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AIMS
Food is known to shorten the QTc (QTcI and QTcF) interval and has been proposed as a non-
pharmacological method of confirming assay sensitivity in thorough QT (TQT) studies and early
phase studies in medicines research. Intake of food leads to a rise in insulin levels together with
the release of C-peptide in equimolar amounts. However, it has been reported that euglycaemic
hyperinsulinemia can prolong the QTc interval, whilst C-peptide has been reported to shorten
the QTc interval. Currently there is limited information on the effects of insulin and C-peptide on
the electrocardiogram (ECG).This study was performed to assess the effect of insulin, glucose
and C-peptide on the QTc interval under the rigorous conditions of a TQT study.

METHODS
Thirty-two healthy male and female, Caucasian and Japanese subjects were randomized to
receive six treatments: (1) placebo, (2) insulin euglycaemic clamp, (3) carbohydrate rich
‘continental’ breakfast, (4) calorie reduced ‘American’ FDA breakfast, (5) moxifloxacin without
food, and (6) moxifloxacin with food. Measurements of ECG intervals were performed
automatically with subsequent adjudication in accordance with the ICH E14 guideline and
relevant amendments.

RESULTS
No effect was observed on QTcF during the insulin euglycaemic clamp period (maximal
shortening of QTcF by 2.6 ms, not significant). Following ingestion of a carbohydrate rich
‘continental’ breakfast or a calorie reduced ‘American’ FDA standard breakfast, a rapid increase
in insulin and C-peptide concentrations were observed. Insulin concentrations showed a peak
response after the ‘continental’ breakfast observed at the first measurement time point (0.25 h)
followed by a rapid decline. Insulin concentrations observed with the ‘American’ breakfast
were approximately half of those seen with the ‘continental’ breakfast and showed a similar
pattern. C-peptide concentrations showed a peak response at the first measurement time
point (0.25 h) with a steady return to baseline at the 6 h time point. The response to the
‘continental’ breakfast was approximately double that of the ‘American’ FDA breakfast. A rapid
onset of the effect on QTcF was observed with the ‘continental’ breakfast with shortening by
>5 ms in the time interval from 1 to 4 h. After the ‘American’ FDA breakfast, a similar but
smaller effect was seen.

CONCLUSIONS
The findings of this study demonstrate that there was no change in QTc during the
euglycaemic clamp. Given that insulin was raised to physiological concentrations comparable
with those seen after a meal, whilst the release of C-peptide was suppressed, insulin appears
to have no effect on the QTc interval in either direction. The results suggest a relationship
exists between the shortening of QTc and C-peptide concentrations and indicate that glucose
may have a QTc prolonging effect, which will require further research.

WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• A meal, in particular if rich in carbohydrates alters the

QT/RR relationship. This is of interest since this shows
that normal physiological changes can alter QTc

significantly.
• The underlying effects of QTc shortening after a meal

are currently unknown. A meal leads to the release of
C-peptide and insulin in equimolar amounts.

• QTc shortening after administration of C-peptide has
been described by other authors and one study has
reported that insulin prolongs the QTc.

WHAT THIS STUDY ADDS
• This study investigates the effect of insulin on the QT

interval under the rigorous conditions of a thorough QT
(TQT) study using a single dose of 400 mg moxifloxacin
as a positive control.

• Insulin concentrations during the euglycaemic clamp
were raised to constant concentrations of about
45 mlU ml-1 during which endogenous C-peptide
release was successfully suppressed.

• During the euglycaemic clamp, no significant change
was observed in QTcF. The greatest effect observed was
a QTcF shortening of 2.6 ms (95% CI -5.3, 0.2), 1.5 h into
the clamp. The observation that insulin does not
influence QTcF was confirmed by a
concentration-response analysis which revealed that
QTc shortening was due to C-peptide and that glucose
counteracted this thereby partially offsetting the effect
of C-peptide leading to a net QTcF decrease.
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Introduction

The effect of food on QT interval has been investigated in
numerous studies over the past two decades. These have
included reports of prolonged QT in response to low
calorie meals and starvation [1–3], reports of post-prandial
QT shortening [4, 5] and post-prandial increases in heart
rate [6, 7].The effect of food has recently been re-examined
in a study that measured the effect of food on QTc in
healthy subjects in the resting state. Heart rate was found
to rapidly increase by approximately 9.4 beats min–1 fol-
lowing food and lasted for approximately 4 h. A maximum
QTc interval (Fridericia’s formula, QTcF) shortening of
approximately 8.2 ms (two-sided 95% confidence interval
(CI) 6, 10) was observed 2 h post dose [8]. A similar increase
in heart rate of 12 beats min–1 has also been reported after
food intake which lasted for approximately 3 h [9]. There is
good consistency between these more substantive studies
and various other reported studies.

