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Abstract

Introduction

Background: Sotalol is often employed to prevent recurrence of
symptomatic atrial flutter/atrial fibrillation. Because sotalol can
prolong the QT interval excessively causing ventricular arrhythmias, a 3-day in-hospital loading or dose escalation period is mandated with oral administration in the product label for patient safety. In patients with normal renal function, 3 days (five oral doses)
are required to obtain steady state maximum sotalol concentration,
which results in maximum QT prolongation. The aim of this study
is to develop an intravenous to oral loading regime for sotalol therapy that reduces the 3-day in-hospital initiation or dose escalation
with oral administration to 1 day without compromising patient
safety.

Sotalol is a frequently employed therapy to prevent the recurrence of very symptomatic atrial fibrillation (AF), or atrial
flutter (AFL) [1, 2]. Because sotalol can prolong the QTc interval excessively [3, 4] and thus may lead to the initiation
of torsades de pointes (TdP) ventricular tachycardia (VT)
[3-5], initiation of sotalol therapy has been recommended in
the product label to be in-hospital under electrocardiogram
(ECG) monitoring with facilities and personnel able to provide
cardiac resuscitation [4]. Given the half-life of sotalol being
on average 10 - 12 h, 3 hospital days are needed to reach a
steady state (Cmax) blood concentration of sotalol. The blood
concentration of sotalol directly relates to the prolongation in
the QTc interval and thus proarrhythmia risk [3, 4]. The peak
blood concentration reached at the steady state (Cmax ss) is
the highest concentration and thus offers greatest risk. Three
hospital days in a telemetry bed is a considerable expenditure
of time and resources for the loading of sotalol. The economic
cost is considerable and has been estimated at $9,263 (CMS
reimbursement for 3-day initiation of sotalol) [6]. In addition
to cost, there is the allocation of resources and the increased
exposure of patient to nosocomial acquisition of infections. We
hypothesize that intravenous (IV) loading of sotalol followed
by oral dosing in quick successions could achieve a sotalol
blood concentration similar to that achieved with chronic oral
dosing. In this way, a patient under ECG observation could be
evaluated as to the QTc response to peak blood sotalol level,
and from that the QTc effect could be determined and thus the
extent of risk of sotalol therapy would be anticipated. The IV
sotalol load followed by the first and second oral dose could be
administered in 24 h with risk assessed under ECG monitoring
in appropriate hospital facilities. This would shorten hospitalization, reduce patient inconvenience, reduce cost and reduce
unneeded hospital exposure of the patient.

Methods: Using model-informed drug development techniques, simulations were developed for initiation and dose escalation of sotalol
therapy by employing an intravenous loading dose followed by oral
sotalol administrations.
Results: In patients with normal renal function, an initial 1-h loading dose of intravenous sotalol followed by two oral doses in 24 h
has been developed permitting attainment of three maximum serum
concentrations reflecting maximum QT prolongation in a 1-day observation period. Dosing regimens for patients with impaired renal
function are also developed.
Conclusions: In patients with normal renal function, using an intravenous loading dose followed by oral administrations permits safe
initiation or dose escalation of sotalol in 1 day instead of the 3-day
dosing regimen with oral administration.
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Materials and Methods
This is a modeling study using previously published data. The
published data had the Institutional Review Board (IRB) approval, which is not needed for this study.
We initially approached the problem of 1-day IV and oral
loading of sotalol with a proposed study to the Food and Drug
Administration (FDA). In consultation with the Cardio Renal
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Table 1. Recommended Loading Dosages for Initiation and Dose Escalation of Sotalol Administration
IV loading dose (mg) to be administered over
1 h when the oral dose is going from

ClCra (mL/min)

Sotalol initiation
0 - 80 mgb

0 - 120 mg

Sotalol escalation
80 - 120 mg

Minimum delay to
first oral dose (h)

Oral dosing
interval (h)

120 - 160 mg

> 90

60

90

75

90

4

12

60 - 90

82.5

125

82.5

105

4

12

30 - 60

75

112.5

82.5

105

6

24

10 - 30

75

112.5

82.5

105

12

48

aCalculated

using Cockcroft-Gault formula. bRecommended starting dose. ClCr: creatinine clearance; IV: intravenous.

