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BACKGROUND: Diagnosis of congenital long-QT syndrome (LQTS) is complicated by phenotypic ambiguity, with a frequent 
normal-to-borderline resting QT interval. A 3-step algorithm based on exercise response of the corrected QT interval (QTc) 
was previously developed to diagnose patients with LQTS and predict subtype. This study evaluated the 3-step algorithm in 
a population that is more representative of the general population with LQTS with milder phenotypes and establishes sex-
specific cutoffs beyond the resting QTc.

METHODS AND RESULTS: We identified 208 LQTS likely pathogenic or pathogenic KCNQ1 or KCNH2 variant carriers in the 
Canadian NLQTS (National Long-QT Syndrome) Registry and 215 unaffected controls from the HiRO (Hearts in Rhythm 
Organization) Registry. Exercise treadmill tests were analyzed across the 5 stages of the Bruce protocol. The predictive value 
of exercise ECG characteristics was analyzed using receiver operating characteristic curve analysis to identify optimal cutoff 
values. A total of 78% of male carriers and 74% of female carriers had a resting QTc value in the normal-to-borderline range. 
The 4-minute recovery QTc demonstrated the best predictive value for carrier status in both sexes, with better LQTS ascer-
tainment in female patients (area under the curve, 0.90 versus 0.82), with greater sensitivity and specificity. The optimal cutoff 
value for the 4-minute recovery period was 440 milliseconds for male patients and 450 milliseconds for female patients. The 
1-minute recovery QTc had the best predictive value in female patients for differentiating LQTS1 versus LQTS2 (area under 
the curve, 0.82), and the peak exercise QTc had a marginally better predictive value in male patients for subtype with (area 
under the curve, 0.71). The optimal cutoff value for the 1-minute recovery period was 435 milliseconds for male patients and 
455 milliseconds for femal patients.

CONCLUSIONS: The 3-step QT exercise algorithm is a valid tool for the diagnosis of LQTS in a general population with more 
frequent ambiguity in phenotype. The algorithm is a simple and reliable method for the identification and prediction of the 2 
major genotypes of LQTS.
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Congenital long-QT syndrome (LQTS) is an in-
herited heart rhythm condition characterized 
by QT prolongation on the surface ECG with 

failure of adequate QT shortening during exercise 
and recovery in LQTS1/2.1 LQTS is associated with 
life-threatening cardiac events, including torsade de 
pointes and sudden cardiac arrest in the young.2,3 

LQTS can be classified into distinct genetic sub-
types, with LQTS1 to LQTS3 collectively comprising 
>90% of cases.3 Variants in KCNQ1 (LQTS1) ac-
count for most cases associated with known LQTS 
genes at 35% to 50%, whereas variants in KCNH2 
(LQTS2) account for 25% to 45% and variants in 
SCN5A (LQTS3) account for 5% to 10%.3–5 Although 
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17 genes have been reported to cause LQTS, a re-
cent appraisal suggests that only 6 genes (KCNQ1, 
KCNH2, SCN5A, and CALM1 to CALM3) defi-
nitely cause LQTS.6 Genotype-specific triggers are 
known to precipitate arrhythmias: physical exercise 
in LQTS1, emotional stress, loud noise, or startle in 
LQTS2, whereas adverse events most frequently 
occur at rest or during sleep in LQTS3.7

Significant resting QT prolongation leads to a clear 
diagnosis of LQTS3; however, given variable expressiv-
ity in LQTS, 30% to 50% of LQTS variant carriers may 
have QT intervals in the normal to borderline range, 
and are considered “silent carriers”8 or “concealed 
LQTS.”9 Thus, patients with a “normal” or borderline 
phenotype are commonly encountered, and remain 
a challenge for diagnosis.8 Previous studies have de-
veloped a 3-step screening algorithm based on exer-
cise response of the QT interval to predict genotype 
from exercise testing in probands,10 which was subse-
quently validated in first-degree relatives (FDRs).11 The 
algorithm stratifies patients from their resting corrected 
QT interval (QTc) and 4-minute recovery QTc, to predict 
carrier status, and then further stratifies by 1-minute 
recovery QTc to predict genotype. Both cohorts were 
composed of cases of LQTS with a severe phenotype 
that are less representative of the general population 

with LQTS, where there is often a milder phenotype 
and diagnostic ambiguity.

Sex differences in LQTS are well established.12,13 
Disease penetrance is reportedly higher in females 
than in males, with females composing 57% to 70% of 
LQTS cases.2,14,15 Sex-specific cutoffs for determining 
a prolonged resting QTc are 470 milliseconds for men 
and 480 milliseconds for women,16 serving as step 1 
in the screening algorithm. However, the second and 
third steps do not account for sex-specific changes. 
We hypothesized that sex-specific cutoff values would 
improve the algorithm’s accuracy.

METHODS
The data that support the findings of this study are 
available from the corresponding author on reason-
able request.

Study Population
Subjects were enrolled in the Canadian NLQTS (National 
Long-QT Syndrome) Registry, within the HiRO (Hearts in 
Rhythm Organization; www.heart​sinrh​ythm.ca) Registry. 
The NLQTS Registry recruits LQTS probands and their 
family members from 21 Canadian adult and pediat-
ric recruiting centers, which has been previously de-
scribed.17 During clinical evaluation, patients underwent 
standard diagnostic testing for LQTS, including baseline 
ECG, personal and family medical history, standardized 
treadmill testing, and genetic testing. Probands under-
went LQTS-based genetic testing (involving a minimum 
gene set of KCNQ1, KCNH2, and SCN5A), whereas their 
family members underwent variant-specific genetic test-
ing if the proband was identified to have a likely patho-
genic (LP) or pathogenic LQTS variant, according to the 
American College of Medical Genetics criteria.18 Variants 
were reviewed during follow-up visits to ensure ap-
propriate classification.19 Ethical approval for this study 
was obtained from the University of British Columbia 
Providence Health Care Research Ethics Board. All par-
ticipants provided written informed consent.