Transient endogenous physiological insulinaemia has
been associated with meals of high carbohydrate content
[6]. A 10 beats min–1 increase in heart rate combined with
peak increases in blood glucose concentrations at 40 min
and peak insulin concentrations at 1 h 20 min were
observed following carbohydrate ingestion [6]. Another
study using an insulin euglycaemic clamp demonstrated
an effect of insulin on the heart rate and QTcB [10].
However, it has been shown that Bazett’s formula artifi-
cially prolongs the QTc interval with an increase in heart
rate [11]. Therefore, studies reporting prolongation of the
QTc (Bazett, QTcB) interval post-prandially or after insulin
administration (both of which increase the heart rate)
should be interpreted with caution. None of these studies
measured the concentrations of C-peptide which is
excreted in similar amounts to insulin and has been asso-
ciated with reductions in QTc [12]. In one study [12], admin-
istration of C-peptide to type 1 diabetes patients with
autonomic neuropathy shortened the QT interval. It can

therefore be surmised that C-peptide may be responsible
for the QTc shortening effects observed beyond the imme-
diate post-prandial period.

Based on the available evidence reported in the litera-
ture, there is limited information on the effects of insulin
and C-peptide on the ECG following food ingestion. The
aim of this study was to characterize the effect of insulin/
glucose and C-peptide on QT compared with placebo
under the rigorous conditions of a TQT study. A single oral
dose of 400 mg moxifloxacin was used as a positive control
to confirm assay sensitivity.

Methods

Subjects
The study population consisted of 32 healthy non-smoking,
Caucasian and Japanese male and female subjects, aged
between 20–45 years (inclusive) with a body mass index of
between 18 to 25 kg m-2, using an effective contraceptive
method (or were abstinent). Subjects were excluded if they
had (1) any risk factor for the occurrence of torsades de
pointes (marked baseline prolongation of QT/QTc interval,
e.g. QTcB > 450 ms, congenital long QT syndrome), (2) any
pathology or abnormality with possible clinically signifi-
cant influence on the ECG (e.g. electrolyte imbalance),
(3) impaired drug metabolism/clearance, (4) the use
of concomitant medications or foods that impair drug
metabolizing capacity, (5) concomitant use of drugs with
QT-prolonging effects and (6) impaired glucose tolerance
on screening.

Study design
The study was designed as a single centre, randomized,
placebo- and positive-controlled, crossover study. Sub-
jects participating in the study attended for screening,
two treatment periods (periods 1 and 2) of 4 assess-
ment days each, and a follow-up visit (Table 1). General

Table 1
Summary of study design. This was a randomized, placebo- and positive-controlled, crossover study. Subjects participating in the study attended for
screening and two treatment periods (periods 1 and 2) separated by a 3 day wash-out interval

Period 1 Washout* Period 2

Day -1 Day 1 Day 2 Day 3 Minimum of
3 days

Day -1 Day 1 Day 2 Day 3

P P I M P B F M + B

I B M F P M + B

B F M P I M + B

F P M I B M + B

P I M + B B F M

I B M + B F P M

B F M + B P I M

F P M + B I B M

P = Placebo, I = Insulin + Glucose (clamp), B = high carbohydrate breakfast (>70% carbohydrates), F = calorie reduced FDA standard breakfast, M = Moxifloxacin. *At least a 3 day
wash-out interval between day 3 of period 1 and day -1 of period 2.
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eligibility of subjects for participation in this study
was assessed at screening which took place within
21 days of the first study treatment. Subjects’ eligibility
regarding specific ECG criteria was evaluated during
screening and confirmed on day -1, prior to the first
study treatment.

Eligible subjects were randomized to one of eight
sequences of the treatments, insulin euglycaemic clamp, a
carbohydrate rich ‘continental’ breakfast, a calorie reduced
‘American’ FDA standard breakfast, a single dose of moxi-
floxacin 400 mg, a single dose of moxifloxacin 400 mg with
a carbohydrate rich ‘continental’ breakfast and placebo.
These sequences provided balance for period and preced-
ing treatment (Williams squares), but always had the treat-
ments including moxifloxacin on day 3 of the two periods
to avoid any carry over effects from the treatment with
moxifloxacin. Randomization was performed stratified by
gender and race. Full nutritional breakdown and calorific
content of the carbohydrate rich ‘continental’ breakfast
and calorie reduced ‘American’ FDA breakfast is described
in Table 2.

Each period consisted of a baseline ECG day (day -1)
and treatment days (day 1, day 2 and day 3). The ECG
and samples for PK/PD analysis on the treatment days
were taken at the corresponding clock time points as
on the baseline day. Each subject received three treat-
ments per period and all the comparisons between
treatment effects were intra-individual reducing the
anticipated variability and thereby reducing the sample
size.

The study was approved by the local NHS Ethics Com-
mittee (London Surrey-Borders, UK) and the Medicines and
Healthcare products Regulatory Authority (MHRA) and
was conducted in accordance with Good Clinical Practice
and the Declaration of Helsinki.

