-
dently calculated at the study center; 23 incorrect
results (<0.3%), which were found to be a result
of transcription errors, were identified and were
excluded from the statistical analyses. The statis-
tical analyses are based on data from the remain-
ing 10,095 children.

We converted cholesterol levels (reported as
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milligrams per deciliter) to multiples of the
median for all children who were screened; we
initially used a median value from a pilot study!
and updated the median value after every 2000
measurements. The use of multiples of the medi-
an helps to overcome analytic differences among
instruments and avoids imprecision in the estima-
tion of extreme percentile cutoffs in new popu-
lations."

All the children were tested for 48 familial
hypercholesterolemia mutations (FH48; see Ta-
ble S1 in the Supplementary Appendix, available
with the full text of this article at NEJM.org, for
a complete list of the 48 mutations), including
the most common 46 LDL receptor (LDLR) muta-
tions that were identified in the Regional Genetics
Laboratory between 2001 and 2010 in patients
who underwent DNA analysis for suspected famil-
ial hypercholesterolemia. The children were also
tested for the ¢.10580G-A (p.Arg3527GIn) muta-
tion in APOB and the ¢.1120G-T (p.Asp374Tyr)
mutation in PCSK9.** DNA was extracted with the
use of the QuickGene-810 (AutoGen)” from ap-
proximately 200 ul of blood and was analyzed by
means of TagMan single-nucleotide polymorphism
(SNP) genotyping (Life Technologies) on the
Fluidigm Biomark platform. Identified mutations
were verified by means of sequencing. In children
who did not have an FH48 mutation but had a
cholesterol level of at least 1.53 MoM (230 mg
per deciliter [5.95 mmol per liter]), Sanger sequenc-
ing of LDLR (all exons, boundary and promoter
regions), APOB (exon 26), and PCSK9 (exon 7) was
performed with the use of the BigDye Termina-
tor, v. 3.1, Cycle Sequencing Kit (Applied Biosys-
tems). Mutation Surveyor software (SoftGenetics)
aligned traces to the reference sequence and call
variants. Multiplex ligation-dependent probe am-
plification (MLPA POG62-C2; MRC Holland) for
large LDLR duplications or deletions was also
performed (Sanger sequencing and MLPA are
hereafter collectively referred to as DNA sequenc-
ing). Children who had a cholesterol level of at
least 1.53 MoM but did not have either an FH48
mutation or a mutation that was found on the
basis of DNA sequencing underwent a repeat
cholesterol measurement at least 3 months later.

Children who had a cholesterol level of at
least 1.53 MoM and also had either a familial
hypercholesterolemia mutation or a cholesterol
level of at least 1.53 MoM on the repeat test were
considered to have positive screening results for

familial hypercholesterolemia. The parent of each
child with a positive screening result for familial
hypercholesterolemia was considered to have a
positive screening result for familial hypercho-
lesterolemia if he or she had the same familial
hypercholesterolemia mutation as the child. If no
mutation was identified, the parent who had the
higher cholesterol level of the two parents was
classified as having a positive screening result
for familial hypercholesterolemia, on the assump-
tion that the parent with the higher cholesterol
level had a nondetectable mutation.' The validity
of using the higher cholesterol level of each pa-
rental pair was assessed in the parents of all
children who had a familial hypercholesterolemia
mutation. We then applied the results of our
study to the screening of a typical population of
10,000 children on the basis of an initial choles-
terol cutoff value corresponding to the 95th per-
centile with the goal of formulating a practical
population-screening policy.

Parents who had positive screening results for
familial hypercholesterolemia completed a ques-
tionnaire that assessed whether the screening
was worthwhile. The effect of screening on im-
munization rates was assessed by comparing
rates in the year before screening and after the
second year of screening in a sample of 24
medical practices.

