Table4  Number of patients with mutations at high risk in each group

Genes Mutations , Screened Hospital-based
KCNQ! ¥ Radical mutation* 4 1
High probabilityf 14 8
Variants of uncertain significance} 0 0
KCNH2*  Radical mutation* & high probability 1 1
Radical mutation* 5 1
High probabilityt 7 4
Variants of uncertain significance} 2 1

*; Radical mutations include splice-site, nonsense, frame-shift, and insertion/deletions.

1; Mutations of high probability include subunit assembly domain, transmembrane/linker/pore and
C-terminal regions of of the C-terminal of KCNQI, and the Per-Amnt-Sim domain, PAS-associated
C-terminal domain, the cyclic nucleotide-binding domain, transmembrane/linker/pore region of
KCNH2.

§; Variant of uncertain signiﬁéance include mutations other than radical or of high probability of

pathogenicity.
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Manually measured QT intervals
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Difference in the QT Intervals between Automated and Manual Measurements

Masao Yoshinaga', Masami Nagashima®

'Department of Pediatrics, National Hospital Organization Kagoshima Medical Center
*Department of Pediatric Cardiology. Aichi Children’s Health and Medical Center

Background : QT intervals were manually and automatically measured at the time of the primary screening in
school-based cardiovascular screening programs. Using the longest QT interval among 12 leads as the
representative QT interval for each individual is recommended, but no data is available regarding the
difference in QT interval between manually and automatically measured QT intervals and for the lead (s) with
the longest QT interval in the pediatric population. Methods : Subjects were divided into six groups, each
consisting 100 children (both males and females) in the 1st, 7th, and 10th graders. QT intervals measured
using the tangent line method were compared to the QT intervals automatically measured using the
differentiation method in lead Vs in the electrocardiograms that were recorded in the screening program. The
lead with the longest QT interval among 12 leads measured automatically was also determined. Results : The
automatically measured QT intervals were significantly longer than the manually measured QT intervals in all
groups, with the defference ranging from 21 to 26 msec. The longest QT intervals were present in leads V,
and V; in Ist and 7th graders, and in leads V; and V; in 10th graders. Discussion : Screening for QT
prolongation should be done recognizing that there is a difference between automated and manually measured
QT intervals. Further studies are needed to determine the leads with the longest QT intervals in manual
messuremant.

Keywords : Automatecally measured, Manually measured, QT interval, School-based cardiovascular screening
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Fetal Heart Rate Predictors of Long QT Syndrome

Jason L. Mitchell, MD; Bettina F. Cuneo, MD; Susan P. Etheridge, MD; Hitoshi Horigome, MD;
Hsin-Yi Weng, MPH; D. Woodrow Benson, MD, PhD

Background—Fetal long QT syndrome (LQTS) is associated with complex arrhythmias including torsades de pointes
and 2° atrioventricular block. Sinus bradycardia has also been associated with fetal LQTS, but little is known of
this rhythm manifestation. Our purpose was to characterize the fetal heart rate (FHR)/gestational age (GA) profile

of fetal LQTS.

Methods and Results—We ascertained fetal LQTS subjects by family history (Group 1) or fetal arrhythmia referral
(Group 2). We compared FHR in LQTS subjects versus normal fetuses. To identify FHR predictors of LQTS, we
calculated a bradycardia index as % of LQTS FHR recordings either =110 beats per minute (obstetric standard)
or =3 percentile for GA. Among 42 LQTS subjects, 26 were in Group 1 and 16 in Group 2. There were 536
normal fetuses. The bradycardia index was only 15% for FHR =110 beats per minute, but 66% for FHR =3rd
percentile for GA. Ten fetuses with complex arrhythmias also had severe and sustained sinus bradycardia
throughout gestation. Identifying a fetal proband in Group 2 resulted in LQTS diagnosis in 9 unsuspected members

of 6 families.

Conclusions—FHR varies by GA in both normal and LQTS fetuses. Postnatal evaluation of neonates with FHR =3 percentile
for GA may improve ascertainment of LQTS in fetuses, neonates, and undiagnosed family members. (Circulation.2012;126:

2688-2695.)