ECG assessments and QTc evaluation
Twelve-lead ECGs were recorded using a MAC1200®
(500 samples s-1, 4.88 mV amplitude resolution, GE
Healthcare, Milwaukee, WI, USA) recorder connected via a
fixed network connection to the MUSE® Cardiology Infor-
mation System (MUSE). All ECGs recorded during the
study were stored electronically on the MUSE information
system. Only ECGs recorded electronically at a stable heart
rate were valid ECGs for any purpose other than safety
assessment.

12-lead ECG recordings were made at the following
time points, pre-dose (to establish a baseline), 0.25, 0.5,
0.75, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 and 6.0 h post-dose/
infusion on days -1, 1, 2, and 3 after the subjects had been
resting in a supine position for at least 10 min.The subjects
avoided postural changes during the ECG recordings and
clinical staff ensured that subjects were awake during the
ECG recording. The use of a semi-permanent skin marker
was to ensure consistent placement of the leads for con-
secutive study days.

At each time point, the ECGs were recorded in triplicate,
to reduce variance and improve the precision of measure-
ment. The triplicates were performed at approximately
1 min intervals. Each ECG recording lasted 10 s. Repeat
ECGs were performed until at least three 10 s ECG record-
ings per scheduled time point met the pre-defined quality
criteria to enable reading and analyzing at least five com-
plexes per derivation. Simultaneous 12-lead Holter ECG
recordings were taken from pre-dose to 6 h post-dose for
later analysis; data not presented.

During treatment days subjects were served lunch (7 h
post-dose), dinner (11 h post-dose) and a snack (13.5 h
post-dose). When required, the different breakfasts were
provided 30 min prior to anticipated dosing and were to
be consumed 10 min before anticipated dosing.

Table 2
Nutritional breakdown and calorific content of meals

Meal type Food Iitem Servings Calories (kcal) Protein (g) Carbohydrates (g) Fat (g) Fibre (g)

Calorie reduced ‘American’
FDA breakfast

One fried egg in butter (7.9 g) 1 egg 90.0 6.3 0.4 6.8 0.0

One slice of bacon (grilled) 1 slice 44.0 2.9 0.1 3.5 0.0

Hash browns 54 g 95.0 1.2 13.0 3.9 1.4

White toast medium 1 slice 64.0 2.0 12.0 0.9 0.6

Whole milk 85 ml 54.6 2.8 4.3 3.1 0.0

Butter (spreadable) 7.9 g 58.0 0.0 0.0 6.5 0.0
Total nutrition of the breakfast 405.6 15.2 29.8 24.7 2.0

Carbohydrate rich ‘continental’
breakfast

Cornflakes 30 g 112.0 2.1 25.0 0.2 0.9

Semi-skimmed milk 150 ml 73.2 5.1 25.0 2.6 0.0

Sugar 10 g 40.0 0.0 10.0 0.0 0.0

Wholemeal hoagie 98 g 235.5 11.0 39.4 2.3 6.4

Jam 20 ml 55.6 0.1 13.8 0.0 0.2

Butter 7.9 g 58.0 0.0 0.0 6.5 0.0

Apple juice 200 ml 88.0 0.2 20.7 0.2 0.0
Total nutrition of the breakfast 661.8 18.5 133.9 11.8 7.5
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Data analysis and statistical methods
Each electronic ECG data file contained the ECG data as
well as the result of the automated ECG analysis performed
by the Marquette® 12SL™ ECG Analysis Program (MEAP), a
programme resident in each of the ECG machines.

All ECGs and their associated automated interval meas-
urements were subsequently reviewed by qualified cardi-
ologists following one of the methods listed in the ICH E14
Guidance for Industry document and ICH E14 Implemen-
tation Working Group Questions and Answers document
before any of the ECGs were used for the thorough ECG
analysis. The manual adjudication process applied in this
study is also referred to in the ICH guidance and relevant
literature as ‘manual over read’, ‘computer assisted’ or
‘semi automated’ ECG measurements.

The following parameters on each ECG were assessed
by a cardiologist using the commercially available MUSE®
in its latest version:

• QT interval, RR interval, heart rate, PR interval, pres-
ence or absence of U-wave, quantitative and qualita-
tive ECG variations

Manual on-screen over-reading using electronic callipers
in MUSE® was performed by a small and select group of
cardiologists with extensive experience in manual QT
measurement (including on-screen measurement with
electronic callipers, Interval Editor ECG analysis system, GE
healthcare). For all study ECGs, the over-reading cardiolo-
gists were blinded to time, date, treatment and any data
identifying the subject. All ECGs of a given subject were
over-read by the same cardiologist (or cardiologists in case
manual adjustments of the automated measurement were
necessary).