STUDY OVERSIGHT

The Central London Research Ethics Committee
approved the study protocol, available at NEJM.org.
Written informed consent was obtained from each
participating parent, and consent for screening a
child was provided by one or both parents. The
steering committee (see the Supplementary Ap-
pendix) designed the study, and all the authors
collected and analyzed the data. The first and
last authors wrote the first draft of the manu-
script. All the authors contributed to subsequent
drafts, agreed to submit the manuscript for pub-
lication, and vouch for the accuracy and com-
pleteness of the data and for the fidelity of the
study to the protocol.

RESULTS

CHILDREN

Demographic and clinical characteristics of the
children and their parents at baseline are shown
in Table 1. Figure 1 shows the cholesterol level
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and familial hypercholesterolemia mutation sta-
tus of the children who participated in the study.
The cholesterol level was at least 1.53 MoM in
92 children; 13 of these children had an FH48
mutation, and 7 had a familial hypercholesterol-
emia mutation on the basis of DNA sequencing
(a ratio of 2:1), a finding that indicates the in-
cremental value of sequencing. Among 10,003
children who had a cholesterol level of less than
1.53 MoM, 17 had an FH48 mutation. The 37 fa-
milial hypercholesterolemia mutations are listed
in Table S2 in the Supplementary Appendix; the
list of mutations is ranked by the child’s associ-
ated cholesterol levels and also shows cholesterol
levels in the parent with the mutation. All the
children were heterozygous for the familial hyper-
cholesterolemia mutation.

The prevalence of a familial hypercholesterol-
emia mutation was 37 in 10,095 children, or 1 in
273 (95% confidence interval [CI], 1 in 198 to 1 in
388), and the prevalence of a familial hypercho-
lesterolemia mutation or two cholesterol values
of at least 1.53 MoM was 45 in 10,095 children, or
1 in 224 (95% CI, 1 in 168 to 1 in 308). Among
children with an initial cholesterol level of at
least 1.53 MoM, 28 children had positive screen-
ing results for familial hypercholesterolemia (20
with a familial hypercholesterolemia mutation and
8 with a repeat cholesterol value of >1.53 MoM),
which equated to a positive rate among the
10,095 children in the total analysis cohort of
0.3% (95% CI, 0.2 to 0.4).

Figure 2 shows cholesterol levels and percen-
tile values in children with and those without an
FH48 mutation. The cutoff value of 1.53 MoM
corresponded to a percentile of 99.2, which was
close to the percentile of 99.9 that was previously
predicted’; of the 30 children who had an FH48
mutation, 13 (43%; 95% CI, 25 to 63) had cho-
lesterol levels at or above this percentile. A total
of 14 children (47%; 95% CI, 28 to 66) had a
cholesterol value at or above the 99th percentile
(21.50 MoM), 7 (23%; 95% CI, 10 to 42) had a
cholesterol value between the 95th and 99th
percentiles (1.35 to 1.50 MoM), and 9 (30%; 95%
CI, 15 to 49) had a cholesterol value that was
below the 95th percentile (5 of the 30 children
[17%] had cholesterol values that were less than
or equal to the median cholesterol level). The
distribution of FH48 mutations was similar with
respect to LDL cholesterol levels (15 of the 30 chil-
dren had an LDL cholesterol value at or above

N ENGLJ MED 375;17

Table 1. Baseline Characteristics of the Study Population.*

Characteristic

Children
Number
Male sex — no. (%)
Median age (IQR) — mo

Family history of premature myocardial
infarction — no. (%)

Median cholesterol level (IQR) — mg/dli:

Total cholesterol

Value

10,095
5213 (52)

12.7 (12.4-13.3)

1094 (11)

152 (135-171)

Low-density lipoprotein cholesterol 85 (70-102)
High-density lipoprotein cholesterol 36 (30—44)
Triglycerides 59 (41-84)
Parents§
Median age of mothers (IQR) —yr 31 (27-35)
Median age of fathers (IQR) —yr 34 (30-38)

* IQR denotes interquartile range.

