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Aims

 

Sudden death in young diabetic patients has been associated with nocturnal
hypoglycaemia perhaps as a result of cardiac dysrhythmias following abnormal cardiac
repolarization during hypoglycaemia. It was therefore important to compare the
effect of soluble human insulin (HI) and a rapid-acting insulin analogue, insulin
aspart (IAsp), on these aspects of cardiac function.

 

Methods

 

A total of 17 healthy males underwent identical hyperinsulinaemic
hypoglycaemic clamps with blood glucose maintained at 5 m

 

M

 

 for 30 min and
reduced to 2.5 m

 

M

 

 after an additional 30 min. Subjects received either HI or IAsp
on two different occasions separated by 4–6 weeks. Regular measurements were
made of two measures of cardiac repolarization, QT dispersion and QTc as well as
of counter-regulatory hormones.

 

Results

 

The blood glucose lowering effect did not differ between IAsp and HI and
the clearance rates were similar (HI mean 

 

±

 

 SD 1.24 

 

±

 

 0.12 l h

 

-

 

1

 

 kg

 

-

 

1

 

, IAsp
mean 

 

±

 

 s.d. 1.22 

 

±

 

 0.32 l h

 

-

 

1

 

 kg

 

-

 

1

 

). There were similar significant increases but no
difference between treatments in QTc after hypoglycaemia induced by either IAsp
or HI (480 

 

±

 

 37 ms 

 

vs

 

 480 

 

±

 

 25 ms; NS). However, QT dispersion during hypogly-
caemia was less pronounced with IAsp than with HI (92 

 

±

 

 36 ms 

 

vs

 

 107 

 

±

 

 42 ms;

 

P

 

 

 

<

 

 0.05). Plasma adrenaline increased significantly and similarly after both insulins
(initial and final concentration, HI, 0.23 

 

±

 

 0.01 to 4.87 

 

±

 

 0.48 n

 

M

 

, 

 

P

 

 

 

<

 

 0.001, IAsp,
0.24 

 

±

 

 0.01 to 4.99 

 

±

 

 0.48 n

 

M

 

, 

 

P

 

 

 

<

 

 0.001). Serum potassium decreased significantly
but by a similar amount between the groups (initial and final concentration, HI,
4.18 

 

±

 

 0.3 to 4.2 

 

±

 

 0.2 m

 

M

 

, 

 

P

 

 

 

<

 

 0.001, IAsp, 4.2 

 

±

 

 0.3 to 4.2 

 

±

 

 0.3 m

 

M

 

, 

 

P

 

 

 

<

 

 0.001).

 

Conclusions

 

Soluble human insulin and insulin aspart had similar effects upon
hypoglycaemia-induced alterations in cardiac repolarization, presumably because the
effects of both regular insulin and insulin aspart on the sympathoadrenal response
and potassium concentration were the same.
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Introduction

 

The aim of insulin treatment in type I diabetes mellitus
is to reproduce physiological insulin secretion profiles
optimizing glycaemic control and preventing microvas-
cular complications [1, 2]. However, the limitations of
subcutaneous insulin delivery mean that even the most
modern insulin regimens, produce near normoglycae-
mia only at the expense of a high risk of severe
hypoglycaemia.

This is partly because standard human insulin (HI)
aggregates as hexameric macromolecules in neutral solu-
tion slowing its absorption following subcutaneous
administration [3, 4]. Thus, patients are exposed to the
risk of both postprandial hyperglycaemia and postabsorp-
tive hypoglycaemia, particularly at night [5]. Insulin
aspart (IAsp) is a novel, rapid-acting, monomeric insulin
analogue in which the amino acid proline, at position 28
on the B chain, is replaced by aspartic acid. IAsp was
designed to mimic HI in biological aspects, but with a
faster absorption, earlier onset and shorter duration of
action, characteristics confirmed in several trials in
healthy subjects and type I diabetic patients [6–9]. In
large clinical trials the use of IAsp results in minor but
significantly improved glycaemic control compared with
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HI without increasing the incidence of hypoglycaemia
[10].