Division of FDA, development was proposed along the lines
of initiating a model-informed drug development (MIDD)
pathway.
A previously performed bioequivalence study in 15
healthy volunteers aged 18 to 45 years old who received a single dose of oral and IV sotalol (crossover study) was employed
to obtain serum sotalol concentration and corresponding QTc
measurements [7]. A software package NONMEM™ version
7.2 (ICON, Hanover, MD, USA) was used for population pharmacokinetic (PK) modeling and simulation. First order conditional estimation method with interaction (FOCE-INTER) was
used for computation. The R Foundation for Statistical Compiling was used for data preparation, graphical analysis, linear
regression analysis and statistical analysis and summaries.
A detailed publication of the modeling methodologies are
reported elsewhere [8]. A joint population pharmacokinetic/
pharmacodynamic (PK-PD) model with covariance between
PK and PD parameters was employed. Models were evaluated
for best fit by goodness-of-fit diagnostic plots, condition number and decrease in objective fraction value. The performance
of the population PK-PD models was further evaluated using
“boot strap” analysis and predictive check. The development
population PK-PD model was utilized for simulations to determine IV loading doses of sotalol that matched with targeted
Cmax ss levels associated with the oral (PO) dosing regimen
of 80, 120 and 160 mg PO twice a day (bid). These principles
were applied to develop dose loading and dose escalation parameters, as well as modification of dose loading and escalation for patients with different degrees of renal function.
While innumerable possibilities exist as to the IV loading of sotalol followed by oral drug administration, we chose
to administer the IV load over 1 h to Cmax ss target, to facilitate physicians following QTc changes from baseline every
15 min, as well as evaluating changes in heart rate (HR) and
blood pressure (BP) over a convenient time period. We next
hypothesized that an oral sotalol dose should follow the infusion at such a time as to bring the sotalol blood level back to
Cmax ss. The first oral dose would then be followed by a second oral dose at a pre-determined interval once again bringing
the sotalol blood level back to Cmax ss. We planned that in 24
h or less, three Cmax ss concentrations of sotalol levels would
be obtained to evaluate the drug’s effect on QT interval. We
expected that some patients would show excess QTc prolongation (500 ms or greater, or a 20% increment in the QTc from

baseline) such that dosing would need to be reduced, or sotalol
therapy abandoned for alternative therapy.

Results
Modeling the parameters for 1-h IV infusion to target Cmax ss
we obtained an infusion dose of sotalol based on the oral dosing
schedule (Table 1). For 80 mg PO bid oral dosing, one would
administer 60 mg to achieve an average Cmax ss target of 800
ng/mL, followed by 5 h from start of infusion of 80 mg taken
orally and then 12 h after the first oral dose another 80 mg (17
h from start of infusion). Each oral dose will peak in 2 - 4 h following administration, permitting a check of HR, BP and QTc
effects. Thus in a 21 h period, one has three sotalol peak concentrations that permits evaluation of QTc response and thus possible proarrhythmia. The simulation for loading to 80 mg PO bid
is depicted in Figure 1. Loading to 120 mg sotalol bid dosing in
patients with normal renal function is noted in Figure 2.
Since sotalol is known to be mostly excreted by the kidney unchanged [9] and elimination is directly proportional to
glomerular filtration [10], we developed based on modeling
and simulation technique, doses to obtain predicted Cmax for
patients with mild, moderate and severe renal dysfunction.
Proposed dosing is listed in Table 1 and simulations are depicted in Figures 3 and 4. Sotalol administration in patients
with severe renal function was limited in the label to patients
with a history of life-threatening VT.
In addition to loading there is the need for dose escalation.
Patient may be on oral sotalol 80 mg PO bid or 120 mg PO bid
and because of breakthrough atrial fibrillation, escalation to
the next higher dose may be desired to accomplish achieving
a higher concentration. Simulations were created to escalate
from 80 mg to 120 mg bid or 120 mg to 160 mg in 1 day using IV loading. The initial IV load for escalation is listed in
Table 1. Simulations for 1-day dose escalation are presented in
Figures 5 and 6 for the two dose escalations, for patients with
normal renal function. Patient with impaired renal function can
also undergo dose escalation with doses given for initial IV
loading and then times to first and second oral doses (Table 1).
Simulations are presented for dose escalation in patients with
mild, moderate and severe renal function (Fig. 7).
A patient could be initiated with a loading dose to 120 mg
PO bid (Cmax target), exhibit excessive QTc prolongation and
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Figure 1. Simulation for 80 mg loading in patients with normal renal function (ClCr > 90 mL/min). The broken line indicates sotalol
concentrations with oral (PO) dosing. The solid line indicates sotalol concentrations following IV loading, and Cmax ss concentration can be obtained in 1 h and three Cmax peaks in 24 h. IV: intravenous; ClCr: creatinine clearance.

thus be placed on a lower dose of 80 mg twice daily. Using
modeling and simulation to guide re-initiation of sotalol at a
lower dose of 80 mg PO bid could be obtained by waiting 1 day
(in patients with creatinine clearance (ClCr) > 60 mL/min), or
at least 3 days in patients with ClCr < 60 or ≥ 30 mL/min, or 7
days in patients with ClCr < 30, but ≥ 15 mL/min. Simulations
for dose “fall back” strategy are depicted in Figures 8 and 9.