T Myocardial infarction occurred in a first- or second-degree relative younger

than 50 years of age.

1 To convert the values to millimoles per liter, multiply by 0.02586.

§ Data on age were available for 10,094 mothers and 10,087

fathers.

the 99th percentile, 6 of 30 children had a value
between the 95th and 99th percentiles, and 9 of
30 children had a value below the 95th percen-
tile) (see Fig. S1 in the Supplementary Appendix).
The results indicate that the presence of a famil-
ial hypercholesterolemia mutation alone did not
adequately define familial hypercholesterolemia
because not all persons with the disorder had
hypercholesterolemia. Consequently, reliance on
a familial hypercholesterolemia mutation as a
screening outcome yields a misleading assess-
ment of the detection rate and false positive rate
of screening (rates are shown in Table S3 in the
Supplementary Appendix).

PARENTS

Cholesterol levels in the parents of 32 of the 37
children with a familial hypercholesterolemia
mutation (for 5 children, a parent either declined
or was unavailable for testing) are shown in
Figure 3. The cholesterol level in the parent with
the familial hypercholesterolemia mutation is
plotted against that in the parent without the
familial hypercholesterolemia mutation. In 27 of
the 32 parents, the parent with the higher cho-
lesterol level had the familial hypercholesterol-
emia mutation, a rate of 84% (95% CI, 67 to 95),
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10,095 Children 1 to 2 years of age underwent
total cholesterol testing and DNA analysis

l

10,003 Had total cholesterol 92 Had total cholesterol
<1.53 MoM =1.53 MoM

13 Had mutation found
on FH43 panel

79 Had no mutation
found on FH48 panel

17 Had mutation found
on FH48 panel

9986 Had no mutation
found on FH48 panel

7 Had mutation found
on DNA sequencing

72 Had no mutation found
on DNA sequencing

64 Had repeat cholesterol 8 Had repeat cholesterol
<1.53 MoM =1.53 MoM

Figure 1. Cholesterol Level and Familial Hypercholesterolemia Mutation Status of Children Who Participated

in the Study.

All the children were tested for 48 familial hypercholesterolemia mutations (FH48), including the most common

46 low-density lipoprotein receptor (LDLR) mutations that were identified in the Regional Genetics Laboratory be-
tween 2001 and 2010 in patients who underwent DNA analysis for suspected familial hypercholesterolemia and the
c.10580G—A (p.Arg3527GlIn) mutation in APOB and the c.1120G-T (p.Asp374Tyr) mutation in PCSK9. Children who
had a cholesterol level of at least 1.53 multiples of the median (MoM) but did not have an FH48 mutation under-
went DNA sequencing of LDLR, APOB, and PCSK9 and, if no mutation was identified, underwent a repeat choles-
terol measurement at least 3 months later. Children who had a cholesterol level of at least 1.53 MoM and also had
either a familial hypercholesterolemia mutation or a cholesterol level of at least 1.53 MoM on the repeat test were

considered to have positive screening results for familial hypercholesterolemia.

as compared with the predicted estimate of 97%.!
The result was similar with respect to LDL cho-
lesterol levels: 88% (95% CI, 73 to 96), as com-
pared with the predicted estimate of 96%* (see
Fig. S2 in the Supplementary Appendix).

For each child with a positive screening result
for familial hypercholesterolemia, the parent who
was determined to have a positive screening re-
sult for familial hypercholesterolemia was identi-
fied either on the basis of having a positive test
for the familial hypercholesterolemia mutation
that was found in the child or, if no mutation
was found in the child, on the basis of having the
higher cholesterol level of the two parents. This
method sometimes identified a parent who had
a familial hypercholesterolemia mutation but who

did not have a high cholesterol level, although
90% of the parents who had positive screening
results for familial hypercholesterolemia had
cholesterol values that were above the 75th per-
centile (Table S4 in the Supplementary Appen-
dix). Among parents who had positive screen-
ing results for familial hypercholesterolemia, of
whom none was receiving treatment with statins,
25 of 28 (90%) subsequently started treatment
with statins (2 were pregnant and planned to
start later and 1 could not be contacted); all the
parents indicated that they thought the screen-
ing was worthwhile and none reported negative
effects. Screening did not reduce immunization
rates; the median rate was 76% in the year be-
fore screening and 85% after the second year.
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CHILD—PARENT SCREENING POLICY

