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KEY POINTS

e The incidence of long QT syndrome (LQTS) is approximately 1 in 2500, but 25% to 50% of patients
may demonstrate a normal or borderline long QT interval.

e The rate of life-threatening arrhythmias in patients with LQTS with normal corrected QT intervals is
very low (approximately 0.13% per year) but higher (>10-fold) than that in unaffected family

members.

e Avoidance of QT-prolonging medications and routine therapy with highly efficacious B-blockers

significantly reduce life-threatening arrhythmia.

e Therefore, identification of the index case and affected family members is critical.
e Comprehensive clinical history taking, rest and provocative electrocardiographic testing, and tar-
geted genetic testing assists in diagnosing patients with LQTS with normal or borderline QT intervals.

CLINICAL CASE

A 42-year-old man with a history of depression
and seasonal allergic disorder treated with the
antidepressant fluoxetine daily and the antihista-
mine cetirizine as required presents to his family
physician with signs of lower limb cellulites. Before
commencement of antibiotics, the physician per-
forms an electrocardiography (ECG) to evaluate
the QT interval (Fig. 1). The patient denies a his-
tory of syncope. A family history taking was
done because of the borderline nature of the
QT interval. The patient admits to an unfortunate
family history of an uncle’s sudden death at the
age of 27 years at his own surprise birthday party,
who also had a history of syncopal episodes
during thunderstorms.

Questions

1.

What elements of this history are suggestive of
long QT syndrome (LQTS) and what type of
congenital LQTS?

. How prevalent is a normal or borderline

long QT interval in patents with congenital
LQTS?

. What percentage of patients with drug-induced

long QT are subsequently diagnosed with con-
genital LQTS?

. What nongenetic tests can be performed to

assist in the diagnosis of LQTS?

. What is the sensitivity of genetic testing to diag-

nose congenital LQTS?

. When should genetic testing be offered to

asymptomatic patients?
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Fig. 1. Clinical case, borderline QT and QTc intervals at rest. Resting ECG, heart rate = 54 beats per minute, QT =

480 ms, and QTc = 455 ms.

Diagnosis

Exercise stress testing was undertaken by a cardi-
ologist (Fig. 2). The exercise stress test revealed
paradoxical QT prolongation. After weaning and
discontinuation of both medications, QT findings
at rest and with exercise were unchanged. Subse-
quent genetic testing revealed a disease-causing
mutation involving the KCNH2 gene (type 2 LQTS
[LQT2]). Cascade family screening was subse-
quently performed, starting with immediate rela-
tives. B-Blocker therapy was begun in all mutation
carriers.

DISCUSSION

The Challenges of Diagnosing LQTS in
Asymptomatic Patients with Borderline
Long QT Intervals

Population-based studies reporting the distribu-
tion of QTc intervals in healthy individuals report
that, in the adult population, normal QTc values
are 350 to 450 milliseconds (ms) for men and 360
to 460 ms for women. -2 Genetic studies reporting
the QTc intervals of individuals who are not genet-
ically affected define a normal QT range that is
similar to that in these population-based studies.®
However, there is considerable overlap of QTc
intervals between truly healthy individuals and

patients affected by LQTS. For instance, a QTc
cutoff of more than 450 ms fails to identify 10%
of patients who carry an LQTS mutation and incor-
rectly classifies 10% of healthy controls as having
LQTS.* Alternatively, selecting a QTc cutoff of
more than 430 ms has 100% sensitivity but lacks
specificity and results in the overdiagnosis of
40% of healthy controls as affected.*

Genetic testing is not the panacea to resolve this
dilemma. Genetic testing is not universally feasible
and remains expensive. Genetic testing may be
definitive but can often show a variant of unknown
significance (VUS), and only detects a mutation in
approximately 75% of patients with a clear LQTS
phenotype.