Eligible cases from September 2014 to May 2020 
were included. Study subjects consisted of LQTS 
probands and FDRs with an LP/pathogenic variant. 
Patients with LQTS with a phenotypic diagnosis of 
long QT (based on Schwartz score16) but without an 
LP/pathogenic variant were excluded. Patients with 
LQTS without treadmill test strips available were also 
excluded. The control group was composed of par-
ticipants enrolled in the HiRO Registry who tested 
negative for a known LQTS familial variant; FDRs of 
gene-negative probands of other inherited arrhythmia 
and cardiomyopathy conditions who had no pheno-
typic evidence of disease; and last, unaffected FDRs of 
unexplained cardiac arrest and sudden cardiac death 

CLINICAL PERSPECTIVE

What Is New?
•	 The addition of sex-specific cutoffs in a previ-

ously developed 3-step algorithm aids in ac-
curately diagnosing long-QT syndrome and 
predicting the 2 most common genotypes.

What Are the Clinical Implications?
•	 The 3-step screening algorithm is a simple 

and valid tool in the diagnosis of long-QT syn-
drome in a population with frequent phenotypic 
ambiguity.

•	 A sex-specific approach to the interpretation of 
exercise testing should be used when screen-
ing for long-QT syndrome.

Nonstandard Abbreviations and Acronyms

FDR	 first-degree relative
HiRO	 Hearts in Rhythm Organization
LP	 likely pathogenic
LQTS	 long-QT syndrome
NLQTS	 National Long-QT Syndrome
QTc	 corrected QT interval

http://www.heartsinrhythm.ca
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probands where the proband did not have an LQTS 
phenotype.17 Carriers in this study were restricted to 
variants in KCNQ1 and KCNH2, because of the limited 
number of other LQTS subtypes identified for analysis.

Data Extraction
All clinical information pertaining to the cardiac history 
of each patient was extracted from the NLQTS/HiRO 
Registry, including demographic information, medica-
tions, family history, pedigree, clinical cardiac history, 
and genetic data.

Treadmill Tests

As part of their clinical evaluation, patients underwent 
treadmill testing consisting of the standard Bruce pro-
tocol. The 12-lead ECGs were taken during the stand-
ard Bruce protocol at 5 stages: supine at rest, after 
30 seconds of standing, at peak exercise, 1 minute into 
recovery, and 4 minutes into recovery. Two expert car-
diologists (H.-C.H. and A.K.) independently reviewed 
treadmill tests in the registry for QT interval and heart 
rate across the 5 stages for each patient, blinded to 
the carrier status of the patient. The QTc was calcu-
lated using the Bazett formula, which has been dem-
onstrated to accurately identify LQTS at high heart 
rates.20,21 The QT interval was measured in leads II and 
V5 from the beginning of the QRS complex to the end 
of the T wave, determined using the maximum slope 
technique or tangent method.22,23 The mean of 3 con-
secutive QT intervals was used. Of all available treadmill 
tests read for each patient, pre-β and post-β blockade 
were identified through review of medical history.

Genetic Variants

Patients with LP/pathogenic variants in KCNQ1 and 
KCNH2 were included. Genetic variant classifications 
were reviewed by an independent reviewer (L.Y.) be-
fore inclusion as an LP/pathogenic variant carrier19 and 
were classified according to the American College of 
Medical Genetics criteria.18 Classifications that were 
borderline between variants of unknown significance 
and LP were reviewed by a genetic counselor and 
second reviewer (B.D.). To ensure replicability of other 
classifications, the second reviewer independently 
classified an additional 10 variants. High agreement 
(>80%) among classifications was found between 
reviewers (L.Y. and B.D.), and discrepancies were re-
solved by consensus. The LP/pathogenic KCNQ1 and 
KCH2 variants included are listed in Table S1.

The 3-Step Algorithm
The proposed algorithm10 was applied, using genetic 
testing and variant carrier status as the gold standard 

for test performance. β-Blocker naïve tests were se-
lected for analysis when patients had multiple tests. All 
study participants were stratified as normal, borderline, 
or abnormal, according to their resting QTc based on 
previous literature.16 In male patients, the normal QTc 
was defined as <440 milliseconds, borderline QTc as 
440 to 470 milliseconds, and abnormal QTc as >470 mil-
liseconds. In female patients, the normal QTc was de-
fined as <450 milliseconds, borderline QTc as 450 to 
480 milliseconds, and abnormal QTc as >480 millisec-
onds. Those with normal and borderline resting QTc 
proceeded to the second step of the algorithm, where 
they were stratified as normal or abnormal, according 
to the exercise ECG parameter with the best predictive 
value. Those identified as having a normal QTc, based 
on the exercise ECG parameter with the best predic-
tive value and the corresponding optimal cutoff value, 
were subsequently classified as unaffected, whereas 
those who were identified to have abnormal QTc were 
classified as affected carriers. The affected carriers 
proceeded to the third step of the algorithm to deter-
mine LQTS subtype, differentiating LQTS1 from LQTS2, 
using receiver operating characteristic curve analysis 
for the highest area under the curve (AUC).

The utility of the initial 2 steps of the algorithm was 
compared by genotype (ie, patients with LQTS1 versus 
noncarriers, and patients with LQTS2 versus noncar-
riers). Further analysis was performed on the basis of 
previous reports that variants in S6 segment mutations 
surrounding p.A341 are associated with higher arrhyth-
mic risk in patients with LQTS1,24 whereas variants in 
the pore region are linked to worse outcomes in pa-
tients with LQTS2.25 For KCNQ1, p.A341-neighboring 
regions were defined as amino acid residues in the S6 
segment, residues 328 to 348,24 whereas for KCNH2, 
the pore region was defined as residues spanning 548 
to 659.26,27

Statistical Analysis
Data analysis was performed using R version 4.0.2. 
Discrete variables were compared using the χ2 test, 
and continuous variables were compared by linear re-
gression for baseline characteristics and subsequent 
analyses. The regression models were adjusted for 
age, sex, and familial relatedness, where appropriate. 
P values for multiple comparisons were adjusted using 
the Bonferroni correction. The predictive value of exer-
cise ECG characteristics was analyzed using receiver 
operating characteristic curve analysis. Optimal cutoff 
values for exercise ECG characteristics (supine, stand-
ing, peak exercise, and 1 and 4 minutes into recovery) 
were selected to attain a minimum sensitivity of 0.80 
for carrier status and 0.75 for subtype, allowing for 
maximization of specificity given these sensitivity con-
straints. The DeLong test was used to compare AUCs. 
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To ensure measurability of QTc in clinical practice, the 
optimal cutoff value was reported to the nearest 5 mil-
liseconds. A sex-specific analysis was decided a priori. 
The familywise type 1 error rate was 0.05.