Figure 4 shows the results of the application of
our findings to the screening of a typical popu-
lation of 10,000 children on the basis of an ini-
tial cholesterol cutoff value of 1.35 MoM (95th
percentile) instead of a value of 1.53 MoM and
with the use of “reflex” DNA testing (i.e., obtain-
ing the blood sample but testing for mutations
only if the child’s cholesterol level is >1.35 MoM).
The use of the lower cholesterol cutoff value
identified 12 more children with familial hyper-
cholesterolemia mutations and cholesterol val-
ues between the 95th and the 99th percentiles
(21.50 MoM) than the use of the higher choles-
terol cutoff value; 8 of the children had an FH48
mutation (Fig. 2) and 4 were expected to have a
mutation on the basis of DNA sequencing (ap-
plying the 2:1 ratio that was observed among
children with cholesterol values >1.53 MoM).
The use of a cutoff value of 1.35 MoM also iden-
tified 12 more parents who had positive screen-
ing results for familial hypercholesterolemia
(40 instead of the 28 identified when the choles-
terol cutoff value of 1.53 MoM was used), ap-
proximately half of whom had a cholesterol level
higher than 272 mg per deciliter (7.03 mmol per
liter; see Table S4 in the Supplementary Appen-
dix). Figure 4 shows that an estimated 80 persons
who had positive screening results for familial
hypercholesterolemia (40 children and 40 par-
ents) were identified, which represents a rate of
8 cases per 1,000 children screened.

DISCUSSION

In the current study, 28 of 10,095 children (0.3%)
were considered to have positive screening re-
sults for familial hypercholesterolemia because
of a very high cholesterol level (21.53 MoM,
which is equivalent to a percentile of 99.2 in this
study) and either a familial hypercholesterolemia
mutation or a very high cholesterol level on re-
peat testing. The use of a cholesterol cutoff value
of 1.35 MoM (95th percentile) resulted in the
identification of 40 children (0.4%) who had
positive screening results for familial hypercho-
lesterolemia. The parent with the higher choles-
terol level had the same familial hypercholester-
olemia mutation that was present in his or her
child in 5 of 6 cases, which was similar to what
was predicted.! The population prevalence of
children found to have a familial hypercholester-
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Shown is a comparison of total cholesterol levels in the 30

tion. These results indicate that the presence of a familial

ildren without

an FH48 mutation versus the 10,065 children who did not have an FH48 muta-

emia mutation alone does not adequately define familial hypercholesterolemia
because not all children with the disorder had hypercholesterolemia. To con-
vert the total cholesterol values to millimoles per liter, multiply by 0.02586.

children who had

hypercholesterol-

olemia mutation was approximately 1 in 270,
which is nearly double that usually reported
(1 in 500).% Approximately one third of the chil-
dren in our study who had an FH48 mutation
had cholesterol levels that were below the 95th
percentile, which showed that the presence of
a familial hypercholesterolemia mutation alone
is insufficient to characterize a familial hypercho-
lesterolemia phenotype. Finally, child—parent
screening was feasible in 92 primary care immu-
nization clinics.