Clinical criteria such as the Schwartz criteria
(Table 1) identify patients with a high probability
of LQTS (score>4) but have a low sensitivity of
only 19% (specificity of 99%).°> Nevertheless,
these criteria remain very useful in the evaluation
of patients suspected of having LQTS (Fig. 3).

In the absence of rigorous cutoff values, patients
with a very long QT interval (QTc >480 ms) may be
diagnosed to have LQTS, even in the absence of
symptoms. Patients with a lesser degrees of QT
prolongation require additional testing to clarify
the diagnosis. QTc prolongation may be distin-
guished into 3 categories. For men, a cutoff of
less than 440 ms is considered normal, 440 to
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Fig. 2. Clinical case, stress exercise test QT and QTc intervals. Four minutes into recovery following exercise, heart
rate = 52 beats per minute, QT = 520 ms, and QTc = 485 ms.

470 ms is considered borderline, and more than
470 ms is considered prolonged (Fig. 4). For
women, a cutoff of less than 450 ms is considered
normal, 450 to 480 ms is considered borderline,
and more than 480 ms is considered prolonged.®

Provocative testing can enhance the diagnostic
accuracy in patients with borderline long QT inter-
vals; however, interpretation can be hindered by
inaccurate measurement’ and varied test accura-
cies (Fig. 5, Table 2).5'0 Despite these chal-
lenges, the diagnosis of LQTS is critical in the
index case and for extended family screening,
with the intent to initiate highly efficacious B-
blocker therapy to reduce the risk of sudden
cardiac death (SCD) associated with torsades de
pointes (TdP) (Fig. 6).

Measuring the QT Interval

Itis critical to accurately measure and calculate the
QT and QTc intervals. Most physicians cannot
accurately calculate a QTc interval.” In a study as-
sessing 4 standardized ECGs, the correct QTc
interpretation was returned by 96% of QT experts
and 80% of arrhythmia experts but only by 50%
of cardiologists and 40% of noncardiologists. It
is also noteworthy that manual measurements
have greater reliability than automated measuring
techniques.’! The longest QT intervals are gener-

ally measured in the precordial leads. The stan-
dard leads to measure the QT are Vs and lead
II. U waves are conventionally not included in
the measurement. However, differentiating U
waves from bifid T waves can be challenging
when prominent (>1.5-2 mV). A large U wave
(>2 mV) starting before the termination of the T
wave may be included in the measurement (this
alternatively may be interpreted as the terminal
portion of a bifid T wave). The QT interval should
be measured as the time interval from the begin-
ning of the QRS complex to the end of the T
wave. The end of the T wave is defined as the
intersection point between the isoelectric baseline
and the tangent line representing the maximal
downward/upward slope of a positive/negative T
wave, respectively (see Fig. 4).">'® In addition
to measuring an absolute QT interval, a rate-
corrected QT (QTc) interval should also be
calculated. Several methods are available for cor-
recting the heart rate. The Bazett formula (QT
divided by the square root of the R-R interval)
remains widely used.’ QT and QTc measurement
during atrial fibrillation should be averaged over
10 consecutive beats.

T wave morphology is often abnormal in LQTS;
patients with type 1 LQTS (LQT1) classically have
a broad-based T wave and tend to have syncope
or SCD during physical exercise. Patients with
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Table 1
Schwartz diagnostic criteria for LQTS

ECG findings?®

A. QTc
>480 ms
460-480 ms
>450 m (in men)

type 2 LQTS (LQT2) tend to have a notched or low-
amplitude T wave and symptoms with sudden
auditory stimuli or strong emotion. Patients with
LQT3 have a long flat ST segment, a tendency
toward sinus bradycardia, and a higher incidence
of SCD during sleep (see Fig. 5)."°

Acquired LQTS

B. Torsades de pointes
C. T wave alternans
D. Notched T wave in 3 leads
E. Low heart rate for age®
Clinical history
A. Syncope
With stress® 2
Without stress© 1
B. Congenital deafness 0.5
Family history®
A. Family members with definite LQTS® 1

B. Unexplained sudden cardiac death 0.5
below age 30 years among
immediate family members

ol=|=|N|= (N |w

QTc calculated by Bazett formula.

