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Abstract

Background and aims. Familial hypercholesterolemia (FH) is underdiagrtbsin
children. We assessed a combination of two scrgangthods. The first method was to
detect hypercholesteraemic children and then dtuelparents (Ch-P pathway), and the
second one was to study the offspring of FH-afiégi@rents (P-Ch pathway).

Methods. In the Ch-P path, primary care paediatricians wasked to include lipid
profiling or, at least, total cholesterol (TC) atieen lipid profiling if TC was higher
than 5.2 mmol/L in any clinically indicated bloodst. Children with LDL-C> 3.5
mmol/L, plus either a family history of early cavdascular disease or one parent with
severe hypercholesterolemia, were referred to ifhé unit where the parents, rather
than their children, were studied. In parents vdéiinite, clinical FH, a genetic study
was performed. Focused genetic testing was perfbromeall offspring of genetically
positive parents. The P-Ch path consisted of thieeastudy of children from definite
FH adults.

Results: Fifty-nine paediatricians covering a total popudatof 63,616 children agreed
to participate in the project. Of the 216 child{@@2 Ch-P and 94 P-Ch) who were
ultimately referred to the lipid unit, 87 childrenth FH (84% genetically positive)

were identified. Additionally, 41 parents (from #0nilies) were newly diagnosed with
FH (63% genetically positive). Forty-nine differenttations were detected: 46 in the
LDLR, 2 in thePCSK9 and 1 inAPOB gene.

Conclusions: The implementation of active strategies to defd¢tin children, in close
collaboration with primary care paediatricians,\pdes a high-performance method for

early FH detection.

Key words: Familial hypercholesterolemia, Children FH, Oppaoistic screening,

Reverse cascade screening, Direct cascade screening
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INTRODUCTION

In Europe, it is estimated that approximately 4iBiom individuals are affected
by familial hypercholesterolemia (FH), of whom 2892 are children and adolescents
[1]. Of those, less than 10% are diagnosed. Fhhderdiagnosed, and moreover, it is
generally detected late in adults [2], precluding aarly management of lifestyle
education during childhood or early pharmacologibatapy if necessary [1].

According to the Safeheart cohort data, only 68d2%H patients younger than 18 y/o
are on statins, and only 41.5% of patients had ID«-3.4 mmol/L [3].

Unlike adults, the Dutch Lipid Clinic Network (DLOQN4] and other clinical
criteria for diagnosis cannot be applied in pegolenger than 18 years. Diagnosis in
children should preferably be established by theali®n of the FH causative mutation,
which is considered the gold standard [5]. Howegenetic testing is expensive and not
always available. In that case, FH can be diagnasedrding to phenotype criteria,
such as the presence of very high LDL-C levelschild from an FH family.

Because heterozygous FH (HeFH) is clinically silenting childhood and
beyond, it is necessary to design and implemeiferéifit strategies for detection [6,7].
Among these, the universal screening [8] of chele$tconcentrations or genetic
mutations has been proposed [9]. On the other haedgral varieties of selective
screening focusing on children from FH families édoeen recommended, considering
they are more balanced cost-benefit methods [5110]Jf other words, there is no
global consensus on FH detection strategies eithexdults or children. Different
countries apply screening methods based on opimblusal expert groups or scientific
societies. For example, in the United States, Be&cscreening is recommended
beginning at the age of 2 years, and universaksang at 9-11 years [12,13], whereas

in most European countries, selective cascade réngedased on genetic testing is
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recommended [14-16]. Therefore, the detection of iRHhildren remains a major
challenge [17].

The objective of the present study is to evaluateaetive search strategy in
identifying FH children based on two parallel stgies. One implies the collaboration
between specialized lipid units and primary caredpatricians. When one suspected
case is detected, a child-to-parent study pathwagctivated. The second pathway is

based on the activation of a direct cascade scrgérom definite FH-parents.