The primary analysis was based on the change of QTcF
from average baseline. A confirmatory analysis was based
on the average of QTc over all time points between and
including 2 and 4 h, except for the test involving the eug-
lycemic clamp. Descriptive analyses for each time point
separately were performed. A linear mixed model with
sequence, day, period, gender, race and treatment as fixed
effects,and baseline as covariate was adapted,with subject
(nested in sequence, gender and race) as random effects.
Two-sided 90% CIs for the difference between each treat-
ment and placebo and between the two types of breakfast
were derived. All subjects in the safety dataset who had
valid ECG data for time points during days 1 to 3 of periods
1 and 2 were included in the primary analysis set.The con-
firmatory part of the primary analysis followed a hierarchi-
cal test procedure testing the following null-hypotheses in
the given order: (1) There is no difference between carbo-
hydrate rich breakfast and placebo (two-sided test), (2)
there is no difference between calorie reduced FDA break-
fast and placebo (two-sided test) and (3) the difference at
1.5 h under the euglycaemic clamp compared with
placebo is at least 10 ms (test for non-inferiority). Subse-

quent predefined confirmatory tests are not relevant for
the present investigation. All statistical analyses were per-
formed using R version 2.13.0 [13] or later. The descriptive
per-time point analysis followed the same lines.

In addition to the analyses described above, the effect
of insulin, C-peptide and glucose on QTcF was investigated
using linear mixed effect concentration–response models
with the double difference of QTcF (difference to time
matched placebo of the change from average baseline) as
dependent variable and up to two of the variables change
from time matched placebo in insulin, C-peptide and
glucose as covariates. In addition, gender and race (Cauca-
sian and Japanese) were entered as fixed effects into the
model. Random intercept and slope (with respect to the
covariates entered) were included in the model with
subject as unit. Model fit was investigated by using normal
QQ-plots of the residuals. Models were fitted to the data
obtained during the euglycaemic clamp (time points up to
and including 1.5 h), and to all data of the two types of
breakfast and the euglycaemic clamp arms. Estimates of
slopes were given together with their 95% CIs.

Other models based on single differences (no differ-
ence to placebo) were also investigated but were found to
be inferior.

Sample size was estimated on the average of five adja-
cent QTc values, which were expected to be highly corre-
lated. Since the baseline was used as a covariate in the
analysis, using the SD of the change from baseline in the
simple sample size formula was justified.With a correlation
between QTc values at different time points of 0.8,
the average of five values has about 92% of the SD of
the individual components. Assuming a SD of 7 ms for the
single differences, sample sizes for the average can there-
fore work with a SD of 6.5 ms. If the estimate of the SD after
the completion of 20 subjects showed a higher SD than
7 ms in a blinded analysis, the sample size could be
adapted accordingly up to a maximum of 56 subjects.

Insulin euglycaemic clamp
A euglycaemic/hyperinsulinaemic clamp was used to stop
any endogenous C-peptide and insulin production. The
clamp acutely raised the plasma insulin concentrations to
a steady-state and maintained glucose concentrations
at/or slightly lower than the individual subjects baseline
reading. For each subject two 18G cannulas were inserted,
one in the antecubital fossa for insulin and glucose infu-
sions, and one for pharmacokinetic (PK) and blood glucose
sampling. Insulin infusion rates were as follows:
120.6 mU m–2 BSA min-1 (0–2 min), 95.7 mU m–2 BSA min-1

(2–4 min), 75.8 mU m–2 BSA min-1 (4–6 min), 60.2 mU m–2

BSA min-1 (6–8 min), 47.7 mU m–2 BSA min-1 (8–10 min)
and 40.0 mU m–2 BSA min-1 (10–120 min).These rates were
further adjusted according to individual BSA using indi-
vidual subject weight and height. For example, a subject
with body weight of 65 kg and height of 1.74 m will have a
BSA of 1.77 m2.Therefore, the initial insulin infusion rate for

Insulin does not prolong QT/QTc interval
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0–2 min would be: 120.6 mU m–2 BSA min-1 ¥ 1.77 m2 =
213.5 mU min-1. Blood glucose concentrations were meas-
ured to determine basal concentrations, 4 and 10 min after
insulin infusion had started and then every 5 min thereaf-
ter until the end of the clamp.

Pharmacodynamic assessments
Venous blood samples for the determination of concentra-
tions of insulin, glucose and C-peptide in plasma were
taken during the study up to 6 h post-dose in each study
period. The blood samples (4.5 ml) were taken at pre-dose
(to establish a baseline), 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0,
3.5, 4.0 and 6.0 h post-dose/infusion. All samples were cen-
trifuged and transferred to polypropylene tubes (Nunc
Cryotube) and stored at -80°C.

The concentration of C-peptide, insulin and glucose in
human plasma was determined by Analytical Services
International (ASI, London, UK) using commercially avail-
able solid phase, enzyme labelled chemiluminescent
immunoassay and enzymatic (hexokinase) assay methods.
For C-peptide and insulin, a solid phase (bead), enzyme-
labelled chemiluminescent immunometric assay was per-
formed on the Immulite 1000 auto-analyzer using a
commercially available kit supplied by Siemens Healthcare
Diagnostic Products. C-peptide results falling below
0.1 ng ml-1 and insulin results falling below 2.0 mIU ml-1

were reported as below the limit of quantification (BLQ).
For glucose, the enzymatic (hexokinase) assay was per-
formed on the Olympus AU400 auto-analyzer using a com-
mercially available kit supplied by Randox.