@ In the absence of medications or disorders known to
affect these ECG features.

b Resting heart rate below the second percentile for age.

¢ Mutually exclusive.

4 The same family member cannot be counted in A and B.

¢ Definite LOTS is defined by an LQTS score >4. <1
point, low probability of LQTS; 2 to 3 points, intermediate
probability of LOTS; >4 points, high probability of LOTS.

100
Schwartz score >1
80 *
Rest QTc >420ms ¢
R Rest QTc >440ms ¢
Z
=
3 Schwartz score >2 ¢
c
& a0
Schwartz score >3 ¢
20 *
Schwartz score >4
0 T T T r .
0 20 40 60 80 100
Specificity, %

Fig. 3. Sensitivity and specificity of QTc cutoff values
and Schwartz score to diagnose LQTS. (Data from
Hofman N, Wilde AA, Tan HL. Diagnostic criteria for
congenital long QT syndrome in the era of molecular
genetics: do we need a scoring system? Eur Heart J
2007;28:1399.)

QT prolongation can be due to common genetic
variants or can be acquired. The incidence of
acquired LQTS is much higher than the incidence
of congenital LQTS. Many factors predispose to
QT prolongation, including, age, female gender,
left ventricular hypertrophy, heart failure, myocar-
dial ischemia, hypertension, diabetes mellitus,
hyperthyroidism, bradycardia, and electrolyte
abnormalities (including hypokalemia and hypo-
magnesaemia).'®'” However, one of the most
common causes of acquired QTc prolongation is
the use of QT-prolonging drugs.' Virtually all
QT-prolonging drugs act by blocking the rapid
component of the delayed rectifier potassium
channel (lx). Some drugs associated with QT
prolongation are devoid of a recognized risk of
arrhythmia, whereas others seem to be associated
with cardiac arrhythmia without QTc prolonga-
tion.” Several lists have been published of drugs
associated with QTc prolongation and cardiac
arrhythmias. The authors favor www.qtdrugs.org.

Pharmacodynamic and pharmacokinetic drug-
drug interactions may lead to QTc prolongation.
Pharmacodynamic interactions of concomitantly
used drugs can lead to a prolonged QTc interval
if the individual QTc-prolonging drugs have an
additive effect. Pharmacokinetic effects may
occur if a drug reduces the clearance of a concom-
itantly used QTc-prolonging drug. Pharmacoki-
netic interactions often involve drugs which are
both metabolized by cytochrome P450 (CYP)
isoenzymes.

Single nucleotide polymorphisms in drug-
metabolizing enzyme genes, such as CYP2D6,
can lead to an altered function of the enzyme.
Subjects with 2 nonfunctional CYP2D6 alleles are
classified as poor metabolizers. Approximately 5%
to 10% of the Caucasian population are poor me-
tabolizers.'® These patients using QTc-prolonging
drugs metabolized by CYP2D6 have an increased
risk of developing QTc prolongation and/or TdP.
Altered activity of drug transporters due to genetic
polymorphisms can also lead to a change in drug
clearance or intracellular drug concentrations and
consequently influence the QTc interval.’®

Previously unrecognized LQTS disease-causing
mutations or VUS can be identified in 5% to 20%
of patients with drug-induced TdP,?%?! compared
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LQT testing
Resting QTc
ECG Guide Y

I [ Abnormal QTc Borderline QTc Normal QTc
AP, A Male > 470 ms Male 440-470 ms Male < 440 ms
=i \ Female > 480 ms Female 450-480 ms Female < 450 ms

(Consider provocative testing or repeat ECG if
Lat1 o
4
L 4

[ | M‘h Exclude acquired causes. Exclude acquired causes.

