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Background: Glucose-insulin—potassium (GIK) infusion improves cardiac function and outcome during
acute ischaemia.

Obijective: To determine whether GIK infusion benefits patients with chronic ischaemic left ventricular
dysfunction, and if so whether this is related to the presence and nature of viable myocardium.
Methods: 30 patients with chronic ischaemic left ventricular dysfunction had dobutamine echocardio-
graphy and were given a four hour infusion of GIK. Segmental responses were quantified by improve-
ment in wall motion score index (WMSI) and peak systolic velocity using tissue Doppler. Global
responses were assessed by left ventricular volume and ejection fraction, measured using a three
dimensional reconstruction. Myocardial perfusion was determined in 15 patients using contrast echo-
cardiography.

Results: WMSI (mean (SD)) improved with dobutamine (from 1.8 (0.4) to 1.6 (0.4), p < 0.001) and
with GIK (from 1.8 (0.4) to 1.7 (0.4), p < 0.001); there was a similar increment for both. Improvement
in wall motion score with GIK was observed in 55% of the 62 segments classed as viable by
dobutamine echocardiography, and in 5% of 162 classed as non-viable. There was an increment in
peak systolic velocity after both dobutamine echocardiography (from 2.5 (1.8) to 3.2 (2.2) cm/s,
p < 0.01) and GIK (from 3.0 (1.6) to 3.5 (1.7) cm/s, p < 0.001). The GIK effects were not mediated
by changes in pulse, mean arterial pressure, lactate, or catecholamines, nor did they correlate with
myocardial perfusion. End systolic volume improved after GIK (p = 0.03), but only in 25 patients who
had viable myocardium on dobutamine echocardiography.

Conclusions: In patients with viable myocardium and chronic left ventricular dysfunction, GIK
improves wall motion score, myocardial velocity, and end systolic volume, independent of effects on
haemodynamics or catecholamines. The response to GIK is observed in areas of normal and abnormal

outcome in coronary artery disease.' However, not all dys-

synergic areas are irreversibly damaged after infarction, as
left ventricular dysfunction may be caused by myocardial
stunning’ or by chronic reduction of blood flow,” and the seg-
ments involved may show improved function after restoration
of blood flow." Preservation of metabolism despite reduced
function is the cornerstone of viable myocardium, but
ultrastructural changes have been documented in viable
tissue, including loss of sarcoplasmic reticulum, small
scattered mitochondria, and glycogen deposition.” These
changes suggest a reduction in aerobic metabolism, but
glucose uptake and utilisation are preserved and indeed have
been used as a diagnostic marker of viability.®

Because of co-morbidity, myocardial revascularisation may
be difficult to achieve in many patients with left ventricular
dysfunction and viable myocardium. In these situations,
medical treatment to improve left ventricular function may be
useful in the short or intermediate term. Infusion of glucose,
insulin, and potassium (GIK) has been shown to attenuate
ischaemic injury and reduce post-ischaemic dysfunction’—for
example, at the time of cardiopulmonary bypass® or valve
replacement.” In the setting of acute myocardial infarction,
GIK infusions appear to reduce infarct size and enhance func-
tional recovery." "' Early after infarction, GIK has been shown
to improve exercise tolerance, to decrease ST segment shift,
and to improve wall motion abnormalities.”” Although the
clinical value of these metabolic interventions was undefined
for some time, recent studies suggest a mortality reduction
similar to that with thrombolytic treatment.” In chronic
coronary artery disease, the impact of metabolic interventions

Eft ventricular dysfunction is a major determinant of

perfusion assessed by contrast echocardiography.

on left ventricular function is not clear, although recent stud-
ies of trimetazidene have suggested that improvement in both
regional and global left ventricular function” is possible. Our
aim in this study was to assess the effect of GIK on global and
regional myocardium, and its association with viability, in the
setting of chronic ischaemic left ventricular dysfunction.