RESULTS
Baseline Characteristics
The study was composed of 208 LP/pathogenic variant-
positive patients with LQTS (age, 33±18 years), consist-
ing of 87 probands and 121 FDRs, and 215 noncarriers 
(age, 36±19 years; Table 1) from 366 families. Most vari-
ants were in KCNQ1 (78%). There were 80 of 208 (38%) 
patients with LQTS who were symptomatic on initial 
referral at baseline. As expected, the mean QTc was 
higher in carriers (461±43 milliseconds) than noncarri-
ers (407±33 milliseconds), although the extent of QTc 
prolongation in affected cases was modest, in keeping 
with a “general” population with LQTS. A density plot of 
resting QTc is shown in Figure S1. β Blockade was used 
in 60% of patients with LQTS. The QTc of carriers using 
other formulas is shown in Table S2.

Resting QTc
The frequencies of resting QTc classifications, strati-
fied by sex and carrier status, are shown in Figure 1. A 

total of 78% of male carriers and 74% of female carri-
ers had a resting QTc value in the normal-to-borderline 
range. For male patients, carriers accounted for 100% 
of an overall population with an overtly abnormal rest-
ing QTc, 60% with borderline resting QTc prolonga-
tion, and 36% with a normal resting QTc. For female 
patients carriers accounted for 100% of female pa-
tients with an overtly abnormal resting QTc, 76% with 
borderline resting QTc prolongation, and 33% with a 
normal resting QTc. Those with an overtly abnormal 
resting QTc were considered carriers (n=51) and were 
streamlined to the final step of the algorithm. The re-
ceiver operating characteristic curve for resting QTc in 
male patients and female patients is shown in Figure 2. 
Male patients had an AUC of 0.82, whereas female 
patients had an AUC of 0.84. The resting QTc was 
highly specific but not sensitive. Given a cutoff value of 
470 milliseconds, there was a sensitivity of 0.22 and a 
specificity of 0.99 for male patients. In female patients 
given a cutoff value of 480 milliseconds, there was a 
sensitivity of 0.27 and a specificity of 0.96.

QTc Changes With Exercise
The 5 treadmill test stages in carriers and noncarriers 
were compared and are shown in Table 2. There were 
significant differences in QTc at all 5 stages of the Bruce 
protocol in carriers versus noncarriers (P<0.001). Given 
that 60% of patients with LQTS were on β blockers, 
heart rate was significantly different in the peak exer-
cise, 1-minute recovery, and 4-minute recovery stages 
(P<0.001), as well as at the standing stage (P=0.004), 
but borderline at rest (P=0.06). The QTc remained longer 
in carriers than noncarriers across all stages of the exer-
cise test. The normative data for QTc values in treadmill 
testing stages in noncarriers at 95th and 98th percentiles 
are shown in Table S3. The QTc and heart rate during 
treadmill testing stages in prepubescent (age, <14 years) 
versus postpubescent (age, ≥14 years) patients with 
LQTS are included in Table S4, and in symptomatic ver-
sus asymptomatic patients with LQTS in Table S5.

Patients in step 1 of the algorithm who were identi-
fied to have a normal-to-borderline resting QTc (n=372) 
were analyzed for the predictive value of exercise ECG 
characteristics by receiver operating characteristic 
curve analysis. The predictive utilities of standing QTc, 
peak exercise QTc, and 1 and 4 minutes into recovery 
QTc are summarized in Figure 3 and Table S6. Recovery 
AUCs were numerically greater than standing or peak 
AUCs. The 4-minute recovery QTc had the greatest 
predictive value for both male and female patients.

Sex-Specific QTc Changes With Exercise
For step 2 of the algorithm, using the 4-minute recov-
ery QTc, the AUCs in males and females were 0.82 and 
0.90, respectively. Male patients had an optimal cutoff 

Table 1.  Baseline Characteristics of LQTS LP/Pathogenic 
Carriers and Unaffected Noncarriers

Characteristic Carriers Noncarriers P value

Total No. 208 215

Age at test, mean (SD), y 33 (18) 36 (19) 0.05

Male sex, n (%) 87 (42) 101 (47) 0.33

Race or ethnicity, n (%) <0.001

East Asian 14 (7) 25 (12)

European ancestry 143 (69) 152 (71)

Indigenous 39 (18) 4 (2)

KCNQ1 variant, n (%) 163 (78) … …

KCNH2 variant, n (%) 45 (22) … …

Resting HR, mean (SD), 
bpm

68 (13) 73 (14) <0.001*

Resting QTc, mean (SD), 
ms

461 (43) 407 (33) <0.001*

β-Blocker use, n (%) 87 (40) … …

Symptomatic at baseline, 
n (%)

80 (38) … …

Syncope 39

Chest pain 19

Cardiac arrest 5

Palpitations 23

Presyncope 17

BPM indicates beats per minute; HR, heart rate; LP, likely pathogenic; 
LQTS, long-QT syndrome; and QTc, corrected QT interval.

*Adjusted for age, sex, and familial relatedness.
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value of 440  milliseconds and a specificity of 0.76, 
whereas female patients had an optimal cutoff value 
of 450 milliseconds and a specificity of 0.88. For male 
patients the positive and negative predictive values 
were 0.67 and 0.86, respectively. For female patients 
the positive and negative predictive values were 0.79 
and 0.84, respectively. AUC was higher in female than 
in male patients across all stages by a mean difference 
of 0.10±0.02, but this was only statistically greater for 
the 1-minute recovery QTc (P=0.002). Additional sensi-
tivity values corresponding with 0.80, 0.90, 0.95, and 
0.99 specificity are shown in Table S7. In step 2, all val-
ues (100%) >480  milliseconds16 represented patients 
with LQTS; however, 62% of carriers in step 2 had a 
4-minute recovery QTc <480 milliseconds.