MATERIALSAND METHODS
Study design

During the period from July 2015 to December 204&,applied a combination
of 2 different screening methods in children: thestfone was a combination of
opportunistic screening and reverse cascade, andeitond one was a direct cascade
screening. In the first one, after detecting suepg children, we studied the parents
first (Children-to-parent pathway- Ch-P), whiletime second, we studied the children
from already diagnosed parents (parent-to-chilthyway, P-Ch). To implement the Ch-
P pathway, primary care paediatricians were askednt¢lude, in any blood test
indicated for children for clinical reasons, lipptofiling to determine LDL-C, or at
least, a total cholesterol (TC) measurement, aficifvas higher than 5.2 mmol/L (for
conversion to mg/dL multiply by 38.665), lipid pilafg was performed. Children with
LDL-C > 4.9 mmol/L or_> 3.5 mmol/L plus one of the followg conditions: early
cardiovascular disease in a first- or second-dege&dive; a parent with TC > 7.8
mmol/L (and/or on lipid lowering therapy) or oner@at unknown, were sent to the
Lipid Unit, or previously, to the hospital paediatrdepartment if secondary

dyslipidaemia was suspected. In the Ch-P protaeelstudied the families and parents,
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instead of the index child, in order to identifyetmandatory vertical transmission.
When one of the parents had a DLCN > 8, a clint¢dldiagnosis was established, and
genetic testing was performed. In the case of atipesgenetic diagnosis, genetic
testing for the known mutation was carried-out othithe index child and all offspring
(Figure 1). The P-Ch consisted of performing aaed genetic study of all offspring of
genetically confirmed index cases or a clinicaldgtwof children from genetically
negative definite FH parents (Figure 2). The Haddithics Committee approved the
study, and all parents provided their written comnde participate in the study. The

study complied with the Declaration of Helsinki.

Clinical evaluation and diagnosisin parentsand children

In the Ch-P pathway, parents underwent personafaanidly anamnesis and
directed physical examination (searching for coraeeus and tendinous xanthomas).
Lipid profiling was performed if it was not availahn the last two years, and the
DLCN index was calculated.

In children, anamnesis and complete physical exatin, including
anthropometry data and a new lipid profile, werdqrened.

The FH diagnosis was established both in childrehadults by a positive
genetic test. Alternatively, the FH clinical diagiowas established in adults with a
DLCN > 8 (definite diagnosis). In children, the Ekhical diagnosis was established if

they had an LDL-C > 3.9 mmol/L, and one of the ptsdad definite FH.

Genetic testing
In parents with definite FH, the presence of FHeasged mutations was

studied by next-generation sequencing (NGS) (LipgrfEQPRO LIPO RS, Roche



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Diagnostics). The Liponext detects mutationkDLR, APOB, PCSK9, APOE, STAP1
(ADH) and LDLRAP1 (ARH) genes, and copy-number variatiorLIDLR. A genetic
study, focused on the known mutation, was perforfoedll offspring of positive cases

detected from the Ch-P path or already-known Fliepte detected in the P-Ch path.

Statistical analyses

The descriptive results are expressed as the m&nhfar normally distributed
data, the median (interquartile range, IQR) foadhat were not normally distributed
and the frequencies for categorical data. Becanlyedescriptive results are shown, no

additional statistical analyses were performed.

RESULTS

Child-to-parent pathway

A total of 59 primary care paediatricians from tuespital reference zone
agreed to collaborate. These paediatricians tresbpopulation of 63,616 children.
Approximately 13,000 TC tests and 3.540 completel Iprofiles were performed. In
total, 127 children (3.6% of those with full lipgaofile performed) fulfilled the hospital
derivation criteria. Seventeen were excluded frbengrotocol due to several reasons
(Fig. 1); thus, 110 children were considered indases. Forty-one parents, from 40
different families, out of 220 had a DLCN > 8. Téeenetic study was carried out in
these 41 parents, with a positive result in 26 (§3%0 from the same family. A
directed genetic study was carried out in “all’spifing of genetically positive parents.
In total, 32 offspring from these 25 geneticallyspiwe FH families plus 8 children
from 8 families with at least one unavailable pa@ndead and 5 unknown, and two

from the same family) were studied. Twenty-ninddriein were genetically positive for
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FH (28 from positive FH families (87.5%) and 1 fréamilies with some unknown
parent), and among them were 2 homozygous indilsduam the same family.
Additionally, 9 children from genetically negativayt clinically definite FH parents
were considered FH because of clinical criteridifite FH parent + LDL-C >3.9
mmol/L). Therefore, by the Ch-P pathway, from 1d@ex children studied in the lipid
clinic, a total of 79 new FH cases (38 childrerfo/@enetically positive, and 41 adults,
63% genetically positive) were detected (Fig. 1).
A girl affected with acid lysosomal lipase defiabgrwas diagnosed among the non-FH
children.