Young people with type 1 diabetes may be at risk of
sudden death from hypoglycaemia particularly at night
(the ‘dead in bed’ syndrome) [11]. The initial suggestion
that this was due to the introduction of human insulin
has been largely refuted [12] and there is increasing evi-
dence to support an alternative explanation. Insulin-
induced hypoglycaemia causes a fall in potassium that in
combination with sympathoadrenal activation leads to
abnormalities of cardiac repolarization [13] manifested by
lengthening of the QT interval in patients with both type
1 and type 2 diabetes [14]. A prolonged QT interval is
a predictor of malignant cardiac dysrhythmias and sudden
death in conditions including the acute phase of myo-
cardial infarction and congenital long QT syndrome [15,
16]. Other factors which might influence the risk of
sudden death in those with diabetes such as autonomic
neuropathy are currently being investigated [17].

In view of this potentially pathogenetic side-effect of
insulin and the controversy around sudden death which
followed the introduction of human insulin, we thought
it important to establish whether novel analogues exhibit
similar properties. Therefore the aim of our study was to
compare the effect of experimental hypoglycaemia
induced by HI and IAsp upon markers of cardiac repo-
larization. We hypothesized that as both insulin types
caused similar sympathoadrenal responses to hypoglycae-
mia the effect on cardiac electrophysiological responses
would also be comparable.

 

Methods

 

Subjects

 

We recruited 17 healthy white Caucasian males aged 18–
40 years with a normal electrocardiograph (ECG), and
no signs of previous cardiac events. Further inclusion
criteria included body mass index of 

 

£

 

 27 kg m

 

-

 

2

 

, non-
smoking history for at least the previous 3 months and
good general physical health, based on medical history,
physical examination and laboratory assessments. Subjects
provided written informed consent prior to entering the
study which was approved by the Northern General
Hospital Ethics Committee.

 

Study design

 

Subjects were randomized to receive either IAsp or HI
on two separate occasions, separated by 28–56 days. Dur-
ing each of the trial days, following 30 min rest, subjects
received an infusion of IAsp or HI for a total of 120 min.
After 10 min, the infusion rate was fixed at 1.5 mU
kg

 

-

 

1

 

 min

 

-

 

1

 

 so that subjects received a minimum of

120 mU kg

 

-

 

1

 

 of IAsp or HI. Blood glucose was measured
at 2–5 min intervals at the bedside using a glucose oxi-
dase method (YSI3500, YSI Inc., Yellow Springs, Ohio,
USA) and controlled throughout the procedure by
adjusting the rate of a 20% dextrose infusion. Blood
glucose was clamped at 5 mmol l

 

-

 

1

 

 for the first 30 min,
then reduced to 4 mmol l

 

-

 

1

 

 over 30 min, further reduced
to 2.5 mmol l

 

-

 

1

 

 over the next 30 min, at which it was
clamped for a final 30 min. Plasma samples were obtained
at 0, 30, 40, 50, 60 90, 100, 110 and 120 min for later
measurement of potassium, magnesium, calcium, gluca-
gon, catecholamines, insulin and C-peptide.

 

Measures of cardiac repolarization

 

ECGs were recorded on a custom built system for high-
resolution ECG analysis that simultaneously acquires
three bipolar orthogonal X, Y and Z leads [14]. An
average ECG profile was derived from each recording
period of approximately 6 min. Signals from sinus beats
for each lead were amplified (5000 

 

¥

 

 0.05–250Hz), dig-
itized (5 

 

m

 

V resolution at 750 samples s

 

-

 

1

 

) and filtered on
line using a 50 Hz linear recursive filter. Signal averaging
was performed by using an initial beat as the template
for a template-matching scheme [18]. A single beat from
every 6 s interval was accepted if it had a correlation
coefficient with the template greater than 99.5%.
Accepted beats were averaged until recording was man-
ually terminated when the mean residual noise was below
2 

 

m

 

V. Typically, averaging of 10–30 beats was required to
achieve this figure. If fewer than 10 beats were averaged,
an infrequent occurrence resulting from poor template
selection, the recording was manually rejected and a new
recording initiated. The associated mean heart rate over
the recording period was also recorded.

Digitized ECGs were taken continuously during the
120 min procedure, and a 12-lead ECG was performed
at 0, 30, 60, 90 and 120 min. Pulse and blood pressure
were recorded every 10 min.