LQTS Subtypes and QTc Changes With 
Exercise

Patients with a probable LQTS diagnosis based 
on either an abnormal supine QTc (n=53) or a 
normal-to-borderline supine QTc with an abnormal 
4-minute recovery QTc (n=130) were included in 
further analysis for LQTS subtype (n=183). Figure 4 
shows the QTc at various stages of treadmill test-
ing, stratified by genotype. There were no signifi-
cant differences (P=not significant) in QTc between 
LQTS1 and LQTS2 at rest and 4 minutes into re-
covery, whereas there were significant differences 
in standing (P=0.04), peak exercise (P<0.001), and 
1-minute recovery (P<0.001) QTc.

Figure 1.  Frequencies of resting corrected QT interval (QTc) classification by sex and carrier 
status.
Male patients: normal QTc <440  milliseconds; borderline QTc as 440 to 470  milliseconds; abnormal 
QTc >470  milliseconds. Female patients: normal QTc <450  milliseconds; borderline QTc as 450 to 
480 milliseconds; abnormal QTc >480 milliseconds. LP indicates likely pathogenic; and P, pathogenic.
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Peak exercise and 1-minute recovery QTc in male pa-
tients had comparable performance (AUC, 0.71 versus 
0.70), whereas the 1-minute recovery QTc clearly had the 
greatest utility in female patients (AUC, 0.82; Table 3). The 

1-minute recovery QTc can be reasonably applied for 
both sexes as the final step of the algorithm to differen-
tiate subtype; the optimal cutoff value was 435 millisec-
onds for male patients and 455 milliseconds for female 

Figure 2.  Receiver operating characteristic curve for exercise treadmill test stages (standing, peak exercise, 1-minute 
recovery, and 4-minute recovery).
See Table S2 for the raw data of this figure. Adjusted for age and familial relatedness. AUC indicates area under the curve; and QTc, 
corrected QT interval.



J Am Heart Assoc. 2022;11:e025108. DOI: 10.1161/JAHA.121.025108� 7

Yee et al� Sex Differences and Utility of Treadmill Testing in LQTS

patients. The sex-stratified cutoff values were not statis-
tically better than the published cutoff values (Table S8).

The utility of the algorithm by genotype was com-
pared using the newly established sex-stratified cutoff 
values (Table 4). There were no statistically significant 
differences seen between LQTS1 versus LQTS2 in 
male and female patients.

Variant Site
There were a total of 163 carriers with KCNQ1 variants 
and 45 carriers with KCNH2 variants. Within KCNQ1, 
there were 11 (7%) patients with variants in the p.A341-
neighboring region, compared with 152 (93%). No sta-
tistical differences were seen in the p.A341-neighboring 
and non–p.341-neighboring variant sites at any stage 
of treadmill testing (P=not significant; Table S9). Within 
KCNH2, there were 11 (24%) patients with variants in 

the pore region, compared with 34 (75%) in a nonpore 
region. There were no differences seen in pore ver-
sus nonpore regions across the exercise test stages 
(P=not significant; Table S10).

β Blockade
The heart rates of carriers were significantly different 
comparing before and on β blockade at all stages of 
exercise testing (P<0.001; Table  S11). The QTc was 
lower after blockade than before blockade at rest and 
standing stages (P=0.001 and P=0.01, respectively), 
but there were no statistically significant differences 
before and after β blockade in carriers in the subse-
quent stages (P=not significant).

DISCUSSION
Our study shows that a sex-specific approach to in-
terpretation of exercise testing should be used when 
assessing for LQTS and adds additional insight into the 
2 most common genotypic causes.

QTc Changes With Exercise
The QTc of carriers remained longer at all stages of ex-
ercise testing compared with noncarriers, despite the 
inclusion of milder LQTS phenotypes. The 4-minute re-
covery had the best predictive utility for carrier status in 
both sexes. Sy et al11 had previously identified 445 mil-
liseconds as the optimal cutoff value for both sexes at 
the 4-minute recovery stage, and the Schwartz score 
was revised16 to include the 4-minute recovery QTc 
as 1 criterion point, but with a higher specificity and 
cutoff value of 480 milliseconds. Given the normal-to-
borderline phenotype that is prevalent in the general 
population with LQTS, there may be reduced utility in 

Table 2.  QTc and HR at Various Stages of Treadmill 
Testing in Carriers and Noncarriers

Variable
Carriers 
(N=208)

Noncarriers 
(N=215) P value*

Resting QTc, ms 461 (44) 407 (33) <0.001

Resting HR, bpm 71 (13) 73 (14) 0.06

Standing QTc, ms 478 (52) 430 (51) <0.001

Standing HR, bpm 82 (16) 88 (22) 0.004

Peak exercise QTc, ms 480 (76) 431 (61) <0.001

Peak exercise HR, bpm 155 (25) 171 (21) <0.001

Min 1 recovery QTc, ms 474 (65) 409 (43) <0.001

Min 1 recovery HR, bpm 123 (24) 130 (22) <0.001

Min 4 recovery QTc, ms 488 (65) 427 (35) <0.001

Min 4 recovery HR, bpm 92 (20) 97 (14) <0.001

Data are given as mean (SD). BPM indicates beats per minute; HR, heart 
rate; and QTc, corrected QT interval.

*Adjusted for age, sex, familial relatedness, and multiple comparisons.

Figure 3.  Corrected QT interval (QTc) values during exercise and recovery in long-QT syndrome (LQTS) 1 and LQTS2.
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increasing specificity with a higher cutoff value to iden-
tify cases, and this further underscores the importance 
of genetic testing as the gold standard for diagnosis. 
Schwartz and Crotti suggested that the algorithm has 
the greatest utility in probands at initial presentation, 
where LQTS-based genetic testing is not yet offered 
or available.16 Our current study includes both LQTS 
probands and FDR carriers, and the algorithm shows 

value for both populations. However, because of the 
inclusion of an LQTS patient population representing a 
broad and not just a high-risk phenotype, the predic-
tive utility of the algorithm was somewhat lower overall. 
The resting QTc was insensitive for identifying LQTS 
in the current population. The phenotypic ambiguity 
(normal-to-borderline resting QTc) was substantially 
greater in our cohort than the 52% previously reported 

Figure 4.  Revised algorithm.
LQTS indicates long-QT syndrome; and QTc, corrected QT interval.