The medical consequences of familial hyper-
cholesterolemia are driven by the cholesterol
level.* A person who has a familial hypercholes-
terolemia mutation but does not have a raised
cholesterol level is unlikely to have an excess risk
of cardiovascular disease. Low cholesterol levels
in persons with a familial hypercholesterolemia
mutation have been reported,” but the popula-
tion prevalence of such findings was uncertain
because, in most studies, testing for familial
hypercholesterolemia mutations was sought only
in families with high cholesterol levels.’*?? Our
general population study showed that approxi-
mately one in three persons with a familial hyper-
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cholesterolemia mutation did not have a high
cholesterol level, and one in six persons had
cholesterol levels below the median. Moreover,
the same familial hypercholesterolemia mutation
can be associated with either high or low choles-
terol levels. In our study, persons with the APOB
¢.10580G—~A mutation had cholesterol levels
between 273 mg per deciliter (7.06 mmol per
liter; 99.9th percentile) and 143 mg per deciliter
(3.70 mmol per liter; 36th percentile), which in-
dicates that interactions with other factors are
necessary to express the effect on cholesterol.
The presence of a familial hypercholesterolemia
mutation is, therefore, insufficient to explain the
high cholesterol levels that lead to the clinically
significant disorder — a premature event of car-
diovascular disease. In this respect, heterozygous
familial hypercholesterolemia differs from the

400+
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Figure 3. Total Cholesterol and Pairs of Parents with
and Parents without a Familial Hypercholesterolemia
Mutation.

Shown are total cholesterol levels in the pairs of parents
of 32 of the 37 children with a familial hypercholesterol-
emia mutation (for 5 children, a parent either declined
or was unavailable for testing). The total cholesterol
level in the parent with the familial hypercholesterol-
emia mutation is plotted against that in the parent
without the familial hypercholesterolemia mutation.
The diagonal line represents identical levels in the
parent with and the parent without the mutation. The
presence of the familial hypercholesterolemia muta-
tion in parents was determined on the basis of either
the FH48 panel or DNA sequencing. To convert the total
cholesterol values to millimoles per liter, multiply by
0.02586.

homozygous form, in which all persons have a
high cholesterol level and are expected to die be-
fore 30 years of age if treatment is not initiated.*

Defining familial hypercholesterolemia on the
basis of a high cholesterol level rather than on
the basis of a familial hypercholesterolemia mu-
tation acknowledges that familial hypercholester-
olemia mutations can be benign. However, de-
fining a disorder, at least in part, on the basis of
its screening test will overestimate screening
performance (100% detection rate for a 0% false
positive rate, in this case, if cholesterol levels
alone were used). Most previous assessments of
screening for familial hypercholesterolemia,'®*
including our own meta-analysis,' suffer from
this limitation.

These various problems can be avoided by re-
garding heterozygous familial hypercholesterol-
emia, however specified, not as the disorder but
rather as a positive screening test for the devel-
opment of premature cardiovascular disease. This
approach is analogous to regarding cholesterol
as a screening test for cardiovascular disease
rather than as regarding hypercholesterolemia
itself as a disorder,* or to regarding the BRCA1
mutation as a risk factor for breast cancer and
ovarian cancer and not as a medical disorder.”
Regarding familial hypercholesterolemia as a risk
factor for cardiovascular disease rather than as a
disorder recognizes that cardiovascular disease
is not inevitable in persons who have familial
hypercholesterolemia and that lowering of choles-
terol levels reduces exposure to the main cause
of cardiovascular disease rather than treats an
existing disease.

The population-based screening policy illus-
trated in Figure 4 identified children who had
either a high cholesterol level (21.35 MoM) and
a familial hypercholesterolemia mutation or two
very high cholesterol measurements (>1.50 MoM)
taken several months apart. This approach large-
ly excludes persons who have a chance high
cholesterol level and includes persons with a pre-
sumed unknown mutation, thereby identifying
persons who have the greatest risk of an event of
cardiovascular disease owing to an inherited high
cholesterol level.