Par ent-to-child pathway

In the context of this project, 94 offspring frorh BH patients (65% genetically
positive), treated and controlled in our unit, wetedied. From the 65 offspring of
genetically positive families, 44 had a detectedation (67.7%). Five out of 29
children from genetically negative FH families wenmsidered to have clinical FH.

Overall, out of 216 children studied from Ch-P &&€h pathways, 87 children
with FH (84% genetically positive) were detecteddAionally, 41 parents (40 families
because in one family both parents were affectente wewly diagnosed with FH (63%
genetically positive) (Fig. 2).
The clinical and biochemical characteristics of &l non-FH children, sorted
according the diagnostic pathway (P-Ch or Ch-R) saown in Table 1.
We identified 49 different mutations: 46 in thBLR, 2 in thePCSK9 and 1 inAPOB
gene (Table 2).

Seven out of 73 FH children with a positive mutatiad an LDL-C < 3.5
mmol/L; in other words, approximately 10% of geoally defined FH did not have the

expected phenotype.
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DISCUSSION

We report the impact of implementing an active feidrsh in children by
combining two different screening strategies, CanE P-Ch pathways.

While in the P-Ch pathway we studied offspring frdefinitive FH adults, in the Ch-P
pathway, the first step was the opportunistic lipidasurement by paediatricians. We
cannot exclude that the clinical indication fordaicsampling would influence lipid
levels in plasma. However, in general, blood testuas indicated as part of a global
health screening or for minor health problems amalesterol concentrations are quite
constant in these circumstances. On the other hlose children investigated in our
unit had at least a new lipid profile measuredasd) conditions.

Ultimately, 216 children were studied in our usitd 87 of them had FH (84%
genetically positive). Moreover, through the Chd@hpvay, 41 parents from 40 different
families were newly diagnosed, for a total of 128vty detected FH cases.

This screening resulted in being highly efficiemtlietecting genetically positive FH
children. From 105 genetic tests performed in chilg 73 were positive (70%). This
percentage is well above that obtained from otlrategjies. The universal genetic
screening, studied by others, will detect approxéhyad positive cases and 996
negative results per 1000 studies, according taticepted prevalence of 1/250 [9,18].
Therefore, methods designed to perform genetis tesdelected children seem to be
more cost-effective [5,10]. Among them, the Sloaanexperience [8], based on the
universal screening of cholesterol levels at thee @b, is highly illustrative. By
performing genetic testing on children with vergiTC and/or a familial history of
cardiovascular disease, they obtain a positivity o 57%. Even among clinically

definite FH [19], the proportion of positive geretests is below 70%; therefore, ours
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could be considered a high-yield strategy. An eg&ng aspect of our Ch-P pathway is
that it is not exclusively based on LDL-C levelscimldren but also takes into account
vertical transmission [20]. We performed 41 gentsgts on parents and obtained 26
positive results (63%) and then performed 32 gersttidies on children (all offspring)
and obtained 28 (87.5%) positive results, two efhttHoFH. Another important aspect
is that in both Ch-P and P-Ch pathways, the gesaiity in children can be focused on
the parents’ mutation saving time and money. Thrss@eration is of particular
importance in countries such as ours, where tlsemeti a majority mutation responsible
for the disease. We have detected 49 different tion&in 73 genetically positive FH
children. None of them was responsible for mora th&H cases.

Our Ch-P strategy was implemented in collaboratigh paediatricians, which was
welcomed because it could be integrated into p&sdans’ daily activities rather than
added as an extra task for physicians to complete.

On the other hand, through the P-Ch pathway, weadetl the direct cascade
screening. Surprisingly, the number of relativeshkadults and children, of definitive
FH patients assessed for FH is unacceptably lowreTare several reasons, including
organization mismatches due to the dependencedatiivess on different health areas
and physicians, and immigrant population, hindetivegstudy of family members. Our
data clearly show that a centralized managemefainoify studies provides high
performance. From our P-Ch pathway, we detectedhktations in forty-four out of 65
(68%) offspring of genetically positive FH patiemagain using a mutation-directed
search strategy.