Table 3.  Prediction of Subtype (LQTS1 vs LQTS2)

Variable

Male patients (N=78) Female patients (N=111)

P valueAUC Cutoff, ms Specificity Sensitivity PPV NPV AUC Cutoff, ms Specificity Sensitivity PPV NPV

Peak 
exercise 
QTc

0.71 435 0.53 0.80 0.46 0.74 0.72 460 0.63 0.76 0.65 0.80 0.82

1-Min 
recovery 
QTc

0.70 435 0.44 0.76 0.80 0.39 0.82 455 0.91 0.75 0.95 0.49 0.15

Total N=189. Modeling adjusted for familial relatedness, and P values corrected for multiple comparisons. AUC indicates area under the curve; LQTS, long-QT 
syndrome; NPV, negative predictive value; PPV, positive predictive value; and QTc, corrected QT interval.
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by Sy et al.11 This further compounds the challenge 
of detecting LQTS in the general population when the 
majority have frank overlap with normal and borderline 
cases. Population screening would thus determine that 
the vast majority of these individuals are unaffected. 
Exercise testing would enhance latent LQTS detec-
tion, but choosing specific cutoffs will fail to identify a 
substantial proportion of the low-risk carriers whose 
QTs cannot be provoked to prolong into the overtly 
abnormal range. The algorithm performed similarly in 
patients with LQTS without an overtly prolonged rest-
ing QTc, demonstrated in Table S12.

Sex-Specific QTc Changes With Exercise
Although the AUC remained numerically higher in female 
than male patients there was a modest difference in pre-
dictive utility by sex. We also found that the stages of the 
algorithm provided good discrimination even when used 
in a population with more ambiguity, as the 4-minute 
recovery QTc had the highest predictive value for both 
male and female patients and the 1-minute recovery 
QTc had the highest predictive value for LQTS subtype 
in female patients but not male patients. As expected, 
optimal cutoff values were higher in female than in male 
patients across all stages.

Sex-Specific Considerations in LQTS 
Subtypes
Although the 1-minute recovery QTc had the best 
predictive value for subtype differentiation in our 
female patients with LQTS, there was more uncer-
tainty in male patients where peak exercise and 
1-minute recovery QTc values yielded similar AUC 
values in predicting subtype. Ultimately, we selected 
the 1-minute recovery QTc for male patients for con-
sistency, ease of measurement, and the negligible 
differences when compared with the peak exercise 
QTc. In female patients the 1-minute recovery QTc 
had a clear best predictive value of subtype. For 

patients with LQTS1, there was an evident increase 
in QTc from rest to peak exercise, and in patients 
with LQTS2, the QTc normalized at peak exercise. 
The differential QT response by genotype after exer-
cise was described by Chattha et al in 2010,28 high-
lighting the 1-minute recovery period where patients 
with LQTS1 had a significantly longer 1-minute re-
covery QTc compared with their counterparts with 
LQTS2.

Horner et al reported findings consistent with Wong 
et al and Sy et al, while noting several discrepan-
cies; they reported that patients with LQTS1 had an 
unchanged or marginally increased QTc from rest to 
peak exercise, whereas patients with LQTS2 had a de-
creased QTc from rest to peak exercise.15 They also 
found no major differences in QTc in the recovery when 
adjusted for sex and age of presentation. Notably, their 
cohort with LQTS had a mean age of 25±14 years, 
which is substantially younger than our cohort, as well 
as the previous cohorts by Sy et al. As well, the short-
ening of the QT in male patients and lengthening of 
the QT in female patients only occurs after puberty,12 
and the inclusion of more pediatric and prepubertal 
patients in the cohort of Horner et al may have less-
ened the effects of sex hormones and contributed to 
the discrepancy in findings between cohorts.

Variant Sites
Our present study did not find differences in QTc be-
tween KCNQ1 p.A341-neighboring and other variants 
at any treadmill testing stage. Recently, in a multicenter 
cohort of >1300 patients with LQTS, Schwartz et al24 
identified missense p.A341V and the neighboring mu-
tations to be of greatest risk. We suspect that differ-
ences may not have been evident given the limited 
number of participants with these high-risk variants 
available for analysis. However, the number was pro-
portional to the cohort of Schwartz et al, where 7% of 
patients had a missense p.A346-neighboring variant. 

Table 4.  Utility of Steps 1 and 2 in LQTS1 vs LQTS2

Variable

LQTS1 (n=163) LQTS2 (n=45)

P valueAUC Cutoff, ms Specificity Sensitivity PPV NPV AUC Cutoff, ms Specificity Sensitivity PPV NPV

Resting

Male 
patients

0.80 470 0.99 0.17 1 0.65 0.88 470 0.99 0.43 1 0.89 0.08

Female 
patients

0.87 480 0.99 0.27 1 0.62 0.81 480 0.99 0.29 1 0.87 0.32

4-Min recovery

Male 
patients

0.83 442 0.79 0.76 0.62 0.87 0.82 442 0.80 0.76 0.47 0.94 0.87

Female 
patients

0.90 451 0.82 0.88 0.75 0.88 0.87 451 0.76 0.86 0.24 0.97 0.36

Modeling adjusted for age and familial relatedness, and P values corrected for multiple comparisons. P values compare male patients vs female patients. 
AUC indicates area under the curve; LQTS, long-QT syndrome; NPV, negative predictive value; and PPV, positive predictive value.
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Sex differences in variant sites have been previously 
highlighted29; however, given the limited number of 
participants with the variants of interest, a sex-specific 
analysis was not performed.

Clinical Application of the Algorithm
The 3-step screening algorithm is a feasible and simple 
method for diagnosing LQTS. There is further utility in 
identifying LQTS1 and LQTS2 where the patient prefer-
ence is not to undergo genetic testing, genetic testing 
is not immediately accessible, where cost is a limita-
tion, or while awaiting results. The algorithm would 
allow for the detection of LQTS2 as early as possible, 
allowing for the immediate administration of β block-
ers in the morning and in the evening.30 There is also 
additional utility where the patient may have a normal 
QTc, and genetic testing identifies variants of unknown 
significance in KCNQ1 or KCNH2, but the 4-minute 
recovery QTc would help to inform whether the vari-
ant of unknown significance is more likely pathogenic 
or benign. Ultimately, the algorithm was not designed 
to direct genetic testing, but rather inform clinical evi-
dence of LQTS, and aid in the uncommon environment 
where genetic testing is unavailable or difficult to ac-
cess. Genetic testing remains a key tool in the diagno-
sis of LQTS, as even patients in whom the algorithm 
showed best performance, it was still far from perfect.

