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ABSTRACT

BACKGROUND Young people taking beta-blockers for long QT syndrome (LQTS) have concerns about exercise
performance.

OBJECTIVES This study sought to determine whether objective measures of cardiopulmonary fitness are influenced by
beta-blocker dose in LQTS.

METHODS In a retrospective chart review of treadmill cardiopulmonary exercise tests (CPETs), we measured peak
oxygen consumption (Vo,), respiratory exchange ratio (RER), blood pressure, and percent predicted heart rate at peak
exertion (%PHR), each analyzed with a linear mixed-effects model. We analyzed nadolol data (noncardioselective) as
our primary analysis, then analyzed a validation cohort of atenolol data (cardioselective).

RESULTS We evaluated 220 CPETs in 93 patients with LQTS. The mean age at first CPET was 12 + 3.9 years.

In multivariable analysis, %PHR decreased by 13% for every 1 mg/kg/d increase in beta-blocker dose, demonstrating
physiologic beta-blocker effects. However, we identified no correlation between nadolol dose and measures of
cardiopulmonary fitness. Neither peak Vo, nor peak RER was correlated with nadolol dose. Only mild blood pressure
changes were observed (<9 mm Hg decrease at peak exertion per 1 mg/kg increase in nadolol dose). Increased atenolol
dose was also associated with stable peak Vo, and peak RER.

CONCLUSIONS In children with LQTS, we did not observe any relationship between higher nadolol doses and
objective measures of effort (peak RER) or cardiopulmonary fitness (peak Vo), despite a linear dose-response
between nadolol dose and %PHR. These results suggest that treatment with nadolol for LQTS does not affect
most patients' peak exercise performance. These data were validated in patients from an earlier era who had been
prescribed atenolol. (JACC Clin Electrophysiol. 2026;m:m-m) © 2026 by the American College of Cardiology
Foundation.
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ABBREVIATIONS
AND ACRONYMS

CPET = cardiopulmonary
exercise test

LQTS = long QT syndrome

RER = respiratory exchange
ratio

Vo, = oxygen consumption

%PHR = percent predicted
heart rate at peak exertion

he hallmark of long QT syndrome

(LQTS) is a prolonged QT interval

on electrocardiogram and an incre-

ased risk for ventricular arrhythmias, syn-

cope, and sudden death. Beta-adrenergic

receptor antagonists (beta-blockers) are
first-line therapy for LQTS.'

Sports performance is an important issue

for patients and families. This is increasingly

apparent in the LQTS community as more

patients participate in competitive sports.>>
Some young patients report decreased sports per-
formance while taking beta-blockers. The role of
beta-blocker on LQTS patients’ sports performance
has been questioned in these situations. To address
this question, we used two widely collected, objec-
tive markers of cardiopulmonary performance.
First, maximal oxygen consumption (peak Vo,) is
the highest rate at which an athlete can consume
oxygen in cellular metabolism. It is a traditional
metric of cardiopulmonary fitness. Second, the
peak respiratory exchange ratio (RER) measures the
highest ratio of carbon dioxide exhaled against
the consumption of oxygen. Higher RERs are an
objective proxy for a patient’s drive to maximal
exercise intensity. We also studied a third variable,
blood pressure at rest and with exercise. While
peak blood pressure does not typically affect
exercise performance, it represents an additional
potential side effect of beta-blocker therapy for
LQTS patients.

We used the relationship between beta-blocker
dose and peak heart rate as a positive control vari-
able to demonstrate that patients were receiving
sufficient doses of beta-blocker to influence their
exercise physiology. There are insufficient data to
establish that a specific target heart rate on beta-
blockers is protective against mortality. However, in
the last 25 years, opinions have coalesced around a
reduction of 15% to 20% in peak heart rate. In the
early 2000s, French investigators were hospitalizing
patients to bring their peak heart rates below a
“maximum accepted value for age” on exercise test,
without stipulating a specific value.* By 2008, the
group at Children’s Hospital of Philadelphia pub-
lished that “our practice is to obtain an approxi-
mately 20% reduction in maximum heart rate.”> That
recommendation was still current in 2022, when
Krahn et al® wrote “the authors aim for heart rate
blunting of 15% to 20%” and in 2025, when El Assaad
et al’” reported that “adequate beta blockade was
determined as a reduction of at least 15% to 20% from
the predicted maximal heart rate.” Other LQTS as-
sessments based on heart rate exist.®
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The primary objective of our study was to analyze
cardiopulmonary exercise capacity (peak Vo,) and
exercise effort (peak RER) in patients with LQTS on
varying doses of nadolol.