Key Words: arrhythmias, cardiac m fetus m long-QT syndrome

Long QT syndrome (LQTS) is reported to have an incidence
of 1 in 2500 individuals. Although QT interval prolongation
may be an incidental finding, LQTS typically presents in
adolescence or young adult life with syncope, sudden death, or
cardiac arrest.!? Less frequently, LQTS presents in the perinatal
(fetal/neonatal) period; in this setting morbidity and mortality are
high, and torsades de pointes (TdP) and 2° atrioventricular (AV)
block are signature rhythms.>-¢ Sinus bradycardia is also a
manifestation of fetal LQTS and is reported to be more common
than TdP and 2° AV block. For example, as many as 44% to
66% of fetuses diagnosed with LQTS presented with sinus
bradycardia at 26 to 40 weeks of gestation.*$-8 In most reports,
a fetal heart rate (FHR) =110 beats per minute (bpm) at any
gestational age (GA) raised suspicion of LQTS. Indeed, FHR of
=110 bpm at any GA is the obstetric definition of sinus
bradycardia.® However, little is known of the sensitivity of this
finding and how it relates to the subsequent diagnosis of LQTS.

Clinical Perspective on p 2695

It is well known that FHR in the normal fetus decreases
during gestation from about 175 bpm at 10 weeks to 138

bpm at 40 weeks. This phenomenon is believed to be
attributable to the increasing dominance of the parasym-
pathetic nervous system on heart rate control as gestation
progresses.'®'! Despite the association between fetal bra-
dycardia and LQTS, the FHR/GA profile, or the range of
FHRs of subjects with LQTS, has not been defined. We
wondered whether there might be a pathological FHR in
the setting of 1:1 AV conduction that was below normal
for GA but >110 bpm that might be a sensitive marker for
fetal LQTS. We hypothesized that the FHR/GA profile of
LQTS individuals would be different than that of normal
individuals and there might be GA-specific or genotype-
specific FHR predictors of LQTS.

The purposes of this study were first to define the FHR/GA
and rhythm profile of individuals with LQTS mutations and
compare this profile with that of a normal control group. Second,
we hoped to develop FHR criteria that would improve the
recognition of LQTS in the perinatal period.

Methods

This was a study of fetal cardiac rhythm in pediatric subjects with
a clinical and genetic diagnosis of LQTS. Participants were
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recruited at 3 medical centers (Advocate Hope and Lutheran
General Children’s Hospitals, Chicago IL; University of Tsukuba,
Tsukuba, Ibaraki, Japan; and University of Utah and Primary
Children’s Medical Center, Salt Lake City, UT). Fetal heart rate
in LQTS subjects across GA were compared with FHR from a
normal control group across similar GA. Approval from the
institutional review boards of each participating center
was obtained.

Study Groups

Recruitment of LOQTS Subjects

To avoid possible ascertainment bias, we divided LQTS subjects
into 2 groups. Subjects in Group 1 had a family history of
genetically confirmed LQTS and were under increased surveil-
lance because of a risk of LQTS recurrence. Group 2 consisted of
fetuses referred for evaluation of cardiac arrhythmia; in some
cases Group 1 subjects were siblings of individuals in Group 2.

Recruitment of Normal Subjects

Normal subjects were recruited from Advocate Christ Medical
Center and Hope Children’s Hospital. Inclusion criteria were a
normal obstetric ultrasound or a normal fetal echocardiogram.
Indications for obstetric ultrasound of the normal subjects at 7 to
15 weeks were viability and nuchal translucency screening;
indications for echocardiography of the normal subjects at 16 to
40 weeks were maternal diabetes mellitus, advanced maternal
age, medication exposure or suspicion of fetal disease (eg, family
history of a congenital heart defect). Exclusion criteria for normal
subjects at 7 to 40 weeks GA included abnormal nuchal translu-
cency measurement, fetal cardiac arrhythmia or history of ar-
rhythmia, congenital heart defect, or clinically significant non-
cardiac malformation (eg, spina bifida), or known chromosome
abnormality. The FHR of 12 infants evaluated for a maternal or
paternal history of LQTS but with negative genetic testing were
included in the normal subjects. No subject in the normal Group
was related to any subject in LQTS Groups 1 or 2.