Discussion
Employing model-informed drug development approaches,
simulations were developed to employ IV sotalol infusion over
1 h to initially load patients who are to receive oral sotalol
therapy to prevent recurrence of highly symptomatic AF/AFL.
Since sotalol can prolong the QTc and excessive prolongation
may lead to TdP VT in 3% of patients [11], early determination of the QTc effect at maximum blood concentrations of sotalol (Cmax) is requisite to avoid proarrhythmic risk. Sotalol
blood concentration is known to be directly proportional to the
QTc prolongation [11, 12]. Testing the Cmax that is seen with
chronic oral therapy with a 1-h infusion of IV sotalol permits
a rapid evaluation of proarrhythmic risk, as well as HR and
BP effects. With the first and second oral doses, a second and
296

third sotalol concentration peak is achieved that further permits evaluation of the QTc effects in-hospital under careful
monitoring, permitting appropriate dose reduction or therapy
termination. While there is little evidence suggesting a delay
in the QTc prolonging effects of sotalol, a hysteresis effect may
occur in some patients, which would be observed following
the second or third doses. That the effects of the greatest future
sotalol blood concentration that will be obtained on oral dosing can be observed three times in patients with normal renal
function in a 24 h period, provides assurance as to the safety
of the selected oral dosing of sotalol for chronic oral therapy.
One can take the time concentration sotalol curves and
transform them directly into a time QTc prolongation curve
in QT variance [3, 4, 11, 12]. However, this represents the average response. Certain patients may exhibit an exaggerated
response with a given QTc prolongation being considerably
longer than the mean response. These patients may be at the
greatest risk for proarrhythmia. The exaggerated response
may be due to potassium channel abnormalities. However, one
must be cautious in that non-excessive QT prolongation can
still lead to significant proarrhythmia in patients with hypokalemia, severe bradycardia, and extensive myocardial disease
that are associated with a low ejection fraction.
While there was reluctance on the part of regulators to
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Figure 2. Simulation for 120 mg loading in patients with normal renal function (ClCr > 90 mL/min). Oral dosing 120 mg sotalol
every 12 h (broken line) and IV loading 90 mg over 1 h followed by oral dosing. Cmax ss was obtained in 1 h with IV loading. IV:
intravenous; ClCr: creatinine clearance.

provide for loading to 120 mg initially, having both regimens
available to initiate sotalol, offers considerable advantage.
Many physicians chose to start with 120 mg PO bid, since this
dose has the greatest likelihood of maintaining sinus rhythm
[13]. Having this option for initial oral loading will facilitate
adoption of the IV sotalol loading strategy.
The model revealed that patients with mild, moderate and
severe renal dysfunction have an average higher maximum
serum sotalol concentration than patients with normal renal
function, despite adjustments in dosing based on ClCr. Because of these higher concentrations, a larger loading dose of
sotalol is required in these groups to assess the QTc response to
a higher concentration of sotalol with chronic oral therapy. If
physicians want to have their patients with reduced renal function receive a reduced maximum sotalol serum concentrations,
then a lower maintenance dose of sotalol should be selected.
When a lower chronic dose is selected, then a reduced “test”
IV dose can be employed. It is the target dosing that dictates
the concentration of the initial IV loading.

tion schedules were developed for patients who are to receive
chronic oral sotalol. Dosing regimens were adjusted for renal
function. Patient in-hospital evaluation could be accomplished
in 24 h in patients with normal renal function.