* Consider provocative testing.
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. g [ 11 l Lars € Abnormal provocative test
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Clinical assessment
Genetic Testing P

Risk discussion
Family screening

Fig. 4. An algorithmic approach for the diagnosis of LQTS.

Channelopathy Rest Provocation
A

LaTs 1 4 A A Al L/

(RestQTc 475 ms, stress QTc 510 ms)  +— ' l
Qr 440 ms QT 400 ms
L I \\
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LQTS 2 TN .

(Rest QTc 410 ms, stress QTc 550 ms) 2
Qr 380ms Qr 480 ms

LQTs 3

(Rest QTc 492 ms, stress QTc 468 ms)

QT 500 ms QT 480 ms

Fig. 5. Examples of QT prolongation with provocation. Patients with LQT1 classically have a broad-based T wave.
Patients with LQT2 tend to have a notched or low-amplitude T wave. Patients with LQT3 have a long flat ST
segment. LQT1 (rest QTc of 475 ms; 4 minutes into recovery following exercise QTc of 510 ms). LQT2 (rest QTc
of 410 ms, which fails to shorten on standing QTc of 550 ms). LQT3 (rest QTc of 492 ms, with shorter recovery
QTc of 468 ms following exercise).
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Table 2

Adrenaline Exercise

Definitions of a positive provocative test for diagnosing Long QT syndrome

QTc Increase or

QT Increase Absolute QTc

0.10 pg/kg/min’®

0.10 pg/kg/min>3

Anytime up to 0.4 pg/kg/
min

Recovery - rest®

1 min into recovery®
4 min into recovery
Any time in recovery®

8,39

>30 ms
>30 ms
>65 ms>* or >600 ms>>

>460 ms
>455 ms
>460 ms
>30 ms

with a VUS rate of 4% to 8% in controls.2023
Several genetic variations have been identified in
patients with drug-induced severe QTc prolonga-
tion, TdP, aborted cardiac arrest (ACA), or
SCD_20,21

The role of genetic testing in the isolated setting
of drug-induced QT prolongation requires indi-
vidual consideration, taking into account the in-
dividual’s clinical and extended family history.
Genetic testing is generally discouraged until
further data regarding clinical implications emerge.
Exercise and/or adrenaline provocative testing can
be used to guide clinical decisions (including
whether to offer genetic testing) in the index case
and subsequently in family members (see later).
LQTS genetic testing in the setting of drug-
induced TdP should be considered for that index
case, and subsequent family screening may be
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Fig. 6. Torsades de pointes.

guided by the genetic result (or in the absence of
a casual mutation in the index case, comprehensive
clinical assessment and provocative testing should
be considered starting with first-degree relatives).

Congenital LQTS

Most patients with LQTS are asymptomatic, and the
condition is discovered incidentally on an ECG, by
family history taking (eg, relative of an individual
with SCD or ACA), or after an episode of syncope
or severe ventricular arrhythmia. LQTS affects 1 in
2500 individuals.?* Patients with LQTS are at
increased risk of developing TdP. Certain triggers
such as intense adrenergic or auditory stimulation
seem to be particularly arrhythmogenic in LQTS.
Swimming has been shown to trigger symptoms
in nearly 15% of patients with LQT1.25 Numerous
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LQTS-causing mutations have been identified
(Table 3), summarized in http://www.fsm.it/
cardmoc. LQT1 to LQT3 account for an estimated
85% to 95% of LQTS cases.?®

Natural History of Patients with Congenital
LQTS with a Normal QT Interval

The rate of ACA or SCD in patients with LQTS with
normal QTc intervals (<440 ms) is reported to be
very low (4% from birth through age 40 years, cor-
responding to an approximate event rate of 0.13%
per year).2” This risk is significantly lower than that
in those with prolonged QTc intervals (15%).
However, this very low risk is still a more than
10-fold increase in the risk for life-threatening
events compared with unaffected family mem-
bers, which highlights the need to identify asymp-
tomatic patients with LQTS. Patients with LQTS
with normal QTc intervals should be carefully fol-
lowed up and should receive a similar manage-
ment strategy as overtly phenotype-positive
patients with LQTS, including avoidance of QT-
prolonging medications and routine therapy with
highly efficacious B-blockers.?®