 

QT interval

 

The QT interval was measured in the averaged X, Y and
Z signals individually. QT interval was measured using a
tangent drawn at the point of maximal gradient on the
downward slope of the T wave, and the end of the T
wave marked as the point of intersection of the tangent
with the isoelectric line [19]. The QT intervals were
marked using an on-screen cursor (Figure 1) by two
independent observers, blinded both to the prevailing
blood glucose and to the outcome of previous measure-
ments and calculated as the mean of the two measure-
ments. The X, Y and Z readings were then averaged to
obtain an overall measure of the repolarization process.
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We corrected for differences in heart rate, using the
Bazett correction which mathematically normalizes the
QT interval to a heart rate of 60 beats min

 

-

 

1

 

 [15].

 

QT dispersion

 

Twelve-lead ECGs were recorded on a Burdick electro-
cardiograph at a paper speed of 50 mm s

 

-

 

1

 

, and enlarged
two-fold prior to analysis. Each ECG was analysed man-
ually by two blinded observers and the mean QT disper-
sion recorded. QT dispersion was defined as the
difference between the maximum and minimum QT
across the 12-lead ECG [20].

 

Metabolic measurements

 

Plasma adrenaline and noradrenaline were analysed by
high-performance liquid chromatography (h.p.l.c.) using
electrochemical detection [21], and plasma C-peptide
and glucagon by standard radioimmunoassays [22, 23].
Insulin was analysed using a radioimmunoassay (Pharma-
cia RIA 100, Uppsala, Sweden, validated for insulin
aspart [24]). Serum potassium was analysed by direct
potentiometry (Vitros Analyzer, Johnson & Johnson
Orthoclinical Diagnostics, Haversham, Bucks, UK).

 

Statistical analysis

 

Our sample size of 16 was chosen on the basis that this
would have 90% power to demonstrate comparable
effects of IAsp and HI on the change in QTc interval (a
difference of 19 ms) and QT dispersion (a difference of
9 ms) during hypoglycaemia, assuming a coefficient of
variance of 15% [25].

Data are expressed as mean 

 

±

 

 SD or 95% CI. We used
unpaired 

 

t

 

-tests to compare responses between groups
and paired tests to compare responses within groups,

using the summary measures of basal and maximal
responses during euglycaemia and hypoglycaemia. A

 

P

 

 value of 

 

<

 

 0.05 was considered significant.

 

Results

 

All 17 recruited subjects completed the study. They were
healthy male Caucasians with a mean age of 28.0 

 

±

 

 6.4
years and with a body mass index of 23.8 

 

±

 

 1.9 kg m

 

-

 

2

 

.
The two insulins performed identically and produced

nondistinguishable reduction in glucose during i.v. infu-
sion. Mean insulin clearance values were similar for both
treatments: 1.22 

 

±

 

 0.32 l h

 

-

 

1

 

 kg

 

-

 

1

 

 for IAsp and 1.24 

 

±

 

0.12 l h

 

-

 

1

 

 kg

 

-

 

1

 

 for HI.
Infusion rates of 20% glucose were similar for both

insulin species. During euglycaemia, the mean glucose
infusion rate for HI was 168 

 

±

 

 69 ml h

 

-

 

1

 

 and for IAsp
162 

 

±

 

 79 ml h

 

-

 

1

 

 [difference 6 ml h

 

-1 (-3, 15, P = 0.22)].
During hypoglycaemia mean glucose infusion rate for HI
was 93 ± 59 ml h-1 and for IAsp 89 ± 58 ml h-1 [differ-
ence 4 ml h-1 (-7, 15, P = 0.44)].

Measures of cardiac repolarization

QTc (Table 1) During euglycaemia, QTc increased sig-
nificantly by 15 ms (95% CI 9, 22, P < 0.0001) with HI
and by 21 ms (13, 28, P < 0.0001) with IAsp, although
the difference between insulin species was not significant
(-6, -12.1, 0.58, P = 0.07). During hypoglycaemia, QTc
increased (from baseline) by 89 ms (78; 100, P < 0.0001)
with HI and 90 ms (72, 108, P < 0.0001) with IAsp but
there was no difference between insulin species (-16.7,
14.1, P = 0.857).