The clinical utility of the algorithm can be best illus-
trated with the following example. A 23-year-old woman 
on anti-anxiety medication presents with a borderline 
QTc of 468  milliseconds, which remains unchanged 
off medication. She has no family history suggestive of 
LQTS. It is nearly certain that she is unaffected; how-
ever, proceeding to step 2 of the algorithm confirms 
that she is an unaffected noncarrier, given her 4-minute 
recovery QTc is within the normal range at 438 millisec-
onds. On the other hand, an asymptomatic 21-year-old 
woman who is an FDR of an LQTS proband presented 
with a borderline QTc of 461 milliseconds. She also pro-
ceeded to step 2 of the algorithm, where her 4-minute 
recovery QTc was prolonged at 478 milliseconds. This 
patient was asked to avoid QT-prolonging medications 
and initiate β blockers, while pending genetic testing, 
which eventually revealed a pathogenic KCNQ1 variant 
(see Figure S2 for stress test strips).

Directions for Future Research
There remains a gap in knowledge surrounding the 
application of the algorithm in uncommon LQTS sub-
types, races and ethnicities other than of European 
descent, and gene-negative patients with LQTS with a 
diagnosis based on the Schwartz score. Future large-
scale assessment to capture more diverse genotypes 
and races and ethnicities would be helpful to further 
explore sex differences in stratification. The use of the 

treadmill testing and the algorithm should be examined 
in the pediatric population specifically.

Limitations
Carriers were restricted to KCNQ1 and KCNH2 vari-
ants, limiting the generalizability of the results of this 
study to other LQTS subtypes. Furthermore, capturing 
a more diverse ethnic population would strengthen the 
generalizability of the findings of this study, which has 
previously been highlighted.31,32 Our control group in-
cluded FDRs who were not evaluated in the context of 
familial LQTS and therefore did not have negative ge-
netic tests for LQTS-related variants. Therefore, there 
remains a small chance that they are affected; how-
ever, the exclusion of these FDRs would have ham-
pered the number of controls eligible, and an analysis 
including only LQTS variant-negative FDRs yielded 
comparable results (data not shown). The algorithm 
targets patients with LQTS at initial diagnosis, and β 
blockade would follow. Treatment was subsequently 
recommended on the basis of clinical presentation, 
severity of phenotype, and family context. Patients on 
β blockade at the time of their treadmill test were not 
excluded, but like the cohort of Sy et al, a subanalysis 
of β-blocker naïve patients demonstrated similar per-
formance (Table  S13). The measurement of the QTc 
value at peak exercise remains a challenge, regardless 
of experience, as it is often difficult to identify the return 
to baseline of the T wave. Similarly, the cutoff values 
between male and female patients were within a few 
milliseconds, which has practical challenges given that 
accurate identification and calculation remains a chal-
lenge, even among cardiologists.33

CONCLUSIONS
The current study demonstrates that sex-specific cut-
off values should be applied to accurately diagnose 
LQTS and related prediction of the 2 major genotypes 
in postpubertal patients. The screening algorithm 
is a valid and simple method for identifying LQTS in 
probands and FDR carriers in whom phenotypic ambi-
guity is common.
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Table S1. KCNQ1 and KCNH2 LP/P Variants  
 
KCNQ1 Variant N (%) 
Total 164 (100) 
   c.403delG   1 (0.6)  
   Ala178Thr  1 (0.6)  
   Ala341Glu  9 (5.5)  
   Ala344Ala  1 (0.6)  
   Ala344Val  1 (0.6)  
   Arg174Leu  1 (0.6)  
   Arg190Gln  2 (1.2)  
   Arg195Pro  1 (0.6)  
   Arg231Cys  1 (0.6)  
   Arg243Cys  1 (0.6)  
   Arg259Cys  7 (4.3)  
   Arg366Trp  3 (1.8)  
   Arg518*  6 (3.7)  
   Arg555Gly  1 (0.6)  
   Arg555His  5 (3.0)  
   Arg591Cys  1 (0.6)  
   Arg591His 14 (8.5)  
   Arg594Gln  2 (1.2)  
   c.387-5T>A  3 (1.8)  
   c.477+1G>A   1 (0.6)  
   c.477+5 G>A  4 (2.4)  
   Gln505Ter  1 (0.6)  
   Gln530Ter  3 (1.8)  
   Glu284Lys  2 (1.2)  
   Glu284Ter  1 (0.6)  
   Glu449Argfs*14  1 (0.6)  
   Gly168Arg  4 (7.8)  
   Gly179Ser  1 (0.6)  
   Gly269Ser  2 (1.2)  
   Gly325Arg  4 (2.4)  
   Gly325Glu  2 (1.2)  
   Gly589Asp  3 (1.8)  
   Ile567Thr  1 (0.6)  
   Leu203Pro  4 (2.4)  
   Leu266Pro 10 (6.1)  
   Leu342Phe  1 (0.6)  
   Lys13Ter  2 (1.2)  
   Lys362Arg  5 (3.0)  
   Met159Ile  1 (0.6)  
   Pro343Leu  1 (0.6)  
   Ser225Leu  1 (0.6)  