METHODS

Patients with a diagnosis of LQTS who performed a
CPET between October 2003 and April 2021 at a single
center were identified by retrospective review. This
time interval was chosen because it corresponded
to an era with a single, consistent data collection
schema in the CPET laboratory. Each LQTS diagnosis
was independently verified by chart review,
including expert review of electrocardiograms and
testing. Drug doses and medication adherence data
were obtained from retrospective review of exercise
stress test reports, clinical notes, and pharmacy dis-
pensary information (Supplemental Methods). We
tabulated all CPETs in patients with LQTS including
those for whom no beta-blocker was prescribed
(typically during the diagnostic phase of LQTS).

Nadolol has been the primary drug of choice for
LQTS in our center since the determination that
noncardioselective beta-blockers were superior for
treatment of LQTS and was used for primary analysis.
However, a cardioselective beta-blocker (atenolol)
had been prescribed for LQTS patients in our center
before 2012, and so we evaluated the retrospective
data for patients on atenolol as a validation cohort.
Therefore, we established two cohorts, each with
clinical LQTS, but with different beta-blocker pre-
scription strategies, in order to assess whether our
findings were generalizable beyond just nadolol.

Genotype was determined by clinical genetic
testing, as recorded in our centralized genotype
database (Progeny Genetics v11.3.4.0). All variants
were reclassified for this project using guideline-
based methodology.°®

CPETs were performed with a Bruce protocol,
consisting of up to 7 progressive 3-minute exercise
stages on a treadmill. Continuous exhaled gas anal-
ysis determined Vo, and RER using standard meth-
odology. For each CPET, the percent predicted heart
rate at peak exertion (%PHR) was our primary heart
rate measure:'°

%PHR — 100 (Peak heart rate achieved [bpm]>

220 — age [years]

Dose response for %PHR was evaluated using a
linear mixed-effects model. In this model, %PHR was
the response variable, nadolol dose (in mg/kg/d) was
a fixed effect, and unique patient identifier was a
random effect. The coefficient of nadolol dose in this
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TABLE 1 Demographics

LQTS Patients

Characteristic (n =93)
Age (first CPET), y 13.6 + 3.9
Age (all CPETs), y 15.2 +£ 3.9

Weight (first CPET), kg
Height (first CPET), cm

50.0 (34.0-61.5)
155.5 (140.0-167.0)

Female 52 (54)

Number of CPETs 2(1-3)

Genotype-positive 63 (68)
KCNQT 42 (45)
KCNH2 18 (19)
SCN5A 1(Q)
Other 2(2)

Values are mean + SD, median (Q1-Q3), or n (%).
CPET = cardiopulmonary exercise test; LQTS = long QT syndrome.

model was used to quantify the dose response (the
coefficient is the slope of the dose-response curve).
This coefficient represents a cohort-average dose
response and should not be interpreted as a within-
subject effect of nadolol treatment. Similar analyses
were performed to evaluate dose response for peak
RER, Vo,, and systolic and diastolic blood pressure.
In part because some additional variables could not
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be reduced to simple covariates, sensitivity analysis
was performed using the same multivariable model
technique in subgroups that were defined by medi-
cation adherence, RER threshold =1.1 (traditionally
associated with maximum exertion), and a single
genotype analysis (pathogenic or likely pathogenic
variants in KCNQ1). All models were fit using the
Ime4 package in R version 4.2.3 (R Foundation for
Statistical Computing)."

Human subjects exemption was provided by Lurie
Children’s Institutional Review Board.

RESULTS

STUDY POPULATION. During the study period,
93 patients with LQTS completed 220 clinical CPETs
on a treadmill. Slightly more than half of patients
with LQTS were female (54%), and the mean age at
first CPET was 12 + 3.9 years (range 6-24 years). The
mean age across all stress tests was 15 + 3.9 years.
Further demographic data are provided in Table 1.

MEASUREMENTS OF EXERCISE CAPACITY AND EFFORT.

Nadolol dose was assessed against independent
metabolic markers of cardiopulmonary capacity (Vo,)
and effort (peak RER) (Central Illustration). We did

Average Exercise Performance

Heart rate:

o

BLUNTED

CENTRAL ILLUSTRATION Increasing Nadolol Dose in Children With LQTS Does Not Affect

STATE OF THE ART IN PEDIATRIC LQTS MANAGEMENT

BB

Leading to concerns about exercise performance

Exercise capacity:

NO CHANGE

Although increasing doses of nadolol decreased the heart rate at peak exertion, there were no
effects on exercise capacity or patient effort

Webster G, et al. JACC Clin Electrophysiol. 2026;m(m):m-m.