Mechanism of Congenital LQTS

QT prolongation results from ion channel dysfunc-
tion that prolongs cellular repolarization.?®-30
Myocardial repolarization is primarily mediated
by potassium ions. Decreased outward potassium
current mediated by a loss-of-function mutation in
Iks (slowly activating delayed rectifier potassium
channel) leads to LQT1. Decreased outward
potassium current mediated by a loss-of-function
mutation in I, (rapid) leads to LQT2. Ik, channels

represent a smaller fraction of the potassium
channels responsible for repolarization and are
not as sympathetically responsive as Ixs channels.
Ik, is activated in low adrenergic circumstances
and Igs in higher adrenergic states. A gain-of-
function mutation of Iy, leads to enhanced activity
of inward sodium current and failed inactivation
leading to LQTS3.

These channel dysfunctions that result in pro-
longed repolarization may cause early afterdepola-
rizations due to activation of inward depolarizing
currents, which reach a threshold causing ventric-
ular extrasystoles with resultant TdP.

Diagnosing LQTS in Asymptomatic Patients

Patients with idiopathic borderline QT prolonga-
tion (ie, QT prolongation that cannot be attributed
to acquired or reversible conditions) require addi-
tional tests to clarify the diagnosis because clinical
criteria alone lack sensitivity. Clinical criteria such
as the Schwartz criteria®’ that have been used
for identifying disease-causing LQTS mutations
(score >4) have high specificity but low sensitivity
and are typically very low in the absence of signif-
icant QT prolongation (one of the scoring criteria,
see Table 1).

Because the ion channel defects (primarily lxs
and to a lesser extent lx,) are stressed under
sympathetic stimulation, exercise stress testing
and/or pharmacologic adrenergic provocation
can enhance the diagnostic accuracy in patients
with borderline long QTc intervals.®2-35 Adrenergic
provocation may reveal a paradoxical QT
response characterized by QT lengthening rather
than expected shortening that is pathognomonic
for LQT1 or failed shortening with increase in heart

Table 3

LQTS genotypes and affected channels

Channelopathy Channel Defect Gene Protein Frequency

LQTS 1 Loss of Ik KCNQ1 K,7.1 Approximately 45%
LQTS 2 Loss of Iy, KCNH2 Ky11.1 Approximately 30%
LQTS 3 Gain of Iy, SCN5A Na,1.5 Approximately 10%
LQTS 4 Loss of Inak ANK2 Ankyrin-B Approximately 1%
LQTS 5 Loss of I KCNE1 Mink Approximately 1%
LQTS 6 Loss of Ik, KCNE2 MiRP1 Rare

LQTS 7 Loss of Ik, KCNJ2 Kir2.1 Rare

LQTS 8 Gain Ica CACNA1 Ca,1.2 Rare

LQTS 9 Gain of Iy, CAV3 Caveolin-3 Rare

LQTS 10 Gain of Iy, SCN4B B4 Rare

LQTS 11 Loss of Iy AKAP9 Yotiao Rare

LQTS 12 Gain of Iy, SNTA1 a.1-syntrophin Rare

233
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rate. In patients with LQT2, there may be a tran-
sient prolongation of the QTc interval followed by
shortening because of the presence of intact Ixs
channels.*®3” The LQT3 phenotype is character-
ized by a constant reduction of the action potential
duration with adrenergic stimulation because of
stimulation of the intact Ik, and Ixs channel (see
Fig. 5).