   Ser277Pro  1 (0.6)  
   Ser546Leu  2 (1.2)  
   Ser566Phe  3 (1.8)  
   Trp305Leu  3 (1.8)  
   Tyr111Cys  2 (1.2)  
   Tyr125Asn  2 (1.2)  
   Tyr315Cys  1 (0.6)  
   Val205Met 31 (18.9)  
   Val254Met  2 (1.2) 
KCNH2 Variant N (%) 
Total 51 (100) 
   Ala614Val 1 (2.0)  
   Arg100Trp 1 (2.0)  
   Arg176Trp 3 (5.9)  
   Arg366* 1 (2.0)  
   Arg534Cys 1 (2.0)  
   Arg582Cys 1 (2.0)  
   Arg784Trp 1 (2.0)  
   Arg823Trp 1 (2.0)  
   Asn633Ser 1 (2.0)  
   Asp259Argfs*73 1 (2.0)  
   Asp501Gly 1 (2.0)  
   c.234_241delTGCCGCGC 2 (3.9)  
   c.331_337dupGATGTGG 1 (2.0)  
   c.744dupC 1 (2.0)  
   c.925delC 2 (3.9)  
   Cys984Ter 2 (3.9)  
   Gln376Gln 1 (2.0)  
   Glu929GlyfsTer11 5 (9.8)  
   Gly1036Alafs*21 4 (7.8)  
   Gly1036Alafs*22 1 (2.0)  
   Gly47Asp 1 (2.0)  
   Gly584Ser 5 (9.8)  
   Gly601Ser 1 (2.0)  
   His562Arg 1 (2.0)  
   Leu559Phe 1 (2.0)  
   Ser182* 1 (2.0)  
   Ser818Leu 1 (2.0)  
   Thr613Met 1 (2.0)  
   Tyr43Cys 1 (2.0)  
   Val822Leu 1 (2.0) 

 
LP indicates Likely-Pathogenic; P, pathogenic  

 
  



Table S2. QT Correction for Variant Carriers Using Other Formulas 
 

 Framingham Fredericia Hodges 
Resting QTc (mean, SD) 433 (51) 447 (41) 446 (41) 
Standing QTc (mean, SD) 418 (52) 451 (43) 449 (41) 
Peak Exercise QTc (mean, SD) 308 (55) 411 (60) 460 (43) 
1-Minute Recovery QTc (mean, SD)  348 (59) 426 (57) 443 (44) 
4-Minute Recovery QTc (mean, SD) 410 (63) 458 (57) 457 (47) 

 QTc indicates corrected QT interval 
QTc is expressed in ms (milliseconds) 

  



Table S3. Normative Treadmill Testing QTc in Non-Carriers 
 

 95th percentile 98th percentile 
Males Females Males Females 

Supine QTc  455 456 465 470 
Standing QTc 479 495 503 519 
Peak Exercise QTc  519 519 557 551 
1-Minute Recovery QTc 473 495 493 564 
4-Minute Recovery QTc 469 480 531 495 

 QTc indicates corrected QT interval 
QTc is expressed in ms (milliseconds) 

  



Table S4. QTc and HR in Pre-Pubescent vs. Post-Pubescent LQTS Patients 
 

 Pre-Pubescent 
LQTS (N=44) 

Post-Pubescent 
LQTS (N=164) 

p-value* 

Male (n, %)   22 (50)   65 (40)  
Female (n, %)   22 (50)   99 (60)  
Resting QTc (mean, SD) 447 (35) 456 (44) 0.14 
Standing QTc (mean, SD) 463 (44) 470 (46) 0.42 
Peak Exercise QTc (mean, SD) 476 (74) 474 (63) 0.71 
1-Min Recovery QTc (mean, SD) 456 (47) 476 (62) 0.08 
4- Min Recovery QTc (mean, SD) 464 (25) 491 (60) <0.001 

 QTc indicates corrected QT interval; HR, heart rate 
QTc is expressed in ms (milliseconds); HR is expressed in bpm (beats per minute) 
*Adjusted for familial relatedness and multiple comparisons 
 

 
  



Table S5. QT and HR in Symptomatic vs. Asymptomatic Patients 
 Symptomatic Patients 

(N=80) 
Asymptomatic 
Patients (N=128) 

p-value* 

Resting QTc 462 (52) 450 (33) 0.20 
Resting HR 66 (12) 68 (14) 0.28 
Standing QTc 472 (54) 467 (38) 0.64 
Standing HR 73 (16) 79 (15) 0.05 
Peak Exercise QTc 478 (89) 475 (46) 0.08 
Peak Exercise HR 144 (27) 148 (25) 0.29 
Min-1 Recovery QTc 477 (69) 469 (52) 0.80 
Min-1 Recovery HR 113 (23) 116 (26) 0.46 
Min-4 Recovery QTc 498 (64) 477 (50) 0.02 
Min-4 Recovery HR 84 (14) 89 (21) 0.07 

QTc indicates corrected QT interval; HR, heart rate  
QTc is expressed in ms (milliseconds); HR is expressed in bpm (beats per minute) 
*Adjusted for familial relatedness and multiple comparisons 
 

  



 
Table S6. Predictive Utility of Exercise ECG Characteristics* 
 

 Males (N=168) Females (N=208)   P-value 
 AUC Cutoff 

(ms) 
Specificity Sensitivity PPV NPV AUC Cutoff 

(ms) 
Specificity Sensitivity PPV NPV  

Resting 0.82 470 0.99 0.22 1 0.60 0.84 480 0.96 0.27 1 0.55 0.32 
Standing 0.69 417 0.51 0.81 0.50 0.79 0.76 433 0.61 0.81 0.62 0.81 0.17 
Peak 
Exercise 

0.66 416 0.37 0.81 0.47 0.74 0.78 431 0.64 0.81 0.64 0.81 0.06 

1-Min 
Recovery 

0.77 410 0.56 0.81 0.57 0.81 0.85 427 0.79 0.81 0.76 0.84 0.002 

4-Min 
Recovery 

0.82 442 0.76 0.81 0.67 0.86 0.9 452 0.87 0.81 0.79 0.84 0.22 

 AUC indicates area under the curve; QTc, corrected QT interval; PPV, positive predictive 
value; NPV, negative predictive value; p-values compare males vs. females 

*Modelling adjusted for age and familial relatedness, and p-values corrected for multiple 
comparisons 
 
  



Table S7. Cut off Values for 4-Minute Recovery QTc at Higher Specificities 
 
Specificity Sex Cutoff (ms) Sensitivity PPV NPV 

0.80 Males 445 0.86 0.73 0.85 
Females 450 0.82 0.79 0.84 

0.90 Males 460 0.67 0.80 0.76 
Females 463 0.60 0.85 0.76 

0.95 Males 475 0.41 0.87 0.72 
Females 482 0.36 0.95 0.65 

0.99 Males 586 0.02 1 0.61 
Females 563 0.02 1 0.55 

 PPV indicates positive predictive value; NPV, negative predictive value; PPV, positive 
predictive value; NPV, negative predictive value; QTc, corrected QT interval 
  