Fetal Heart Rate Measurements

LQTS Subjects

FHR of the LQTS subjects were obtained from obstetric records
throughout the mother’s pregnancy. They were derived from
M-mode measurements of ventricular or atrial contractions from
5 consecutive cardiac cycles when the fetus was still, or by
Doppler auscultation of the FHR routinely performed at monthly
or twice monthly visits to the obstetric care provider. For fetuses
with AV block, FHR was determined either during intermittent
sinus rhythm or by measuring the atrial rate. Rhythms of LQTS
subjects were classified as either sinus or complex, specifically
TdP or 2° AV block.

Normal Subjects

Method for determination of FHR in normal fetuses was GA-
dependent. FHR at 7 to 15 weeks of gestation were measured
from atrial or ventricular M-mode waveforms of 5 consecutive
cardiac cycles obtained during routine obstetric ultrasounds. FHR
at 16 to 40 weeks of gestation were measured from the aortic or
pulmonary valve Doppler waveforms of 5 consecutive cardiac
cycles obtained during fetal quiescence. Data were obtained from
10 fetuses for each week of gestation from 7 to 40 weeks.

LQTS Diagnosis

The diagnosis of LQTS was based on findings of a positive
genetic test for LQTS. All genetic testing was performed in
commercial genetic testing laboratories. Samples were tested for
either 12 (GeneDx, Gaithersburg, MD) or 13 (Familion, Trans-
genomic Inc., New Haven, CT) LQTS gene subtypes. Only
genetic variants reported to be deleterious were considered to be
mutations; variants reported to be of uncertain significance were
not considered pathological. Mutations were classified as LQTS
gene type, compound (>1 deleterious mutation), uncharacterized

Fetal Heart Rate Predictors of LQTS 2689

(no mutation in a known LQT gene), or untested. The presence of
a signature LQTS rhythm, TdP or 2° AV block, in the fetal or
neonatal period was considered confirmatory of the LQTS diag-
nosis, even if genetic testing revealed no mutation in a known
LQTS gene.

The QT interval on a postnatal 12 lead ECG was corrected
(QTc) by both Bazett and Frederica formulas and reported for
LQTS subjects. Subjects in Group 1 had an ECG at the time of
their initial evaluation during infancy or childhood, whereas those
in Group 2 had an ECG during the first 24 hours of life.

Fetal Heart Rate Analysis

We determined the 3rd, 50th, and 97th percentiles for FHR/GA of
the normal subjects by logarithmic regression analysis. For the
purposes of this study, we defined bradycardia in 2 different
ways: either independent of GA (FHR =110 bpm, the obstetric
definition of bradycardia) or dependent on GA (FHR =3
percentile for GA).

Statistical Analysis

The FHR (mean*SE) was calculated for normal subjects and
LQTS subjects. To maximize statistical power, we grouped the
FHR data into 3 categorical GA groups, (1) <21 weeks, (2) 21 to
30 weeks, and (3) 31 to 40 weeks, and compared normal and
LQTS FHR in the 3 GA groups. A mixed effect model was
performed taking the dependency of patients within the same
family into account. To eliminate maternal $-adrenergic blockade
therapy as a confounding variable for observed FHR differences
between normal and LQTS subjects, we compared FHR of treated
and untreated mothers with LQTS by Mann—-Whitney nonpara-
metric testing. A 2-tailed P level of <0.05 was considered
statistically significant. All analyses were done using SAS 9.2
(SAS Inc., Cary, NC).

Bradycardia Index of LQTS Subjects

Once we derived the 3rd, 50th, and 97th percentiles for the normal
subjects at each GA, we calculated a bradycardia index for each
LQTS fetus using both definitions of bradycardia. In other words,
the bradycardia index was the ratio of FHR measures that were
either <110 bpm or =3 percentile for GA compared with the
total number of FHR measures for that fetus. Because the number
of subjects in each genotype group was small, we did not seek to
define a genotype-specific effect on FHR or bradycardia index
within categorical age groups or between Groups 1 and 2.