Patient effort:

[-ll

NO CHANGE

As expert recommendations and clinical practice have moved toward shared decision making with patients and families regarding arrhythmia
risk during exercise, athletes with Long QT Syndrome (LQTS) have increased their sports participation. The current study demonstrates that,
on average, increasing doses of non-cardioselective beta blockers were associated with blunted heart rate at peak exertion, but not asso-
ciated with decreases in measurements of exercise capacity (oxygen consumption) or patient effort (respiratory exchange ratio).
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FIGURE 1 Relationship Between Nadolol Dose and Measures of Exercise Performance
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Nadolol dose, plotted against (A) maximum oxygen consumption (Vo, Max) and (B) respiratory exchange ratio (RER), with individual exercise stress tests overlayed as
black dots. The projection of a linear mixed-effects model (blue line) is displayed with a 95% CI (gray). Both 95% Cls overlap a slope of 0, demonstrating no statistical
relationship between nadolol dose and either Vo, Max or RER.

not detect any relationship between peak Vo, and
increasing nadolol dose (Figure 1A), nor did we detect
any statistical relationship between nadolol dose and
peak RER (Figure 1B).

We also evaluated the relationship between sys-
tolic and diastolic blood pressure and beta-blocker
dose. There was a mild negative correlation be-
tween beta-blocker dose and blood pressure both at
rest and peak exercise. At rest, the difference in
blood pressure between 0 and 1 mg/kg/d of nadolol
was 3.5 mm Hg (systolic) and 0.5 mm Hg (diastolic).
Similarly, at peak exercise, the difference in blood
pressure between 0 and 1 mg/kg/d nadolol was
8.25 mm Hg (systolic) and 0.5 mm Hg (diastolic)
(Figure 2).

DOSE-RESPONSE WITH NADOLOL. To demonstrate
that we were able to observe typical dose-dependent
nadolol effects in this study population, we evalu-
ated the relationship between nadolol dose and heart

rate at peak exercise (ie, as a positive control). A
summary of all prescribed nadolol doses is provided
in Supplemental Figure 1. As expected, there was a
linear response between dose of nadolol (mg/kg/d)
and %PHR. The coefficient of our linear model
was —13.0 (95% CI: 10.1 to 15.8; P < 0.001), corre-
sponding to a reduction of 13 percentage points in the
PHR associated with a 1 mg/kg/d increase in nadolol
(Figure 3).

SENSITIVITY ANALYSES. To ensure that the absence
of a relationship between exercise performance
and nadolol dose was not due to other clinical fea-
tures, we explored several sensitivity analyses,
including medication adherence, RER constraints,
and genotype-specific regressions. We first excluded
CPET tests in which medical record or pharmacy data
indicated that the patient was not reliably adherent
to their treatment regimen. As expected, there was a
small difference in the slope of the heart rate dose-
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Univariate regression of blood pressure against beta-blocker dose at rest (left) and peak exercise (right) for patients with long QT syndrome. DBP = diastolic blood

response relationship when we excluded patients
with unreliable adherence (Supplemental Figures 2A
and 2B). However, our conclusions of a stable peak
Vo, and peak RER relationship were unchanged when
excluding patients with unreliable adherence.

In addition, a CPET is typically considered to have
been performed at maximal effort when the RER
is =1.1. Therefore, to ensure that our statistical con-
clusions about Vo, and %PHR were not significantly
altered by varying degrees of patient effort, we per-
formed a sensitivity analysis that restricted our
sample population to only those CPETs in which
the peak RER was =1.1. The conclusions about
exercise capacity were unchanged (we detected no
dose relationship for Vo,), and the heart rate dose-
response relationship did not change significantly
(Supplemental Figure 2C).

Polypharmacy did not significantly affect heart
rate in this dataset. Patients included in the study had

been prescribed 47 additional medications in various
combinations (Supplemental Table). Two of these 47
medications have been reported to elevate heart rates
in 10% or more of patients taking them. These med-
ications (atomoxetine and levothyroxine) were taken
by 3 patients, in 5 total CPETs. One patient was taking
levothyroxine, 1 was taking atomoxetine, and 1 was
taking both levothyroxine and atomoxetine. None of
these 3 patients were significant outliers in beta-
blocker effects during CPET compared with similar
patients in the study. However, we had too few in-
stances to draw larger conclusions for these medica-
tions outside of our study.