Evaluation of the QT response to the brisk
tachycardia induced by standing provides impor-
tant information that aids in the diagnosis of
LQTS.38 Despite similar heart rate acceleration in
response to brisk standing in patients and
controls, the QT interval of controls shortened by
21 + 19 ms, whereas the QT interval of patients
with LQTS increased by 4 + 34 ms (P<.001). In
addition, the QTc interval increased by 50 + 30
ms in the control group and by 89 + 47 ms in the
LQTS group (P<.001). Receiver operating charac-
teristic curves showed that the test added diag-
nostic value and the response was particularly
impaired in patients with LQT2.

Exercise stress testing has been used for differ-
entiating patients with LQTS from unaffected indi-
viduals (see Table 2). The end of recovery QTc
(defined as 4 minutes into recovery after exercise
stress testing) has been reported to have clinical
use in distinguishing patients with LQTS from
healthy individuals. A QTc less than 445 ms at
the end of recovery had a sensitivity of 92% and
a specificity of 88% at identifying healthy individ-
uals.® An algorithm incorporating the resting and
end recovery QTc at identifying disease-causing
LQT mutations has also been reported.®® This vali-
dated algorithm reported a rest QTc greater than
470 ms in men or greater than 480 ms in women
or a postexercise end recovery QTc greater than
445 ms as a sensitive means of detecting LQT
disease-causing mutation carriers with sensitivity,
specificity, and accuracy of 0.94, 0.82, and 0.91,
respectively. An insufficient number of patients
with borderline or normal QT has been classified
with these cutoff values to be conclusive, but this
is clearly an advisable strategy to risk stratify this
patient population. Exercise testing is readily
accessible and easily performed. Another recent
study reported that either an absolute QTc of 460
ms or greater during any time in the recovery
phase or a maladaptive paradoxic increase in
QTc (defined as QTc recovery minus QTc base-
line>30 ms, see Table 2) distinguished patients
with either manifest or concealed LQT1 from
healthy individuals.®

Increased QT hysteresis may be a unique feature
of LQT2 syndrome. QT hysteresis is calculated
as the QT interval difference between exercise
and 1 to 2 minutes into recovery at similar heart

rates (within 10 beats per minute) at heart rates of
approximately 100 beats per minute.*° In patients
with LQT2 with impaired l,, the QT fails to shorten
at intermediate heart rates in early exercise.
However, recruitment of lxs at higher heart rates
is associated with appropriate QT shortening,
which persists into the recovery phase. This conse-
quently leads to an exaggerated QT difference
between exercise and recovery, which manifests
as increased QT hysteresis. QT hysteresis greater
than 25 ms has a sensitivity and specificity of
73% and 68%, respectively, in identifying patients
with LQT2 over LQT1.4"

Adrenaline infusion is another means to unmask
LQTS. Two major protocols have evolved for
adrenaline infusion: the bolus and brief infusion
(Shimizu protocol)*® and the escalating dose
protocol (Mayo protocol).*®> Gradually increasing
the dose of adrenaline from 0.05, 0.1, 0.2, and
0.3 pg/kg/min can distinguish healthy controls
from patients with concealed LQT1 (see Table 2).
In one study'® of 147 genotyped patients, the
median change in QT interval during low dose
adrenaline infusion was —23 ms in the gene-
negative group, +78 ms in the LQT1 group, —4
ms in the LQT2 group, and —58 ms in the LQT3
group. A paradoxic QT response (Table 4) had
a sensitivity of 92.5%, specificity of 86%, positive
predictive value of 76%, and negative predictive
value of 96% for identifying patients with LQT1.
Provocative test accuracy was highest for LQT1
and modest for LQT2. This study reported that
patients on B-blocker therapy at the time of testing
are also likely to have lower diagnostic accuracy
(see Figs. 2 and 5, see Table 2). It is noteworthy
that graded infusion of adrenaline or isoproterenol
in normal subjects is associated with QTc prolon-
gation. However, an absolute QT prolongation by
more than 20 to 30 ms is not typically seen at
any dose level of adrenaline or isoproterenol.