Although our study is mainly based on genetic doesgs we also included
patients with clinical FH diagnosis. Although thgsients are currently considered to

have a serious form of polygenic hypercholester@ethey deserve the same clinical
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management of patients with a monogenic form [€Lirent guidelines recommend
that family studies of genetically negative FH pats not be performed [2]; however,
the clinical evaluation of 49 offspring from climilcFH parents identified 14 additional
clinical FH children (a parent with definite FH pluDL-c > 3.9 mmol/L) suitable for
lipid-lowering recommendations. Interestingly, atal FH diagnosis in children was
established in only 28.5% of the studied offspriemgphasizing that a second lipid
profile after at least three months of diet is alsvaeeded in a child to distinguish
highly probable from indeterminate FH.

Moreover, 7 positive FH children had normal LDL-Q0%0). Wald et al.
observed that 33% of genetically detected FH childnad LDL-C < 98 percentile
[18], reinforcing the utility of proactive protomlto detect affected offspring among
members of FH families beyond TC values.

Despite the success of our Ch-P strategy, we aetertly approximately one-
third of the predicted 254 FH cases in 63,616 caridOne of the reasons is that only
one-third of children underwent a TC and/or a liprdfile measurement during this
period of time. Actively maintaining this protoaelll increase the detection rate;
however, we agree that our data underline the fareztiditional protocols. Universal
cholesterol screening during childhood associatéld eur Ch-P pathway could
improve the currently unacceptable FH detectioe, rahd despite some doubts about
the long-term clinical impact [22] of these earBtelction protocols, they will help to
improve the lifelong prognosis of this disease.

The study has several limitations. The total numbkrchildren included is
relatively low, although this number also represetite suspected children from a
population of 63,616 individuals. We have alsoun@d patients with only the clinical

criteria of FH, even when the genetic study wasatieg, which could be considered

10
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inappropriate. However, in clinical practice, thgsdients are considered to have FH,
and they have a genetic cause of hypercholesteialg@mobably polygenic, and should
be managed as FH according to current guidelings [2

In conclusion, we recommend that in addition t@etive search of affected
children from FH families, implementing a Ch-P t#gy preceded by an opportunistic
detection or universal screening of hypercholesen@ in childhood, in collaboration

with paediatricians, will provide a highly efficiestrategy for the early detection of FH.
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FIGURE LEGENDS

Figure 1. Child-to-parent pathway.

% We studied 220 parents from 110 index children.Stted the families according to
the presence of at least 1 parent with DLCN > 8fandlies with at least 1 non-
available parent. Two parents from the same fahaly DLCN > 8 and two parents

from 1 family were not available.

Figure 2. Parent-to-child pathway.
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Table 1. Characteristics of the studied children sorted by screening pathway and diagnosis.

Parent to Child pathway (N=94)

Child to Parent pathway (N=119)%

FH (N=49) Non- FH (N=45) FH (N=36) Non- FH (N=83)
Age 10+4 11+3 9+3 10+3
Gender (female, %) 40.8 44.4 54.1 46.6
Diagnosis age 9+4 11+3 813 10+3
Weight (kg) 40.6+18.5 45.3+16.5 36.3+16.4 38.6+16.0
Height (cm) 139.5+30.1 150.1+17.9 135.9+18.6 140.5+17.4
BMI score 0.16+0.90 0.03+0.94 0.28+0.99 0.06+1.06
Waist circumference (cm) 63.0+11.0 66.0+10.0 63.0£14.0 63.0£14.0
SBP (mmHQ) 110+13 113+12 106+12 110+11
DBP (mmHg) 65+9 63+8 6311 64+
TC (mmol/L) 7.1+1.4 4.6+0.7 6.7+1.2 5.2+0.8




LDL-C (mmol/L) 5.0£1.3 2.610.6 4.8+1.2 3.140.7

HDL-C (mmol/L) 1.7+0.4 1.7+0.4 1.520.3 1.8+0.5
TG (mmol/L) 0.6 (0.5-0.9) 0.6 (0.4-0.8) 0.9 (0.6-1.1) 0.7 (0.8)
Apo Al (mg/dL) 147+26 156+23 146425 159+30
Apo B100 (mg/dL) 136429 79+16 137431 97+18

Lp (a) (nmol/L) 36.0 (15.0-158.4) 20.0 (7.0-48.0) 47.0 (16.0-139.2B6.0 (14.0-165.0)

#Two homozygous FH not included in the FH group. @mewith lysosomal acid lipase deficiency notlimbed in the non-FH group.