DOSE RESPONSE WITH ATENOLOL. We considered
that that these findings might be unique to the
interaction between nadolol and LQTS patients.
Therefore, we also analyzed retrospective data on
patients with LQTS who were prescribed atenolol to
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FIGURE 3 Dose-Resp Relationship Between Nadolol and Percent Predicted Heart Rate
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demonstrate that these findings were not unique
to nadolol. Similar to nadolol, we found no associa-
tion between atenolol dose and RER or peak Vo,
(Supplemental Figure 3). The heart rate dose-
response curve was similar for atenolol, although
with a different coefficient of effect because there is
not a 1:1 dose equivalence between nadolol and
atenolol (Supplemental Figure 4).

GENOTYPE ANALYSES. The mean QTc value atrestin
LQTS patients was 474 + 40.1 milliseconds and
the mean QTc value at 4-minute recovery was
517 + 47.4 milliseconds. Genetic analysis had been
performed in 100% of the LQTS patients who were
prescribed nadolol and 84% of all LQTS patients
(genetic testing was not performed in the earliest
years of analysis when atenolol was more common).
Pathogenic or likely pathogenic variants were present
in 67% of tested patients (45% KCNQ1, 19% KCNH2,
1% SCN5A, 2% other genotypes). The mean QTc value
at rest in genotype-positive LQTS patients was

longer compared with genotype-negative/unknown
LQTS patients (478 milliseconds vs 468 millisec-
onds; P = 0.04).

In a final sensitivity analysis, we restricted our
nadolol dose-response comparison to just patients
who were genotype positive with KCNQ1 variants
(n = 42). In the absence of any beta-blocker therapy,
patients with a pathogenic or likely pathogenic
variant in KCNQ1 had a slightly lower resting heart
rate prior to starting exercise (78.8 beats/min vs
82.8 beats/min). During exercise, the slope of the
heart rate response curve vs nadolol dose was also
shallower, implying that more nadolol was required
to see the same heart rate blunting in KCNQ1-positive
patients than in all other LQTS patients (—11.8 KCNQ1
vs —13.0 all LQTS) (Supplemental Figure 2D). How-
ever, there were no differences in our primary
study conclusions about dose and exercise capacity
in this subgroup. The number of patients in other
genotypes was too few for additional genotype-
stratified analyses.
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DISCUSSION

Beta-blockers are the core treatment paradigm in
LQTS. Decades into the collective experience with
beta-blockers for LQTS, clinicians still grapple with
how large a dose to prescribe for any given child and
how to minimize the quality-of-life implications of
long-term beta-blockade. This study focused on the
measurable effects of beta-blockers on exercise at
varying medication doses.

EXERCISE TOLERANCE. Patients and families with
LQTS have begun to embrace shared decision making
about sports participation. As the field acquires more
data to support sports participation in LQTS,*>'>"3
other practical clinical considerations arise. Patients
and parents frequently ask whether nadolol inhibits
sports performance. Our data were reassuring,
although limited by the retrospective nature of our
methods. On average, treatment with nadolol for
LQTS did not affect patients’ peak exercise perfor-
mance (RER or Vo,); however, this is statistically true
across many patients. Both within our dataset and in
our clinical experience, individual patients may
experience a decline in performance at higher beta-
blocker doses. Although individual experiences are
important, patients and parents can be reassured
that in the reasonably large group of children who
were analyzed in this study, athletic performance was
statistically consistent across arange of nadolol doses.

BLOOD PRESSURE. Occasionally, parents raise the
question of whether children on nadolol for LQTS
will have symptoms from medication-induced hy-
potension. Reassuringly, there were only mild linear
decreases in systolic and diastolic blood pressure at
rest and at peak exertion, and on average, clinically
significant changes in blood pressure did not occur at
typical doses of nadolol. The mean decreases were
all <9 mm Hg per 1 mg/kg/d of nadolol (Figure 2).
Clinically significant hypotension, at rest or with
exercise, is not likely a major side effect of nadolol at
doses typical for LQTS, which matches the practical
experience of most clinicians.

DOSE-RESPONSE RELATIONSHIP. Importantly, higher
doses of nadolol corresponded to a lower peak heart
rate during exercise in patients with LQTS. We
included this analysis as a positive control in
our dataset. It validates the previous Vo, and RER
data, demonstrating that there are measurable and
clinically important changes in heart rate on the
doses of nadolol prescribed in this study, even
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though there was no statistical effect on exercise
performance.