QT dispersion During euglycaemia QT dispersion
increased from baseline significantly by 10 ms (1, 16,
P = 0.002) with HI, but was unchanged with IAsp (by

Table 1 Measures of cardiac repolarization at baseline, during euglycaemia and during hypoglycaemia.

Parameter

HI IAsp Difference HI-IAsp

Mean SD Mean SD 95% CI P value

QTc (ms)
Baseline 390 17 391 22 -9.9, 11 0.93
Euglycaemia 406 18 411 22 -13.5, 3.2 0.30
Hypoglycaemia 480 259 480 37 -18.3, 16.8 0.95
Change baseline hypoglycaemia 89a 21 90a 35 -16.7, 14.1 0.86

QT dispersion (ms)
Baseline 40 7 45 11 -11.6, 1.34 0.11
Euglycaemia 50 11 50 16 -9.1, 8.1 0.98
Hypoglycaemia 107 42 92 36 1.65, 28.5 0.03
Change baseline hypoglycaemia 67a 42 47a 32 6.93, 33.4 0.005

aIndicates significant difference from baseline.
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5 ms 0, 10, P = 0.066) although there was no significant
difference between insulin species (-1.55, 11.5,
P = 0.125). During hypoglycaemia, QT dispersion
increased by 67 ms (45, 88, P < 0.0001) with HI and
47 ms (30, 63, P < 0.0001) with IAsp and the increase
observed with HI was significantly greater compared
with IAsp (6.93; 33.4, P = 0.005).

Potassium (Table 2)

Potassium fell significantly from baseline during clamped
euglycaemia with both insulins but there was no differ-
ence between the two groups. The falls during hypogly-
caemia were also significant but no different between the
insulin species.

Adrenaline (Table 2)

Adrenaline concentrations were similar at baseline and
remained unchanged from baseline for either insulin dur-
ing euglycaemia. During hypoglycaemia, adrenaline
increased significantly and to a comparable degree with
both insulin species.

Noradrenaline (Table 2)

Noradrenaline concentrations were similar at baseline.
During euglycaemia with HI and IAsp, noradrenaline

concentrations increased slightly but significantly with
both insulins although there was no significant difference
between insulin species. During hypoglycaemia, norad-
renaline increased significantly (from baseline) and to a
comparable degree with both insulins.

Glucagon (Table 2)

Glucagon concentrations were similar at baseline. During
euglycaemia there was a significant but comparable fall in
glucagon with both insulins. During hypoglycaemia glu-
cagon concentrations increased significantly (from base-
line) but there was no difference between insulin species.

Calcium and magnesium remained unchanged
throughout the study (data not shown).

Discussion

These data show that experimental hyperinsulinaemic
hypoglycaemia induced in nondiabetic subjects produces
abnormal cardiac repolarization with lengthening of both
QTc and QT dispersion. The increases were both statis-
tically and clinically significant, producing mean rises in
QT interval of around 90 ms and including some subjects
whose QTc reached maximum values above 500 ms.
These changes are associated with malignant arrhythmias
in other conditions such as acute myocardial infarction.
QT dispersion also increased indicating that insulin-

Table 2 Metabolic measurements at baseline, during euglycaemia and during hypoglycaemia.

Parameter

HI IA Difference HI-IAsp

Mean SD spmean SD  95% CI P value

Potassium (mM)
Baseline 4.18 0.28 4.15 0.25 -0.12, 0.17 0.73
Euglycaemia 3.75 0.18 3.66 0.15 -0.02, 0.20 0.12
Hypoglycaemia 3.42 0.22 3.35 0.21 -0.05, 0.19 0.23
Change baseline hypoglycaemia 0.76a 0.28 0.81a 0.27 -0.2, 0.11 0.52

Adrenaline (nM)
Baseline 0.23 0.10 0.24 0.09 -0.06, 0.04 0.66
Euglycaemia 0.26 0.09 0.23 0.09 -0.04, 0.10 0.38
Hypoglycaemia 4.87 1.99 4.99 2.09 -1.11, 0.87 0.80
Change baseline hypoglycaemia 4.68a 1.98 4.81a 2.05 -1.11, 0.85 0.79