These studies should be performed with appro-
priate medical supervision. Both the Shimizu and

Table 4

Drug infusions for diagnosis of LQTS
Drug Infusion

Epinephrine Infusion started at 0.05

ng/kg/min and increased
every 5 min to 0.1 and
0.2 pg/kg/min for 5 min
at each dose

Infusion started at 1 ug/min

and increased every 5 min
to a maximum of 5 ug/min

Isoproterenol
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Mayo protocol are well tolerated with a low inci-
dence of adverse events. However, drugs for
resuscitation, including intravenous p-blockers,
should be available by the bedside.

Data on the utility of Holter monitoring for the
diagnosis and prognosis of LQTS is unclear.
Some studies have reported the minimal diag-
nostic and prognostic utility of Holter monitoring
in evaluating LQTS.*+*5 However, studies have
also reported the value of Holter monitoring in
diagnosing LQTS and, in particular, the utility of
diurnal repolarization dynamics.*® Holter moni-
toring may be more useful in LQT2 and LQT3
because of the more pronounced QT prolongation
observed compared with LQT1 at slow heart rates
in these patients (particularly at night).

w?>Provocative testing may be considered to
assess QT response (1) in patients with a suspicion
of LQT1 or LQT2 who have not been genotyped
(including in first-degree relatives with genotype-
negative LQTS), (2) in those with a genetic diag-
nosis of LQT1 or LQT2 but with a resting xxxthat
is normal, and (3) if the LQT1-associated mutation
is novel. The test is not recommended for patients
with LQTS3.

Clinical decision making can be challenged
because of varied test accuracies associated
with exercise stress testing and catecholamine
infusion testing. The absence of QTc prolongation
or the presence of borderline changes should not
supplant clinical evidence. Even clearly abnormal
QT intervals must be carefully reviewed within
the clinical context. QT intervals should be viewed
as another part of the diagnostic workup and in the
context of the pretest probability, not as a binary
positive or negative test (similar to genetic test
results). When testing yields borderline changes
despite high clinical suspicion (high pretest pro-
bability; eg, Schwartz score >3), an alternative
provocative test may be used if necessary (eg,
catecholamine infusion).

Genetic Testing of the Index Case

Genetic test result must be interpreted with great
caution because all genetic tests are probabilistic
tests rather than binary ones and need to be
viewed in the overall clinical context.?® Genetic
testing yields possible causative mutations for
75% to 80% of patients with a clear LQTS pheno-
type. Therefore a negative genetic test result
cannot exclude the diagnosis of LQTS by itself.
Copy number variants, large deletions and dupli-
cations in KCNQ1 and KCNH2 genes explain
around 3% of LQTS in patients with no point muta-
tion in these genes.*” Therefore, screening for
CNVs in the KCNQ1 and KCNH2 genes should

be considered in patients with negative conven-
tional testing, only if they have a compelling
phenotype and have other affected family
members. This is a dynamic area with rapid evolu-
tion in capability and cost, so communication with
a local or regional expert is advised.

Clinical LQTS genetic testing is recommended
for any index case in which LQTS is suspected
based on the patient’s clinical history, family
history, QT interval duration, inspection of T
wave morphology, and response to either exercise
or catecholamine stress testing (see Table 3).484°
LQTS genetic testing should not be performed
solely in response to a borderline long QT interval
or even in a patient with a past history of syncope
with a borderline long QT interval. The significant
rate of rare VUS (4%-8%)%° in the LQT genes
complicates correct interpretation of the variants
and mandates that LQTS genetic testing be
sought based on clinical suspicion rather than
ordered indiscriminately. Therefore before genetic
testing, a comprehensive clinical assessment is
warranted that usually includes clinical assess-
ment (Schwartz score) and provocative testing
(abrupt standing and exercise stress testing and/
or catecholamine infusion testing).