In our study, blood samples for testing of
cholesterol levels and familial hypercholesterol-
emia mutations were obtained simultaneously
and were tested in all children, but in a standard
service screening program, a mutation test for
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Children

10,000 Children 1 to 2 years of age undergo
total cholesterol testing, and blood sample is
held until cholesterol result is available

|

500 Have initial total cholesterol =1.35 MoM
(95th percentile) and are tested for familial

hypercholesterolemia mutations with the use
of the held sample

468 Do not have a familial
hypercholesterolemia mutation

80 Have an initial total cholesterol
=1.50 MoM (99th percentile)

l

8 Have a repeat total cholesterol
=1.50 MoM indicating a positive screening
result for familial hypercholesterolemia

Parents l

16 Parents are tested for total cholesterol
(both parents of the 8 children
with positive screening results)

8 Parents have a positive screening
result for familial hypercholesterolemia
on the basis of their having the higher

total cholesterol of the 2 parents

32 Have a familial hypercholesterolemia
mutation indicating a positive screening
result for familial hypercholesterolemia

l

64 Parents are tested for the familial
hypercholesterolemia mutation identified
in their child (both parents of the 32
children with positive screening results)

l

32 Parents have a positive screening
result for familial hypercholesterolemia
on the basis of their having the
same mutation found in their child

familial hypercholesterolemia.

Figure 4. Application of the Study Results to Screening a Typical Population of 10,000 Children and the Parents

of Children with a Positive Result for Familial Hypercholesterolemia.

The use of an initial cholesterol cutoff value of 1.35 MoM plus a mutation, or two cholesterol values of at least 1.50 MoM
(99th percentile) without a mutation, identifies 40 children who have positive screening results for familial hypercho-
lesterolemia (32 with a mutation and 8 without a mutation) and 40 parents who have positive screening results for

familial hypercholesterolemia is required only if
a child has a cholesterol level that is at least 1.35
MoM (1 in 20 children). If instituted, “reflex”
DNA testing®®?” would avoid the need to recall
children for a second blood test — in this case,
for a familial hypercholesterolemia mutation test.
If no familial hypercholesterolemia mutation is
detected, the cholesterol test can be repeated ap-
proximately 3 months later or, if the medical
record is flagged, can be undertaken at the next
scheduled immunization visit.

Screening children at routine immunization
visits, at 1 to 2 years of age, avoids a separate
clinic visit and offers screening at a time when
parents are particularly receptive to preventing
disease in their child. Previous studies showed
that the discrimination of cholesterol levels in
persons with and those without familial hyper-
cholesterolemia was best at 1 to 9 years of age,
with a suggestion that it may be best at 1 to 2 years
of age, and was worse at older ages and in neo-
nates.! Screening younger children identifies par-
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ents earlier, which enables parents to start statin
therapy earlier if needed. Advances in DNA se-
quencing have lowered costs, which makes SNP
panels (such as FH48) redundant. Consequently,
the evaluation proposed in Figure 4 can be based
upon familial hypercholesterolemia mutation
testing that uses sequencing alone. An illustra-
tion of the cost of screening if, for example,
cholesterol testing costs $7 and DNA sequencing
costs $300 per sample (in U.S. dollars) is $2,900
per person identified as having positive screen-
ing results for familial hypercholesterolemia,
without an additional service delivery cost when
screening is combined with immunization (on
the basis of approximate U.K. costs of choles-
terol testing and DNA sequencing, which could be
lower if screening is performed on a large scale).

In conclusion, our study shows the feasibility
and efficacy of child—parent familial hypercho-
lesterolemia screening in primary care. The re-
sults suggest that familial hypercholesterolemia

is better regarded as a marker that indicates an
increased risk of premature cardiovascular dis-
ease rather than as a separate medical disorder.
Regardless of which conceptual view is adopted,
the conclusion remains that child—parent famil-
ial hypercholesterolemia screening is a simple,
practical, and effective way of screening the
population to identify and prevent a relatively
common inherited cause of premature cardio-
vascular disease.

Supported by the Medical Research Council.

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.