Results

Subject demographics and disposition
After 24 subjects had completed the study, the SD for the
single differences was estimated to be 8.5 ms assuming a
treatment effect of 5 ms, and 7.5 ms for the time 0 values
(assuming no treatment effect). Therefore, it was decided
to recruit another eight subjects.Thus a total of 32 subjects
were included in the study to be randomized to one of the
eight treatment sequences. Subject demographics are pre-
sented in Table 3.

Plasma concentrations of C-peptide, glucose
and insulin at baseline
Average plasma concentrations of C-peptide, glucose and
insulin at baseline for the different treatments (carbohy-
drate rich‘continental’breakfast,calorie reduced‘American’
FDA breakfast and euglycaemic insulin clamp) are pre-
sented in Table 4.

Plasma concentrations of insulin, glucose and
C-peptide following a carbohydrate rich
‘continental’ breakfast
Following consumption of a carbohydrate rich ‘continen-
tal’ breakfast, plasma concentrations for insulin, glucose
and C-peptide rose rapidly reaching maximum values
at approximately 0.25 h post completion of breakfast
(62.6 mIU ml-1 [insulin], 3.2 mmol l-1 [glucose], 7.3 ng ml-1

[C-peptide] change from baseline) (Figure 1A). Insulin and
glucose plasma concentrations then showed a steady
decline up to 1 h post-completion of breakfast, C-peptide
plasma concentration was found to be steady up to 2.5 h
post-completion of breakfast.

Plasma concentrations of insulin, glucose and
C-peptide following a calorie reduced
‘American’ FDA breakfast
A similar pattern was also observed following consump-
tion of a calorie reduced ‘American’ FDA breakfast with
plasma concentrations approximately half those seen fol-
lowing a carbohydrate rich ‘continental’ breakfast. Plasma
concentrations for insulin, glucose and C-peptide rose
rapidly reaching maximum values at approximately 0.25 h
post-completion of breakfast (27.2 mIU ml-1 [insulin],
1.0 mmol l-1 [glucose], 3.8 ng ml-1 [C-peptide] change from
baseline) (Figure 1B). Insulin, glucose and C-peptide
plasma concentrations then showed a steady decline up to
1 h post-completion of breakfast after which plasma con-
centrations were maintained at a steady level up 2.5 h.

Plasma concentrations of insulin, glucose
and C-peptide following an insulin
euglycaemic clamp
The glucose target concentration during the clamp was
the basal blood glucose minus 0.5 mmol l-1 if the blood
glucose was 5.0 mmol l-1 or above or the basal blood
glucose minus 0.3 mmol l-1 if the basal blood glucose was
below 5.0 mmol l-1. Following administration of the insulin
euglycaemic clamp, the plasma concentration of insulin
rose rapidly, reaching a value of 43.7 mIU ml-1 within
approximately 0.25 h (Figure 1C). This concentration was
maintained for the remainder of the clamp time (up to 2 h
post-infusion start) due to the continuous infusion of
glucose. Plasma glucose concentrations were noted to
have decreased during the first 0.5 h (-0.3 mml l-1) which
was then maintained until the end of the clamp. Plasma
C-peptide concentrtions did not change and endogenous

Table 3
Subject demographics for the study

Male (n = 18) Female (n = 14)

Age (years) 26 � 3.77 (20–34) 27.8 � 4.20 (21–34)
Height (cm) 174 � 6.52 (164–190) 163.6 � 7.44 (154–175)

Weight (kg) 63.0 � 7.29 (51.3–76.8) 58.0 � 6.35 (48.6–69)
BMI (kg m-2) 20.8 � 1.96 (18.4–24.6) 21.6 � 1.35 (18.3–23.1)

Values are given as mean � SD with ranges in parentheses.
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release was suppressed allowing the separation of insulin,
glucose and C-peptide effects.

Plasma concentrations of insulin, glucose and
C-peptide following placebo
Under placebo conditions there was no change observed
from baseline for insulin, glucose and C-peptide concen-
trations (Figure 1D).

Effects on QTcF: confirmatory analysis
The three relevant confirmatory null hypotheses could all
be rejected on the 5% level (one sided), i.e. a difference in

QTcF between ‘continental’ breakfast and placebo and
between ‘American’ FDA breakfast and placebo could be
ascertained. Furthermore, it could be ascertained that the
effect of insulin under the euglycaemic clamp at 1.5 h was
too small to be of any relevance.