METHODS

Study population

The study involved 30 patients with previous myocardial
infarction, resting wall motion abnormalities, and left
ventricular dysfunction. All patients were on standard medical
treatment. Patients underwent dobutamine stress echocardio-
graphy and were recalled for a four hour infusion of GIK.
Regional wall motion was assessed qualitatively by wall
motion scoring and quantitatively by tissue Doppler velocity.
Left ventricular volumes and ejection fraction were compared
before and after each infusion using three dimensional recon-
struction of the left ventricle.

Stimulation of left ventricular function

Dobutamine echocardiography

A standard dobutamine stress protocol was used, involving
infusion of incremental doses of dobutamine (5-40 pg/kg/
min), with atropine (to a total of 2 mg intravenously) if 85%

Abbreviations: DIGAMI, diabetes mellitus insuling—glucose infusion in
acute myocardial infarction; GIK, glucose-insulin—potassium; WMSI, wall
motion score index
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peak heart rate was not attained at peak dobutamine dose." 3
Blockers were withheld on the day of the test. Patients were
monitored in accordance with the standard protocol. Standard
end points were used: conclusion of the protocol; development
of severe angina or other intolerable symptoms; development
of hypertension (systolic pressure > 230 mm Hg); sympto-
matic hypotension; serious arrhythmia; or extensive ischae-
mia. Images obtained in standard views at rest, with low dose
dobutamine, and after peak stress were compared using a
quad screen display.

Glucose-insulin—potassium infusion

Patients were recalled for a four hour infusion of GIK. Oral
hypoglycaemic agents were withheld on the day of GIK infu-
sion. After insertion of a peripheral venous cannula, blood was
taken for measurement of baseline glucose, lactate, electro-
lytes, and serum catecholamines. Baseline blood pressure and
pulse rate were recorded and patients underwent resting
echocardiography, including tissue Doppler imaging. They
then received a four hour infusion of GIK (10% dextrose, 80 U
insulin, 40 mmol KCl) at 30 ml/h. The GIK infusion used was
similar to that used in the DIGAMI (diabetes mellitus
insulin—glucose infusion in acute myocardial infarction)
study,”” with the exception that our infusion consisted of 10%
dextrose to minimise hypoglycaemic episodes. Blood glucose
was checked hourly, and patients were given supplemental
50% glucose intravenously if their blood glucose fell below
4.0 mmol/l in order to avoid symptomatic hypoglycaemia.
After four hours of GIK, the infusion was stopped and blood
samples and echocardiography, including tissue Doppler
imaging, were repeated.

Analysis of regional function

Radial function

Wall motion data on the dobutamine echocardiography and
GIK studies were scored separately and independently by a
blinded investigator, using the 16 segment model of the
American Society of Echocardiography.' Regional myocardial
performance was scored using a four point scale: 1, normal;
2, hypokinetic; 3, akinetic; 4, dyskinetic. A wall motion score
index (WMSI) was calculated by adding the numerical value
assigned to each segment and dividing by the number of seg-
ments visualised. Segments with severe resting hypokinesis or
akinesis were identified as scar, except when regional function
improved with low dose dobutamine, in which case they were
identified as viable. Ischaemia was identified by new or wors-
ening wall motion abnormalities with dobutamine stress; a
biphasic response was identified if improvement at low dose
was followed by deterioration at peak doses of dobutamine.

Longitudinal (base-apex) function

Colour tissue Doppler data were saved in each view at rest, at
low dose dobutamine, and before and after GIK in each
patient. Colour Doppler frame rates ranged from 80—
115 frames/s depending on the sector width of the range of
interest, and aliasing velocities were selected between
16-32 cm/s. Digital storage of three cardiac cycle loops
triggered to the QRS complex were saved to magneto-optical
disk for off-line analysis. Colour Doppler cine loops acquired
were analysed using standard software (Echopac version 6.1,
General Electric-Vingmed, Milwaukee, Wisconsin, USA).
Maximum base to apex axis systolic velocities were obtained
by location of the sample volume in the middle of each
segment at peak stress. Myocardial velocities were measured
off-line in all myocardial segments except the apical ones,
which have been found to have a high noise to signal ratio."”