Noradrenaline (nM)
Baseline 1.28 0.45 1.37 0.45 -0.38, 0.21 0.53
Euglycaemia 1.59 0.57 1.55 0.49 -0.36, 0.45 0.83
Hypoglycaemia 2.21 0.79 2.14 0.72 -0.43, 0.56 0.78
Change baseline hypoglycaemia 0.92a 0.52 0.77 0.44 -0.18, 0.49 0.34

Glucagon (pM)
Baseline 33.9 5.32 33.6 3.83 -2.71, 3.42 0.81
Euglycaemia 30.8 5.30 30.5 3.61 -2.62, 3.21 0.83
Hypoglycaemia 44.2 5.78 42.8 7.31 -1.98, 4.80 0.39
Change baseline hypoglycaemia 10.29a 5.34 9.24a 5.38 -1.91, 4.03 0.46

aIndicates significant difference from baseline.
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induced hypoglycaemia prolongs other indices of cardiac
repolarization.

There was no significant difference in increases in QTc
whether hypoglycaemia was induced by soluble insulin
or IAsp. This suggests that the effect of insulin-induced
hypoglycaemia on this measure of cardiac repolarization
was unrelated to insulin species and is a consequence of
either hypoglycaemia itself, the potassium lowering effect
of insulin or the sympathoadrenal discharge induced by
hypoglycaemia.

HI and IAsp exhibit similar binding to the insulin
receptor in in vitro studies [26]. There is considerable
evidence that the two preparations have equivalent met-
abolic effects. It is therefore unsurprising that when
infused intravenously, both preparations elicited similar
falls in serum potassium. Previous work has demonstrated
comparable counter-regulatory and symptomatic
responses during hypoglycaemia [27] and we confirmed
that rises in adrenaline (and glucagon) were no different
during hypoglycaemia induced by either insulin.

Cardiac rhythm disturbances have been described
during clinical episodes of hypoglycaemia in patients
with type 1 diabetes, including atrial fibrillation [28]
and ventricular ectopic activity [29]. Experimental
hypoglycaemia alters ventricular repolarization with pro-
longation of the QT interval [14], indicating a possible
mechanism which might explain the increased risk of
sudden overnight deaths in young type 1 diabetic
patients [11]. In the early 1990s, it was claimed that
these deaths were linked to the use of human insulin
[30, 31], but a recent systematic review found no evi-
dence that HI has a specific effect on the physiological
response to hypoglycaemia when compared with insulin
of other species [12]. Nevertheless, as a range of medi-
cations, including anti-arrhythmic drugs, antihistamines
and antibiotics can prolong cardiac repolarization [32],
the controversy surrounding HI highlights the impor-
tance of assessing the effect of new insulin analogues on
the electrocardiogram.

Unexpectedly, we found a significant difference in
maximum increases in QT dispersion between insulin
species with increased intervals observed during human
insulin infusion. This might reflect differing actions of
each insulin species on this measure of ventricular
repolarization and support the contention that some
types are safer than others. It seems more likely that it
represents a statistical quirk, particularly as the mean
difference was small and not observed in other mea-
sures of repolarization. QT dispersion is difficult to
measure consistently with interobserver variability in
QT-dispersion measurements rising as high as 30%, par-
ticularly if ECG morphology is abnormal [33]. There is
a clear relation between QT measurement error and
ST-T amplitude [34] and during hypoglycaemia, ECG

morphology alters, with flattening of the ST segment.
Thus, although we believe this observation may be
worthy of further investigation, its clinical relevance
seems doubtful.

Our experimental model, the hyperinsulinaemic
clamp, provides consistent and equivalent hypoglycaemic
stimuli with which to compare physiological responses
[35]. Among its limitations is the need to use high con-
centrations of intravenous insulin (100–200 mU l-1),
which probably lower serum potassium below the con-
centrations experienced during subcutaneous therapy. If
a low serum potassium contributes to prolonged cardiac
repolarization during hypoglycaemia, then increases in
QT interval and dispersion may be less marked during
hypoglycaemia provoked by treatment. However, recent
work suggests that sympathoadrenal activation is probably
the main determinant of abnormal cardiac repolarization
during hypoglycaemia [36].