Effect of the euglycaemic clamp on QTcF
The point estimates of the difference between the eugly-
caemic clamp compared with placebo on QTcF were small
and ranged from -0.3 to -1.4 ms showing a small shorten-

Table 4
Average baseline plasma concentration of C-peptide, glucose and insulin for different treatments

Treatment
Average pre-dose concentration
C-peptide (ng ml-1) Glucose (mmol l-1) Insulin (mIU ml-1)

Carbohydrate rich ‘continental’ breakfast 1.12 5.34 3.96
Calorie reduced ‘American’ FDA breakfast 1.24 5.3 4.77

Euglycaemic insulin clamp 1.13 5.36 4.21
Placebo 1.21 5.33 4.84
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Figure 1
Average change from baseline of insulin, glucose and C-peptide following carbohydrate rich ‘continental’ breakfast (A), calorie reduced ‘American’ FDA
breakfast (B), euglycaemic insulin clamp (C) and placebo (D). , C-peptide; , Glucose; , Insulin
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ing of QTcF. The maximum QTcF shortening was observed
at 1.5 h post-dose with a value of 2.6 ms (two-sided 90% CI
-5.3, -0.2) (Figure 2A). The values observed were not sig-
nificantly different from zero. It should be noted that a
slight prolongation was observed at 0.25 h post infusion.
The time course of the changes in QTcF did not follow
those of insulin, but rather resembled those of glucose.The
mean baseline QTcF interval value for euglycaemic clamp
was 415.1 ms compared with 416.2 ms for placebo.

Effect of carbohydrate rich ‘continental’
breakfast on QTcF
For the continental breakfast the maximum QTcF shorten-
ing was observed at 3.5 h post-dose with a value of 7.9 ms
(two-sided 90% CI -10.4, -5.5) (Figure 2B). The mean base-
line QTcF interval value for the ‘continental’ breakfast was
415.7 ms compared to placebo (416.2 ms).

Effect of calorie reduced ‘American’ FDA
breakfast on QTcF
With the carbohydrate reduced‘American’style FDA break-
fast, the maximum QTcF shortening was observed at 2.5 h
post-dose with a value of 6.8 ms (two-sided 90% CI -9.3,

-4.3) (Figure 2C).The mean baseline QTcF interval value for
the ‘American’ FDA breakfast was 417.1 ms compared with
placebo (416.2 ms).

Effect of moxifloxacin 400 mg on QTcF
The assay sensitivity was shown to be adequate. From
0.25 h to 6 h post-dose, the DDQTcF change from baseline
following moxifloxacin 400 mg given in fasting condition
compared with placebo ranged from 1.7 to 14.4 ms with
the lower bound of the 95% CI clearly above 5 ms. The
largest QTcF change from baseline was observed at 2.5 h
post-dose in the fasted state with a value of 14.4 ms (two-
sided 90% CI 11.9, -16.8) (Figure 2D). The mean baseline
QTcF interval value for moxifloxacin (fasted state) was
416.7 ms compared with placebo (416.2 ms).

Effects on heart rate
Since QTc and heart rate are closely linked, the same analy-
sis as performed for QTcF was also repeated for heart rate.
Results are given in Figure 3. For insulin a gradual increase
in heart rate was observed up to 3 h (6.5 beats min–1),
returning to near baseline values at the 6 h time point
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(Figure 3A). A steep increase in heart rate was observed for
both the carbohydrate rich ‘continental’ and calorie
reduced ‘American’ FDA breakfast. The maximum increase
in change of heart rate was observed at 1 h following a
carbohydrate rich breakfast (9.1 beats min–1) and 0:25 h fol-
lowing a calorie reduced ‘American’ FDA breakfast (8.5
beats min–1). It should be noted that the observed heart
rate effect following a carbohydrate rich breakfast
(Figure 3B) was greater in comparison with a calorie
reduced‘American’FDA breakfast (Figure 3C).With a carbo-
hydrate rich breakfast the change in heart rate stabilized
after a steep increase and remained so up to 2 h before
gradually returning to near baseline values. A similar trend
was observed with a calorie reduced‘American’FDA break-
fast but the magnitude of the effect was smaller. The mag-
nitude of the observed change in heart rate for 400 mg
moxifloxacin (fasted state) is shown in Figure 3D.

Concentration–response analysis for insulin,
glucose and C-peptide
The effect on QTc was investigated using linear mixed
effect models with placebo corrected QTcF (change from
average baseline) as a dependent variable and insulin,
glucose and C-peptide (placebo corrected) as covariates

for the data obtained under the euglycaemic clamp as well
as for all data obtained under the clamp and the two types
of breakfast. The resulting regression coefficients (‘slopes’)
are shown in Table 5. Insulin was shown to have no effect
on QTc during the euglycaemic clamp, if the model control-
led for the effect of glucose. The same holds in a model
based on all data, if the model controlled for the influences
of both glucose and C-peptide. However, C-peptide and
glucose were found to have significant negative and posi-
tive effects on QTc, respectively, based on the data from all
three treatment arms and all time points. The analysis pre-
dicts that an increase of C-peptide apparently causes a
decrease in QTcF [-1.2 ms/(ng ml-1)] while an increase of
glucose increases QTcF [1.6 ms/(mmol ml-1)) Since both
concentrations are positively correlated, their effects
antagonize one another. This can be demonstrated with
the considerably smaller apparent effect of C-peptide of
only 0.7 ms/(ng ml-1) obtained in a model ignoring
glucose, i.e. when ascribing the joint effect of C-peptide
and glucose to C-peptide only. Likewise, in a model ignor-
ing C-peptide, the apparent effect of glucose appears to be
reversed, i.e. the QTc-shortening effect of C-peptide domi-
nates the QTc-prolonging effect of glucose.