FH, familial hypercholesterolemia. BMI score, badgss index score; SBP, systolic blood pressure;, [dBBtolic blood pressure; TC, total
cholesterol; LDL-C, low density lipoprotein cholestl; HDL-C, high density lipoprotein cholester®lG, triglycerides; Apo Al, apolipoprotein
Al; Apo B100, apolipoprotein B100; Lp (a), lipopeot (a).

Data are expressed as mean +SD for normally dig&tbdata, median (IQR) for not normally distriltlitiata or percentages for categorical

data.



Table 2. Detected mutations in children.

Gene change L ocation N Protein change Pathogenicity
LDLR

Regulatory region

c.-135C>G Promoter 1 Yes
Missense/in frame

c.1A>G exon 1 1 p.MetlVa Yes
c.241C>T exon 3 1 p.Arg81Cys Yes
c.274C>G? exon 3 1 p.GIn92Glu No
€.283T>G exon 3 1 p.Cys95Gly Yes
c.327C>G exon 4 1 p.Cys109Trp Yes
c.347G>A exon 4 1 p.Cysl16Tyr Yes
€.518G>A exon 4 1 p.Cysl73Tyr Yes




c.533A>G

C.796G>A

C.829G>A%
c.1136G>A
€.1156G>T
C.1361C>A
€.1414G>T
c.1567G>A
c.1618G>A

[c.1690A>C;

€.2393 2401del]®
c.1775G>A

€.1816G>A

exon4

exon 5

exon 6

exon 8

exon 8

exon 10

exon 10

exon 10

exon 11

[exon 11;17]

exon 12

exon 12

p.Aspl78Gly

p.ASp266Asn

p.Glu277Lys

p.Cys379Tyr

p.Asp386Tyr

p.Thrd54Asn

p.Asp472Tyr

p.Va523Met

p.Ala540Thr

[p.Asn564His;p.Lys799 Phe801del]

p.Gly592Glu

p.Ala606Thr

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

possibly




c.1951G>A exon 13 p.Asp651Asn Yes
C.1952A>T exon 13 p.Asp651Vvad Yes
c.2051C>A exon 14 p.Ala684Asp Yes
C.2099A>G exonl4 p.Asp700Gly Yes
€.2389G>A exon 16 p.vVa797Met Yes
C.2475C>A exon 17 p.Asn825Lys Yes
Nonsense/Framesnift

C.12G>A%? exon 1 p.Trp4* Yes
c.97C>T exon 2 p.GIN33* Yes
c.460C>T exon 4 p.GIn154* Yes
c.518del exon 4 p.Cysl73Serfs*33 Yes
C.593C>A exon 4 p.Ser198* Yes
c.682G>T*¢ exon 4 p.Glu228* Yes




€.925 931del exon 6 p.Pro309Lysf X59 Yes
c.1048C>T exon7 p.Arg350* Yes
€.1448 1451dup exon 10 p.lle484Metfs* 53 Yes
c.2416dup exon 17 p.Va806Glyfsll Yes
Intronic/Splicing

€.313+1G>C? intron 3 splicing Yes
€.313+2T>C intron 3 splicing Yes
€.1187-10G>A exon 9 splicing Yes
€.1358+1G>A exon 9 splicing Yes
€.1845+1G>C exon 12 splicing Yes
C.2389+4A>G intron 16 intronic Yes
€.2390-1G>C exon 17 splicing Yes

Rearrangements




dup exons 4-5 1 Yes

dup exons 4-15 2 Yes

del exon 12 2 yes
APOB

¢.10580G>A exon 26 2 p.Arg3527GIn yes
PCSK9

¢.60_65dup exon 1 2 p.Leu22 L eu23dup yes

€.1486C>T exon 9 1 p.Arg496Trp yes

*Three patients carry two mutations in the same allele of the LDLR gene. One child: ¢.274C>G + ¢.313+1G>C and two children: c.829G>A + c.12G>A.
® These variants usually segregate together (counted as one change).

° Two homozygous children.



Figure 1
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Figure 2
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HIGHLIGHTS

¢ Detection of Familial Hypercholesterolemia in children remains a major challenge.
¢ Toimplement strategies for FH detection in children is necessary.
e Oppertunistie Active children to parent and parent to children FH screening pathways

reverse-and-direct-cascade-sereening-increase early FH detection.

¢ Close collaboration with paediatricians provides high-performance detection method.