These studies were conducted in normal subjects and
we cannot be certain that we would have made similar
observations in subjects with diabetes. However, as we
have previously demonstrated comparable effects upon
the electrocardiogram in studies using HI in both patients
with type 1 and type 2 diabetes it is reasonable to believe
that the results are clinically relevant.

In conclusion we have confirmed that experimental
hypoglycaemia induced by insulin in normal subjects
prolongs ventricular repolarization as measured by QTc
and QT dispersion. HI and IAsp produce equivalent
falls in potassium, and increases in indices of sympatho-
adrenal activation at comparable levels of hypoglycaemia.
Both preparations had an equivalent effect on QTc
interval but during hypoglycaemia QT dispersion was
slightly longer during that induced with HI. The rele-
vance of these data in an experimental model now
needs to be tested by extending studies to the clinical
situation.

References

1 The Diabetes Control and Complications Trial Research 
Group. The effect of intensive treatment of diabetes on the 
development and the progression of long-term complications 
in insulin-dependent diabetes mellitus. N Engl J Med 1993; 
329: 977–986.

2 UKPDS Group. Intensive blood-glucose control with 
sulphonylureas or insulin compared with conventional 
treatment and risk of complications in patients with type 2 
diabetes (UKPDS 33). Lancet 1998; 352: 837–853.

3 Blundell T, Dodson G, Hodgkin D, Mercola D. Insulin. The 
structure in the crystal and its reflection in chemistry and 
biology. Adv Prot Chem 1972; 26: 279–402.

4 Brange J, Langkjaer L. Insulin structure and stability. Pharm 
Biotechnol 1993; 5: 315–350.

5 Barnett AH, Owens DR. Insulin analogues. Lancet 1997; 348: 
47–51.



Hypoglycaemia and cardiac repolarization

© 2003 Blackwell Publishing Ltd Br J Clin Pharmacol, 55, 246–251 251

6 Heinemann L, Heise T, Jorgensen LN, Starke AAR. Action 
profile of the rapid acting insulin analog: human insulin 
B28Asp. Diabetic Med 1993; 10: 535–539.

7 Wiefels K, Hubinger A, Dannehland K, Gries FA. Insulin 
kinetic and dynamic in diabetic patients under insulin pump 
therapy after injections of human insulin or the insulin analog 
(B28Asp). Horm Metab Res 1995; 27: 421–424.

8 Heinemann L, Weyer C, Rave K, Stiefelhagen O, Rauhaus 
M, Heise T. Comparison of the time-action profiles of U40- 
and U100-regular human insulin and the rapid-acting insulin 
analog B28 Asp. Exp Clin Endocrinol Diabetes 1997; 105: 140–
144.

9 Heinemann L, Kapitza C, Starke AAR, Heise T. Time-action 
profile of the insulin analog B28Asp. Diabetic Med 1996; 13: 
683–684.

10 Home PD, Lindholm A, Hylleberg B, Round P. Improved 
glycemic control with insulin aspart: a multicenter 
randomized double-blind crossover trial in type 1 diabetic 
patients. Diabetes Care 1998; 21: 1904–1909.

11 Tattersall RB, Gill GV. Unexplained death of type 1 diabetic 
patients. Diabetic Med 1991; 8: 49–58.

12 Airey CM, Williams DDR, Martin PG, Bennett CMT, 
Spoor PA. Hypoglycaemia induced by exogenous insulin–
human and animal insulin compared. Diabet Med 2000; 17: 
416–432.

13 Egeli ES, Berkmen R. Action of hypoglycaemia on coronary 
insufficiency and mechanisms of ECG alterations. Am Heart 
J 1960; 59: 527–540.

14 Marques JL, George E, Peacey SR, et al. Altered ventricular 
repolarisation during hypoglycaemia in patients with diabetes. 
Diabetic Med 1997; 8: 648–654.

15 Jackman WM, Friday KJ, Anderson JL, Aliot EM, Clark M, 
Lazzara R. The long QT syndromes: a critical review, new 
clinical observations and a unifying hypothesis. Prog Cardiovasc 
Dis 1988; 31: 115–172.