We thank Paul Wallace, Director of the National Institute for
Health Research Primary Care Research Network, for his sup-
port of the study and Irwin Nazareth for previous support from
the former Medical Research Council General Practice Research
Framework; Louise Letley for assistance with site recruitment
and nurse training; Sonal Panara for administrative support;
Nick Lench, Emma Ashton, Anthony Gait, Priya Landa, Ciara
Batterton, Fatima Bangash, and Shahena Butt for laboratory
support; Mohamed Joomum for database support; and Robert
Old, James Haddow, Gilbert Thompson, and Jan Mackie for their
comments on an earlier version of the manuscript.

REFERENCES

1. Wald DS, Bestwick JP, Wald NIJ.
Child—parent screening for familial hyper-
cholesterolaemia: screening strategy based
on a meta-analysis. BMJ 2007;335:599.

2. Scientific Steering Committee on be-
half of the Simon Broome Register Group.
Risk of fatal coronary heart disease in
familial hypercholesterolaemia. BMJ 1991;
303:893-6.

3. Wiegman A, Hutten BA, de Groot E,
et al. Efficacy and safety of statin therapy
in children with familial hypercholester-
olemia: a randomized controlled trial.
JAMA 2004;292:331-7.

4. Gidding SS, Champagne MA, de Fer-
ranti SD, et al. The agenda for familial
hypercholesterolemia: a scientific state-
ment from the American Heart Associa-
tion. Circulation 2015;132:2167-92.

5. DeMott K, Nherera L, Shaw EJ, et al.
Clinical guidelines and evidence review
for familial hypercholesterolaemia: the
identification and management of adults
and children with familial hypercholes-
terolaemia. London: National Collaborat-
ing Centre for Primary Care and Royal
College of General Practitioners, 2008.

6. Fouchier SW, Hutten BA, Defesche JC.
Current novel-gene-finding strategy for
autosomal-dominant hypercholesterolae-
mia needs refinement. ] Med Genet 2015;
52:80-4.

7. Huijgen R, Hutten BA, KindtI, Vissers
MN, Kastelein JJ. Discriminative ability of
LDL-cholesterol to identify patients with
familial hypercholesterolemia: a cross-
sectional study in 26,406 individuals test-

ed for genetic FH. Circ Cardiovasc Genet
2012;5:354-9.

8. Slimane MN, Lestavel S, Sun X-M, etal.
Fh-Souassi: a founder frameshift muta-
tion in exon 10 of the LDL-receptor gene,
associated with a mild phenotype in Tuni-
sian families. Atherosclerosis 2001;154:
557-65.

9. Jelassi A, Slimani A, Jguirim I, et al.
Moderate phenotypic expression of famil-
ial hypercholesterolemia in Tunisia. Clin
Chim Acta 2010;411:735-8.

10. Nordestgaard BG, Chapman MJ,
Humphries SE, et al. Familial hypercho-
lesterolaemia is underdiagnosed and under-
treated in the general population: guid-
ance for clinicians to prevent coronary
heart disease: consensus statement of the
European Atherosclerosis Society. Eur
Heart ] 2013;34:3478-90a.

11. Wald DS, Kasturiratne A, Godoy A,
et al. Child—parent screening for familial
hypercholesterolemia. J Pediatr 2011;159:
865-7.

12. Friedewald WT, Levy RI, Fredrickson
DS. Estimation of the concentration of
low-density lipoprotein cholesterol in
plasma, without use of the preparative
ultracentrifuge. Clin Chem 1972;18:499-
502.

13. Wald NJ, Rodeck C, Hackshaw AK,
Walters J, Chitty L, Mackinson AM. First
and second trimester antenatal screening
for Down’s syndrome: the results of the
Serum, Urine and Ultrasound Screening
Study (SURUSS). J Med Screen 2003;10:56-
104.

14. Leigh SE, Foster AH, Whittall RA,
Hubbart CS, Humphries SE. Update and
analysis of the University College London
low density lipoprotein receptor familial
hypercholesterolemia database. Ann Hum
Genet 2008;72:485-98.