Figure 4 B and C illustrates this relationship. The influ-
ence of insulin on QTcF during the euglycemic clamp is

A Time matched baseline difference (insulin) Time matched baseline difference
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shown in Figure 4A. In Figure 4B the effect of C-peptide is
shown for various concentrations of glucose (aimed at to
be kept constant). In addition, the broken line gives the
apparent effect of C-peptide if the influence of glucose is
disregarded by the model. Figure 4C shows the same for
glucose. In addition to the influence of glucose for several
fixed concentrations of C-peptide and the apparent effect
of glucose estimated in a model that does not control for
the influence of C-peptide, the relationship found under
the euglycaemic clamp is also added as a dotted line. It
should be noted that this relationship, established in a situ-
ation where the concentrations of C-peptide were kept
constant, in reality, agrees well with those that were
established by a model that simultaneously models the

influence of both substances. Figure 5 shows a three-
dimensional plot of the change in DDQTcF (ms) as a func-
tion of glucose (mmol ml-1) and C-peptide (ng ml-1).

Discussion

As per the ICH E14 guideline [14], the majority of TQT
studies use moxifloxacin 400 mg as a positive control to
demonstrate assay sensitivity by utilizing its well charac-
terized QTc prolonging effect compared with placebo [8,
15–18]. A positive control is included in these studies to
ensure that a TQT study can demonstrate a change in QTc

of approximately 5 ms. Moxifloxacin has been shown to

Table 5
Influence of insulin, C-peptide and glucose on QTcF

Parameter Units of slope Data used Controlling for Estitmate
Lower Upper
bound of 95% CI

Insulin ms/(mIU ml-1) Clamp Glucose -0.01 -0.06 0.05

All Glucose and C-peptide 0.01 -0.02 0.04
C-peptide ms/(ng ml-1) All Glucose -1.24 -1.59 -0.90

All None -0.71 -0.98 -0.45

Glucose ms/(mmol ml-1) Clamp Insulin 1.90 0.07 3.73

All C-peptide 1.57 0.92 2.22

All None -0.86 -1.45 -0.27

All models use difference from placebo values, QTcF is change from average baseline. Based on linear mixed effects models.
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produce changes in QTc which are greater and this has led
to suggestions of having positive controls which produce
smaller effects i.e. closer to that suggested in the guide-
lines [16]. With the actual effect of moxifloxacin it is con-
sidered necessary to ensure that the lower bound of the
lower 90% CI excludes 5 ms at least at one time point [16,
19], thereby addressing the concern that a study showing a
small moxifloxacin effect of only 5 ms following a 400 mg
oral dose would obviously not be indicative of a suffi-
ciently sensitive study able to detect small changes in QTc.

The reported effect of food on QTc provides potential
for its use as a positive control in thorough ECG studies and
possibly as an alternative to moxifloxacin. One of the first
studies to report the relationship between consumption of
a standardized meal under the rigorous conditions of a
TQT study demonstrated a maximum QTcF shortening of
approximately 8.2 ms [8]. The carbohydrate content of the
meal appears to be important since a carbohydrate rich
meal has been associated with endogenous physiological
insulinaemia [6] and two studies have demonstrated
increased heart rate and QTcB in response to increased
insulin concentrations [6, 20]. In the study by Scott et al. [6],
heart rate increased by 17% and was correlated with
insulin concentration. However, only heart rate (not QTc)
and insulin measurements were provided in that study.

If the expectation that post-prandial insulinaemia has a
role in the observed effects of food on ECG is correct, then
meals with high levels of carbohydrates would be expected
to show a greater effect.Three studies reporting QTc effects
have used meals with higher carbohydrate content (68%
[8], 57% [9], 53% [3]) compared with, for example, an FDA
standard breakfast which has a greater fat (58%) content
and a much lower carbohydrate content. This difference in

carbohydrate content may lead to a difference in QTc effect
observed between the meals but there is currently only
limited data to suggest that this is the case.

The exact effects of insulin on the QTc interval have
been investigated in this study. C-peptide and insulin are
excreted in equimolar amounts [20] following a carbohy-
drate challenge. It has been demonstrated that administra-
tion of C-peptide to type I diabetic patients with
neuropathy shortens the QTc [12]. To our knowledge, the
data presented in the current study are the first to report
the relationship of insulin, glucose and C-peptide follow-
ing a meal conducted under the conditions of a TQT study.
The results show that following ingestion of a carbohy-
drate rich ‘continental’ breakfast or a calorie reduced
‘American’ FDA standard breakfast, a rapid increase in
insulin and C-peptide concentrations occurs. What is
apparent is the transient nature of the insulin increase,
reaching maximum physiological concentrations almost
immediately and then decreasing to half the concentra-
tions by 1 h post ingestion. Of interest is the prolonged
steady C-peptide concentration lasting up to 2 h post-
ingestion, particularly with the carbohydrate rich ‘conti-
nental’ breakfast. Insulin at physiological levels was shown
to have no effect on QTcF during the euglycaemic clamp
period.This finding contrasts with the finding of Gastaldelli
et al. [10] who have reported a QTc prolongation with
increased concentrations of insulin. However, in the study
by Gastadelli et al. [10], an increase in heart rate of up to 71
beats min–1 was demonstrated. It is known that the use of
the Bazett’s correction formula (QTcB) leads to false QTc