Conclusions
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Figure 3. Simulations for 80 mg dosing for patients with mild, moderate and severe renal impairment. (a) Simulation with mild
renal impairment (ClCr: 60 - 89 mL/min). Oral loading broken lines and solid line with 82.5 mg IV load. (b) Simulation for moderate
renal impairment (ClCr: 30 - 59 mL/min). Broken line indicates oral loading and solid line 75 mg IV load, followed by 80 mg PO at
7 h and then 80 mg PO every 24 h. (c) Simulation for severe renal impairment (ClCr: 10 - 29 mL/min). Broken line indicates oral
loading 80 mg PO every 48 h, while solid line represents 75 mg IV followed by 80 mg PO at 13 h and then every 48 h thereafter.
IV: intravenous; ClCr: creatinine clearance; PO: oral.
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Figure 4. Simulations for 120 mg dosing for patients with mild, moderate and severe renal impairment. (a) Simulation for mild
renal impairment (ClCr: 60 - 89 mL/min). Broken line represents 120 mg sotalol PO every 12 h and the solid line represents 125
mg IV load over 1 h followed by 120 mg at 5 h PO and then every 12 h thereafter. (b) Simulation for moderate renal impairment
(ClCr: 30 - 59 mL/min). Broken line represents 120 mg sotalol PO administered every 24 h and solid line represents 112.5 mg IV
over 1 h followed by 120 mg at 7 h and then 120 mg PO every 24 h. (c) Simulation for severe renal impairment (ClCr: 10 - 29 mL/
min). Broken line represents120 mg sotalol orally every 48 h and the solid line 112.5 mg IV over 1 h followed by 120 mg orally at
13 h and then 120 mg PO every 48 h. IV: intravenous; ClCr: creatinine clearance; PO: oral.
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Figure 5. Simulation for dose escalation from 80 to 120 mg in patients with normal renal function (ClCr > 90 mL/min). Broken
line represents oral loading, 120 mg every 12 h and the solid line represents 75 mg IV over 1 h given at 12 h after the last 80
mg PO dose followed by 120 mg oral at 5 h and then every 12 h thereafter. IV: intravenous; ClCr: creatinine clearance; PO: oral.

Figure 6. Simulation for dose escalation from 120 to 160 mg in patients with normal renal function (ClCr > 90 mL/min). The broken line represents 160 mg PO sotalol 12 h after the last 120 mg PO dose and then 160 mg at every 12 h thereafter. The solid
line represents 90 mg IV sotalol loading over 1 h given 12 h after the last 120 mg dose followed by 160 mg PO at 5 h and then
every 12 h thereafter. IV: intravenous; ClCr: creatinine clearance; PO: oral.
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Figure 7. Simulation for dose escalation from 80 to 120 mg and from 120 to 160 mg sotalol for patients with mild, moderate and severe impairment of renal function.
(a) Simulation for dose escalation from 80 to 120 mg in patients with mild renal impairment (ClCr: 60 - 89 mL/min). Oral loading 120 mg PO at 12 h after the last 80
mg PO dose and then 120 mg every 12 h. IV loading 82.5 mg IV load over 1 h, 12 h after the last 80 mg PO dose followed by 120 mg at 5 h and then 120 mg PO
every 12 h. (b) Simulation for moderate renal impairment (ClCr: 30 - 59 mL/min). Oral loading 120 mg sotalol PO at 24 h after the last 80 mg PO dose and then every
24 h. IV loading 82.5 mg over 1 h at 12 h after the last 80 mg PO dose followed by 120 mg at 7 h and then every 24 h. (c) Simulation for severe renal impairment
(ClCr: 10 - 29 mL/min). Oral loading 120 mg sotalol oral 48 h after the last 80 mg PO dose and then 120 mg every 48 h. IV loading of 82.5 mg IV over 1 h at 48 h
after the last 80 mg PO dose followed by 120 mg PO at 13 h and then every 48 h. (d) Simulation for dose escalation from 120 to 160 mg in patients with mild renal
impairment (ClCr: 60 - 89 mL/min). Oral loading 160 mg sotalol PO at 12 h after the last 120 mg PO dose and then 160 mg at every 12 h. IV loading of 90 mg IV over
1 h at 12 h after the last 120 mg PO dose followed by 160 mg PO at 5 h from the start of the infusion and then 160 mg PO every 12 h. (e) Simulation for moderate
renal impairment (ClCr: 30 - 59 mL/min). Oral loading 160 mg sotalol at 24 h after the last 120 mg PO dose and then 160 mg PO every 24 h. IV loading of 105 mg
IV load administered over 1 h at 24 h after the last 120 mg PO dose followed by 160 mg PO at 7 h and then 160 mg PO every 24 h. (f) Simulation for severe renal
impairment (ClCr: 10 - 29 mL/min). Oral loading 160 mg sotalol at 48 h after the last 120 mg PO dose and then 160 mg every 48 h. IV loading of 105 mg IV over
1 h at 48 h after the last 120 mg PO dose followed by 160 mg PO at 13 h and then 160 mg PO every 48 h. IV: intravenous; ClCr: creatinine clearance; PO: oral.
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Figure 8. Simulation for dose reduction from 120 to 80 mg PO sotalol in patients with normal renal function (ClCr: 90 mL/min).
After 12 h from the last 120 mg dose, 80 mg PO given with a new steady state achieved in 24 h, with 80 mg given every 12 h.
ClCr: creatinine clearance; PO: oral.
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