16 Naas AAO, Davidson NC, Thompson C, et al. QT and QTc 
dispersion are accurate predictors of cardiac death in newly 
diagnosed non-insulin-dependent diabetes: cohort study. Br 
Med J 1998; 316: 745–746.

17 Harris ND, Heller SR. Sudden death in young patients with 
Type 1 diabetes. A consequence of disease, treatment or both? 
Diabetic Med 1999; 16: 623–625.

18 Alperin N, Sadeh D. An improved method for on-line 
averaging and detecting of ECG waveforms. Computers Biomed 
Res 1986; 19: 193–202.

19 Ireland RH, Robinson RTCE, Heller SR, Marques JLB, 
Harris ND. Measurement of high resolution ECG QT 
interval during controlled hypoglycaemia. Physiol Meas 2000; 
21: 295–303.

20 Day CP, McComb JM, Campbell RW. QT dispersion: an 
indication of arrhythmia risk in patients with long QT 
intervals. Br Heart J 1990; 63: 342–344.

21 Ball SG, Tree M, Morton JJ, Inglis GC, Fraser R. Circulating 
dopamine: its effect on plasma concentration of 
catecholamines, renin, angiotensin, aldosterone and 
vasopressin in the conscious dog. Clin Sci 1981; 61: 417–
422.

22 Ardill J. Radioimmunoassay of GI hormones. Clin Endocrinol 
Metab 1979; 8: 265–280.

23 Hazzard WR, Crockford PM, Buchanan KD, Vance JE, 
Chen R, Williams RH. A double antibody immunoassay for 
glucagon. Diabetes 1968; 17: 179–186.

24 Andersen L, Vølund A, Olsen KJ, Plum A, Walsh D. Validity 
and use of a non-parallel insulin assay for pharmacokinetic 
studies of a rapid-acting insulin analog, insulin aspart. J 
Immunoassay 2002; in press.

25 Phillips KM. Power of the two one sided tests procedure in 
bioequivalence. J Pharmacokinet Biopharm 1990; 18: 137–144.

26 Kurtzhals P, Schaffer L, Sorensen A, et al. Correlations of 
receptor binding and metabolic and mitogenic potencies of 
insulin analogs designed for clinical use. Diabetes 2000; 49: 
999–1005.

27 Frier BM, Ewing FME, Lindholm A, Hylleberg B, Kanc K. 
Symptomatic and counterregulatory hormonal responses to 
acute hypoglycaemia induced by insulin aspart and soluble 
human insulin in Type 1 diabetes. Diabetes Metab Res Rev 
2000; 16: 262–268.

28 Collier A, Matthews DM, Young RJ, Clarke BF. Transient 
atrial fibrillation precipitated by hypoglycaemia: 2 case 
reports. Postgrad Med J 1987; 63: 895–897.

29 Soskin S, Katz LN, Strouse S, Rubinfeld SH. Treatment of 
elderly diabetic patients with cardiovascular disease. Available 
carbohydrate and the blood sugar level. Arch Intern Med 1932; 
51: 122–142.

30 Diabetics concern about new insulin. Daily Telegraph, 17 
August 1989.

31 Medical alert after mystery diabetic deaths. Daily Telegraph, 22 
August 1989.

32 The European Agency for the Evaluation of Medicinal 
Products, Committee for Proprietary Medicinal Products. The 
Assessment of the Potential for Qt Interval Prolongation by Non-
Cardiovascular Medicinal Products. CPMP/986/96 1996.

33 Hill JA, Friedman PL. Measurement of QT interval and QT 
dispersion. Lancet 1997; 349: 894–895.

34 Kors JA, van Herpen G. Measurement error as a source of 
QT dispersion: a computerised analysis. Heart 1998; 80: 453–
458.

35 Heller SR, MacDonald IA, Herbert M, Tattersall RB. 
Influence of sympathetic nervous system on hypoglycaemic 
warning symptoms. Lancet 1987; ii: 359–363.

36 Robinson RTCE, Ireland RH, Harris ND, Heller SR. 
Effects of beta-blockade on hypoglycaemia induced 
abnormalities of cardiac repolarization. Diabetes 1999; 
48(Suppl 1): A57.