Table S8. Applied Cut-Off Values from Original Algorithm* 
 

  Cut-Off AUC Sensitivity Specificity PPV NPV P-value 
Step 1 
(Resting QTc) 

Males 470 0.82 0.22 0.99 1 0.60 - 
Females 480 0.84 0.27 0.96 1 0.55 - 

Step 2 (4-Min 
Recovery QTc) 

Males 445 0.81 0.77 0.80 0.71 0.85 0.45 

Females 0.87 0.86 0.76 0.74 0.88 0.77 
Step 3 (1-Min 
Recovery QTc) 

Males 460 0.70 0.61 0.63 0.82 0.36 0.34 
Females 0.85 0.76 0.97 0.98 0.46 1 

PPV indicates positive predictive value; NPV, negative predictive value; AUC, area 
under the curve; QTc, corrected QT interval; p-value compares the predictive value of the 
original cut off values vs. newly proposed sex-stratified cut off values 

*Modelling adjusted for age and familial relatedness, and p-values corrected for multiple 
comparisons 

 
  



Table S9. p.A341-neighbouring vs. other variant-sites in LQTS1 
 
 p.A341-

Neighbouring 
Non-p.A341-
Neighbouring 

P-value* 

N 11 152  
 Males  5  61   
 Females  6 91   
Resting QTc (mean, SD) 448 (34) 453 (43) 0.57 
Standing QTc (mean, SD) 474 (42) 466 (47) 0.57 
Peak Exercise QTc (mean, SD) 497 (37) 483 (66) 0.09 
1-Min Recovery QTc (mean, SD) 488 (37) 482 (61) 0.60 
4-Min Recovery QTc (mean, SD) 461 (17) 486 (61) 0.10 

 QTc indicates corrected QT interval; QTc is expressed in ms (milliseconds) 
 *Adjusted for familial relatedness and corrected for multiple comparisons 

 
 
 
 
  



Table S10. Pore vs. non-pore variant site in LQTS2 
 
 Pore Non-pore P-value* 
N 11 34  
 Males 8 13  
 Females 3 21  
Resting QTc (mean, SD) 460 (32) 458 (45) 0.65 
Standing QTc (mean, SD) 473 (32) 479 (39) 0.67 
Peak Exercise QTc (mean, SD) 442 (63) 448 (53) 0.67 
1-Min Recovery QTc (mean, SD) 442 (38) 432 (35) 0.21 
4-Min Recovery QTc (mean, SD) 491 (32) 491 (41) 0.26 

 QTc indicates corrected QT interval; QTc is expressed in ms (milliseconds) 
 *Adjusted for familial relatedness and corrected for multiple comparisons 
 
 
  



Table S11. Pre- and Post-Beta Blockade QTc and HR at Various Stages of Treadmill 
Testing in Carriers 
 
 Carriers P-value* 
 Pre-BB (N=122) Post-BB (N=129)  
Resting QTc (mean, SD) 461 (45) 449 (37) 0.001 
Resting HR (mean, SD) 71 (13) 62 (11) <0.001 
Standing QTc (mean, SD) 478 (52) 462 (38) 0.01 
Standing HR (mean, SD) 82 (16) 72 (14) <0.001 
Peak Exercise QTc (mean, SD) 480 (76) 468 (47) 0.20 
Peak Exercise HR (mean, SD) 155 (25) 138 (23) <0.001 
Min 1 Recovery QTc (mean, SD) 474 (65) 471 (49) 0.18 
Min 1 Recovery HR (mean, SD) 123 (24) 105 (22) <0.001 
Min 4 Recovery QTc (mean, SD) 488 (65) 484 (42) 0.10 
Min 4 Recovery HR (mean, SD) 92 (20) 80 (14) <0.001 

 BB indicates beta blockade, QTc, corrected QT interval, HR, heart rate 
 QTc is expressed in ms (milliseconds); HR is expressed in bpm (beats per minute) 
 *Corrected for multiple comparisons 
 
  



Table S12. Utility of Step 2 and 3 in Male Patients with a Resting QTc < 470ms and in 
Female Patients with a Resting QTc < 480ms* 
 

 Males (N=68) Females (N=89) 
 AUC Specificity Sensitivity PPV NPV AUC Specificity Sensitivity PPV NPV 
4-Min 
Recovery 
QTc 

0.82 0.75 0.80 0.66 0.85 0.87 0.83 0.80 0.79 0.84 

1-Min 
Recovery 
QTc 

0.69 0.38 0.71 0.84 0.21 0.87 0.83 0.75 0.95 0.42 

AUC indicates area under the curve; PPV, positive predictive value; NPV, negative 
predictive value; CI, confidence interval; QTc, corrected QT 
*Adjusted for age and familial relatedness, and p-values corrected for multiple 
comparisons 
 



Table S13. Performance of the Algorithm in Beta-Blocker Naïve Patients* 
 

 Males (N=56) Females (N=66) 
 AUC Specificity Sensitivity PPV NPV AUC Specificity Sensitivity PPV NPV 
Resting 
QTc 

0.84 0.99 0.25 1 0.71 0.89 0.99 0.30 1 0.71 

4-Min 
Recovery 
QTc 

0.85 0.74 0.82 0.56 0.91 0.85 0.85 0.74 0.67 0.89 

1-Min 
Recovery 
QTc 

0.74 0,74 0.71 0.90 0.44 0.68 0.69 0.65 0.93 0.23 

AUC indicates area under the curve; PPV, positive predictive value; NPV, negative 
predictive value; CI, confidence interval; QTc, corrected QT 
*Adjusted for age and familial relatedness, and p-values corrected for multiple 
comparisons 
 

 
 



Figure S1. Density Plot of Resting QTc 
 

 
  

QTc indicates corrected QT interval 
  



Figure S2. Clinical Application of the Algorithm 
 

Resting 

   
 

4-Minute Recovery  

  
 
Resting and 4-Minute Recovery strips (Lead II & V5) in an asymptomatic 21-year-old woman 
with a family history of LQTS who presented with a borderline QT interval of 461ms. The 
treadmill test showed prolongation of the QT in the 4-minute recovery period at 478ms. 
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