15. Mori T, Iwaki Y, Hando R, et al.
QuickGene Series: Rapid and simple sys-
tem for DNA/RNA extraction which uses
polymer porous membrane. Japan J Clin
Chem 2007;36:33-9.

16. Benn M, Watts GF, Tybjaerg-Hansen A,
Nordestgaard BG. Familial hypercholes-
terolemia in the Danish general popula-
tion: prevalence, coronary artery disease,
and cholesterol-lowering medication. J Clin
Endocrinol Metab 2012;97:3956-64.

17. Sun X-M, Patel DD, Webb JC, et al. Fa-
milial hypercholesterolemia in China: iden-
tification of mutations in the LDL-recep-
tor gene that result in a receptor-negative
phenotype. Arterioscler Thromb 1994;14:
85-94.

18. Klancar G, Groselj U, Kovac J, et al.
Universal screening for familial hyper-
cholesterolemia in children. J Am Coll
Cardiol 2015;66:1250-7.

19. Wang J, Huff E, Janecka L, Hegele RA.
Low density lipoprotein receptor (LDLR)
gene mutations in Canadian subjects with
familial hypercholesterolemia, but not of
French descent. Hum Mutat 2001;18:359.
20. Taylor A, Tabrah S, Wang D, et al.
Multiplex ARMS analysis to detect 13
common mutations in familial hypercho-
lesterolaemia. Clin Genet 2007;71:561-8.
21. Day INM, Whittall RA, O’Dell SD, et al.

N ENGL) MED 375,17 NEJM.ORG OCTOBER 27, 2016

The New England Journal of Medicine

Downloaded from negjm.org by LUIGI GRECO on November 18, 2016. For personal use only. No other uses without permission.

Copyright © 2016 Massachusetts Medical Society. All rights reserved.



CHILD—PARENT FAMILIAL HYPERCHOLESTEROLEMIA SCREENING

Spectrum of LDL receptor gene mutations
in heterozygous familial hypercholester-
olemia. Hum Mutat 1997;10:116-27.

22. Varret M, Abifadel M, Rabes JP, Boi-
leau C. Genetic heterogeneity of autoso-
mal dominant hypercholesterolemia. Clin
Genet 2008;73:1-13.

23. Goldberg AC, Hopkins PN, Toth PP, et
al. Familial hypercholesterolemia: screen-
ing, diagnosis and management of pedi-
atric and adult patients: clinical guidance

from the National Lipid Association Ex-
pert Panel on Familial Hypercholesterol-
emia. J Clin Lipidol 2011;5:133-40.

24. Wald NJ, Hackshaw AK, Frost CD.
When can a risk factor be used as a worth-
while screening test? BMJ 1999;319:1562-5.
25. Petrucelli N, Daly MB, Feldman GL.
BRCAI and BRCA2 hereditary breast and
ovarian cancer. In: Pagon RA, Adam MP,
Ardinger HH, et al., eds. GeneReviews.
Seattle: University of Washington, Sep-

tember 4, 1998 (updated September 26,
2013).

26. Wald NJ, Bestwick JP. Performance
of antenatal reflex DNA screening for
Down’s syndrome. ] Med Screen 2015;22:
168-74.

27. Wald NJ, Huttly WJ, Bestwick JP,
Aquilina J, Peregrine E. Reflex antenatal
DNA screening for Down syndrome. Pre-
nat Diagn 2015;35:1154.

Copyright © 2016 Massachusetts Medical Society.

AN NEJM APP FOR iPHONE

The NEJM Image Challenge app brings a popular online feature to the smartphone.
Optimized for viewing on the iPhone and iPod Touch, the Image Challenge app lets
you test your diagnostic skills anytime, anywhere. The Image Challenge app
randomly selects from 300 challenging clinical photos published in NEJM,
with a new image added each week. View an image, choose your answer,
get immediate feedback, and see how others answered.

The Image Challenge app is available at the iTunes App Store.
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