In our linear, multivariable model, we observed
a reduction in percent predicted peak heart rate
of 13 percentage points for each 1 mg/kg/d increase
in nadolol. The dose-response effect between beta-
blockers and heart rate is the basis for clinical rec-
ommendations to increase beta-blockers in the face
of inadequate peak heart rate response during CPETs.
While a traditional recommendation has been to
target a peak heart rate reduction of 15% to 20%,*”
a recent manuscript by Anys et al® proposed a
structured paradigm to adjust dosing. The data in the
present paper support the direction and overall
magnitude of the published data in Anys et al. Our
study extends those data beyond cycle ergometry
(which is associated with a lower peak heart rate at
maximal exercise) by providing a multivariable
analysis in a setting in which treadmill tests are the
modality of choice.

However, in contrast to the conclusions in the
Anys et al paper,® we are not confident that this dose
response curve is sufficiently robust across all par-
ticipants to propose a rigid dosing schema. First,
although Figure 3 established a linear dose-response
for nadolol and peak heart rate, the overlaid scat-
terplot demonstrates significant variability from
test to test. Second, our regression data are consis-
tent with a recent article by El Assaad et al’ that
demonstrated 40% of patients prescribed less than
0.75 mg/kg/d nadolol nonetheless had adequate
chronotropic suppression. They further proposed
that repeat exercise stress testing does a superior job
at providing an individualized treatment plan than
an algorithm. Our data support their contention
that adequate heart rate suppression can happen
at <0.75 mg/kg/d, and that substantial patient-to-
patient variability exists.

Medication adherence did not appear to be a factor
in our findings. While there are limitations to retro-
spective evaluation of medication adherence, our
conclusions were unchanged when only patients
with adequate adherence were analyzed. This is
important because it establishes that the lack of
signal between nadolol dose and exercise capacity is
not likely to be due to nonadherence. Similarly,
sensitivity analyses on patient effort (RER =1.1) and
genotype (KCNQ1) also did not change our central
conclusions.

Finally, we validated that the conclusions about
Vo,, RER, and %PHR were not exclusively linked to

nadolol by repeating our analyses in patients
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prescribed atenolol. Although the atenolol data were
older, and most clinicians treating LQTS no longer
use cardioselective agents, we saw the same effect,
size, and direction as we had documented with
nadolol. This suggests that results may be general-
izable to other beta-blockers that share similar
pharmacologic features.

STUDY LIMITATIONS. This was a retrospective study
at a single center. A prospective study of exercise
performance before and after starting and increasing
dose is needed, especially because we provide pri-
marily between-subject data, not exclusively within-
subject data. In addition to standard limitations of
retrospective analyses, patients who did experience
significant declines in sports performance may have
stopped beta-blockers, attended fewer clinics, or
performed fewer CPETs, skewing our data distribu-
tion. Recommendations on exercise restrictions
during the diagnostic phase imply that some patients
may have been relatively deconditioned during early
exercise stress tests (off beta-blockers). Era effects
may be important. Nearly all genotype-negative/
unknown patients were cared for years ago. These
genotype-unknown patients have aged out of care at
our pediatric center, leaving the frequency of
genotype-positive patients slightly lower than
contemporary genotyping studies. This is likely an
artifact of extending our cohort backward to create a
validation set with atenolol, not a skewed population
of genotypes. However, despite these limitations, the
robust nature of our central conclusions, especially in
the face of multiple sensitivity analyses, implies that
these data are a helpful starting point for discussions
with families.

CONCLUSIONS

No relationship was found between beta-blocker
dose and either peak Vo, or RER in children with
LQTS, which is reassuring for young athletes. There
was a dose-response effect between nadolol and peak
heart rate, demonstrating that clinical effects were
occurring at these doses, and validating the lack of
change in sports performance.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:
Nadolol and other noncardioselective beta-blockers
are first-line therapy for children with LQTS, but
limited data exist about sports performance in
children with LQTS while taking beta-blockers,
despite the recent liberalization of sports perfor-
mance guidelines. In this study, two major objective
measures of sports performance (peak Vo, and RER)
were not affected by nadolol dose. There was a
linear dose response between peak heart rate dur-
ing exercise and nadolol dose, validating that Vo,
and RER relationships were not due to lack of drug
response.

TRANSLATIONAL OUTLOOK: While individual
patients may experience a decline in sports perfor-
mance while taking beta-blockers, this study pro-
vides additional long-term data that beta-
adrenergic receptor blockers are effective, safe, and
usually well tolerated in children with LQTS. These
data support the trend toward shared decision
making surrounding sports among physicians,
patients, and families.
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