Results

LQTS Subjects ,
The descriptions of the LQTS cohorts in Group 1 (referred
with a family history of LQTS; n=26) and Group 2
(referred for arrhythmia evaluation; n=16) are summa-
rized in Table 1. Among the 42 subjects, a diagnosis of
LQTS was. made during fetal or neonatal life in 32
subjects; in 10 subjects in Group 1, the diagnosis was made
later during infancy or childhood. The QTc intervals
corrected by Bazett formula ranged from 450 to 700 (mean
582) ms and corrected by Frederica formula ranged from
394 to 660 (mean 471) ms. Bazett correction resulted in a
prolonged QTc (= 450 ms) in 95% of genetically proven
LQTS subjects, whereas use of Friderica correction iden-
tifies only 59% of genetically proven LQTS subjects as
having a prolonged QTc. The corrected QT intervals by
both formulae are shown in the Table I in the online-only
Data Supplement. Several members of Group 1 were in
previously reported families.!?-'4 Siblings of 4 families
were included in Group 1: subjects #10, #11, and #12;
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Table 1.  Study Cohort
GA Arrhythmia

D Detected (wks) Age Enrolled GA Delivery (wks) LQTS Mutation

Group 1: Referral for Family

History of LQTS
*1(12) F/IN 38 KCNQ1 A341V (13)
2 F/N 38 Not tested
3 F/N 38 Not tested
4 FIN 39 KCNQT R594Q (14)
5 3y 41 KCNQ1 R259C (15)
6 2y 38 KCNQT G314D (16)
*7 5y 39 KCNQ1 WS2+5G>A (splice)(17)
*8 2y 37 KCNQT IVS2+5G>A (splice)(17)
9 F/IN 39 KCNQ1 A226V (18)
*10(19) F/N 41 KCNQ1 W305X (19)
*1 F/N 37 KCNQT W305X (19)
*12 FIN 37 KCNQT W305X (19)
*13 FIN 35 KCNQ1 R190W (20)
*14 FIN 31 KCNQ1 R591H+-KCNET S28L (21)
*15 3y 30 KCNQT R591H (21)
*16 F/N 40 KCNH2 A715A (splice) (17)
117(22) 6y 40 KCNQ1 G168R (23)
118 FIN 39 KCNQ1 G168R (23)
19(14) 8y 40 KCNET D76N (14)
20 6y 4 KCNET D76N (14)
21(13) FN 40 KCNQ1 V254M (13)
*22 FIN 37 KCNQ1 V254M (13)
23(24) 19 mo 39 KCNQ1 R518X (25)
24(26) 5y 40 KCNH2 T1945+6C (26)
25(13) FIN 37 KCNQ7T A341E (13)
26 F/N 39 SCN5A T1304M (27)

Group 2: Referral for Fetal

Arrhythmia
27(28) 28 F/N 33 KCNH2 G628S (29)
28(30) 21 FIN 35 SCNS5A R1623Q (31)
29 35 F/N 38 Uncharacterized
30 27 F/N 38 Uncharacterized
31 25 F/N 37 KCNQ1 V110fs+132X$
32 23 F/N 37 KCNQ1T R259C (15)
33 22 FIN 38 KCNQ1 G314D (16)
34 29 F/N 39 KCNHZ W1001X (32)
35 32 F/N 39 KCNQ1 R539W (33)
36 3 FN 35 SCN5A R1623Q (29)
37 32 F/N 37 KCNQ1 A226V (18)
38 30 F/N 40 Not tested
39 32 F/N 38 Uncharacterized
40(34) 19 F/N UFD SCN5A L409P (34)f
41 28 FIN 31 SCN5A R1623Q (31)
42 28 FIN 3 SCN5A R1623Q (31)

Numbers in parenthesis after subject number are references in which subject was previously described; numbers in parenthesis
after mutations are references for first description of mutation. LQTS indicates long QT syndrome; No., number; GA, gestational age;
FHR, fetal heart rate; wks, weeks; F/N, fetus/neonate; and IUFD, intrauterine fetal demise.

*Mother with LQTS was on beta blocker treatment during entire pregnancy.

TMother on B-blocker therapy only during 3rd trimester.

FNovel mutation.
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