prolongations [11], i.e. these are merely due to changes in
heart rate rather than a true change in the QT/RR relation-
ship. As far as the food effect was concerned [8], similar
results to those observed by Gastaldelli et al. [10] were
observed up to 2 h i.e. increase in the QTcB. However, in the
food effect study there was a shortening of QTcB at 4 h
post-dose of about 4 ms [8]. This is important because
Gastaldelli et al. [10] did not report QTcB after 2 h and also
failed to demonstrate a shortening effect on the uncor-
rected QT. Although, it has been reported that QTcB is
unsuitable when dealing with heart rate changes [11],QTcB
is still widely used in the clinic and false positives have also
been demonstrated for other studies [3, 21]. Our findings
showed that shortening of the QTc was correlated to an
increase in heart rate.The greatest change in heart rate was
observed during a carbohydrate rich‘continental’breakfast
which correspondingly had the greatest QTcF shortening
effect. Notably, for insulin the increase in heart rate fol-
lowed by a decrease after 3 h to near baseline values cor-
responded to the changes in QTcF that were observed. As
reported previously [8], the effect on QT appears to be
greater than proportional and becomes noticeable when
applying heart rate correction factors such as QTcF.

In concentration–effect modelling, C-peptide emerges
as the most likely candidate to be responsible for the QTc

shortening observed following ingestion of a carbohy-
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drate rich ‘continental’ breakfast in this study and where
reported previously [8]. The concentration–response
analysis has confirmed a QTcF shortening effect with
increasing C-peptide concentration. It further appears that
the C-peptide (QT shortening) effect couples with the
antagonizing (prolongation) effects of glucose. Further
investigations are required to assess the direct impact of
C-peptide on QTc change under TQT conditions and under-
standing its role would allow the use of concentration–
response models. This finding is of importance because it
has been shown in another study with type 1 diabetic
patients that increases in glucose can shorten the QTc [22].
However this study did not control for C-peptide. Under-
standing the role of glucose and C-peptide might also lead
to improved prophylaxis in the cardiac complications asso-
ciated with patients with diabetes. It is well documented
that patients with insulin dependent diabetes are prone to
sudden arrhythmias that can lead to ‘dead in bed’ syn-
drome due to QTc prolongation. It could be surmised that
because glucose by itself may prolong, with C-peptide
antagonizing, the effects on the QTc interval, diabetic
patients and particularly those prone to ‘dead in bed’ syn-
drome may further benefit from tight glucose regulation
and may benefit from C-peptide treatment.

There is sufficient evidence in the literature to suggest
that the food effect observed in this study is well repro-
ducible both in terms of magnitude of effect and time
course. We were able to replicate the same ECG effects in
two TQT studies so far. Moreover, it compares favourably
with other non-pharmacological methods of experimen-
tally prolonging QTc such as temporary changes in posture
as it is not compromised by QT/RR hysteresis and is easier
to control than an exercise protocol in an environment that
should be free of autonomic effects on the heart [3, 6, 9].
Our findings (Figure 2A) also suggest that late changes
after an insulin clamp may lead to significant increases in
the QTc interval. Significant increases in the QTc interval
were observed at the 4 and 6 h time points, i.e. 2–4 h after
the end of the insulin clamp.These changes might be asso-
ciated with fluctuating serum potassium concentrations.
Indeed, the effect of insulin on the QTc as reported by Gast-
aldelli et al. [10] was postulated to have been mediated by
the decrease of serum potassium concentrations with con-
comitant increase in norepinephrine concentrations. This
leads to the notion that insulin augments cellular potas-
sium uptake and hyperpolarization of the cell membrane.
However, such changes attributed to serum concentra-
tions of potassium should be treated with caution. For
example, in another study [23], it was shown that adjust-
ment for fasting insulin or potassium concentration did
not explain the change in QTc. It might be surmised that
glucose could itself be implicated in the mechanisms of
suboptimal regulation of cardiac ion channels involved in
ventricular repolarization and thereby modulate the QT
interval. Further work would be necessary to unravel the
precise mechanism(s).

In summary, this study demonstrates that there was no
change in QTc during the euglycaemic clamp. Given that
insulin was raised to physiological concentrations compa-
rable with those seen after a meal, whilst the release of
C-peptide was suppressed, insulin appears to have no
effect on the QTc interval in either direction. From these
data it could be postulated that some type of relationship
might exist between shortening of QTc and C-peptide con-
centrations. There is no doubt that further work would be
necessary to tease out the precise mechanism by which
this interplay could occur.
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