In asymptomatic patients, LQTS genetic testing
is recommended for patients with unequivocal and
idiopathic serial QT prolongation (QTc>480 ms in
prepubertal children and QTc>500 ms in adults).
The Heart Rhythm Society*® proposed that QTc/
genetic testing cutoff values found in asymptom-
atic patients during screening are higher than the
American Heart Association guidelines-based
designations of a QTc greater than 450 ms in adult
men and greater than 460 ms in adult women as
prolonged.%°

When genetic testing is negative, several condi-
tions should be considered that mimic LQTS. If
a patient has exercise-triggered cardiac events,
a mildly prolonged or normal resting QTc (usually
<460 ms), and exercise-induced ventricular ecto-
py, a diagnosis of catecholaminergic polymorphic
ventricular tachycardia (CPVT) or Andersen-Tawil
syndrome (LQT7) may be considered. In one study,
a CPVT disease-causing mutation in the ryanodine
gene (RyR2) was identified in approximately 6% of
269 patients suspected to have LQTS.5" Con-
versely, amongst 11 unrelated patients with sus-
pected CPVT, 4 possessed LQTS-associated
mutations.®? Therefore, screening for CPVT genes
may be considered when bidirectional/polymor-
phic ventricular tachycardia is demonstrated in
patients without an LQT mutation. Additional
screening for LQT mutations may be appropriate
when a clinical diagnosis of CPVT is suspected
with atypical or borderline QT intervals.®"
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Interpreting Genetic Test Results

Genetic testing may yield results that are difficult to
interpret. Genetic variants can represent benign
single nucleotide polymorphisms, VUS, or disease-
causing mutations. Many mutations in LQTS repre-
sent novel and rare variants. Therefore genetic test
results should be viewed in the complete clinical
context. When a VUS is encountered with a high
pretest probability (eg, Schwartz score >3), it is likely
disease causing. When a VUS is associated with
less than conclusive evidence that it is disease
causing (despite availability of comprehensive clin-
ical information, including clinical assessment from
first-degree relatives), a cautious diagnosis of
a benign variant maybe reached, given the relatively
high incidence of VUS in controls (4%-8%)23
compared with the low incidence of LQTS (1 in
2500).24 However, ongoing patient follow-up is
prudent. However, the degree of pretest probability
that indicated genetic testing may be adequate to
diagnose LQTS despite the presence of a VUS or
despite the absence of a disease-causing LQT
mutation. In other words, given the poor sensitivity
of genetic testing (approximately 75%), the lack of
a clearly disease-causing mutation in the context
of a high pretest probability (clinical criteria) does
not exclude LQTS.

Cascade Family Screening

When a causative mutation is identified, mutation-
specific genetic testing of all first-degree relatives
should be undertaken. A normal resting ECG with
a normal QTc is not sufficient to rule out LQTS in
asymptomatic relatives. If the results of genetic
test, history taking, and 12-lead ECG are negative,
LQTS is ruled out. However, if the mutation-
specific genetic test result is negative but
prolonged QTc intervals are present, a genetic
reevaluation that could include repeated testing
or proceeding with independent comprehensive
LQTS genetic testing should be considered. Clin-
ical and genetic evaluation of distant relatives
should extend in concentric circles of first-degree
relatives depending on where the LQTS-
associated mutation tracks.*® When a causative
mutation is not identified in the index case despite
a clinical diagnosis of LQTS, family screening
should incorporate clinical history taking and
assessment of rest and provocative QTc intervals.

SUMMARY

When a patient with borderline QT prolongation is
encountered, a thorough clinical evaluation should
be performed. Reversible causes should be identi-
fied and remedied. If QT prolongation persists or

the history is suspicious, postural response and
exercise testing should be performed. The results
of this testing should inform the role of genetic
testing or further provocation with adrenaline in
equivocal patients. When LQTS is diagnosed,
cascade family screening should be undertaken
and therapy with B-blockers initiated.
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