Contrast echocardiography

Images were obtained using a standard echocardiography
machine (HDI5000, Advanced Technology Laboratories, Both-
ell, Washington, USA) with a P4-2 ultrasound probe; all con-
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trast imaging was done under resting conditions. Acquisitions
involved triggered grey scale imaging and triggered harmonic
power Doppler, using end systolic 1:4, 1:6, and 1:8 intervals
and a mechanical index of 1.3. Digitised baseline and contrast
grey scale images at each triggering interval were averaged
and the baseline images digitally subtracted from the contrast
images. The resulting image was then colour coded using a
heated object algorithm as previously described.” A blinded
experienced observer scored myocardial perfusion in each
segment from the apical view by review of both power Doppler
and colour coded images. Segments were scored as 2 (normal
perfusion), 1 (reduced perfusion), or 0 (no perfusion).

Analysis of global function

Left ventricular volumes were measured after three dimen-
sional reconstruction from the cross sectional images at base-
line and after GIK, using an approach previously shown to be
accurate and reproducible.”’ End systolic and end diastolic
endocardial contours were traced off line from digitally stored
resting images in each view. End systolic volume was
measured on the frame immediately following isovolumic
contraction; end diastolic volume was measured as the frame
with the largest cardiac blood volume. The ejection fraction
was calculated from these volumes in the usual fashion.

Statistical analysis

All variables shown are mean (SD) or frequency and percent-
age, unless otherwise stated. Continuous variables were com-
pared with the Student’s ¢ test if data were normally
distributed and the Wilcoxon rank-sum test if they were not.
Baseline clinical characteristics of the two groups were
compared with two tailed independent ¢ tests for continuous
variables and the X’ tests for non-continuous variables. Differ-
ences were considered significant at probability values of
p < 0.05. Data analysis was done with SPSS statistical
software, version 9 (SPSS Inc, Chicago, Illinois, USA).

RESULTS

Baseline demographics

The subjects were 27 men and three women, mean (SD) age 65
(9) years. Most of them were obese, with a mean body mass
index of 29.0 (3.8) kg/m’. There were nine subjects with non-
insulin dependent diabetes, of whom one required insulin.
Other risk factors included current smoking (3), ex-smoking
(20), hypercholesterolaemia (25), and hypertension requiring
treatment (19). Seven patients had previous coronary artery
bypass surgery and one had previous angioplasty. The median
New York Heart Association functional class was II, and the
median Canadian Heart Association status was 1. Patients
were on standard treatment for left ventricular dysfunction
and coronary artery disease. Angiotensin converting enzyme
inhibitors were being used in 21 patients (70%) and 3 adreno-
ceptor blocking agents in 19 (63%). Most of the patients were
on antiplatelet treatment (97%) and statins (82%).

GIK infusion

Patients received 108 (18) ml of GIK, providing 17 (3) units of
insulin, over 3.9 (0.4) hours. The haemodynamic and
biochemical responses to GIK infusion are summarised in
table 1. Nineteen patients required supplemental intravenous
boluses of 50% glucose to keep their blood glucose above
4.0 mmol/l, and eight of these patients reported symptoms of
hypoglycaemia. Most biochemical variables, including lactate
and noradrenaline (norepinephrine), remained unchanged.
Although there was a significant increase in serum adrenaline
(epinephrine) concentrations, the average concentration of
adrenaline remained within the normal range, and the
increase reflected two patients with a body mass index of
< 26 kg/m* who had recurrent episodes of hypoglycaemia and
a more than fourfold increases in serum adrenaline. When
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Table 1
(GIK)

Haemodynamic and biochemical changes with glucose—insulin—potassium

Pre-GIK

Post-GIK

p Value

Pulse (beats/min)

Mean arterial pressure (mm Hg)
Glucose (mmol/I) (3.0-7.8)*

Potassium (mmol/I) (3.
Adrenaline (nmol/I) (O

2-4.5)*
1-1.5)%

Noradrenaline (nmol/I) (0.1-6.3)*
Lactate (mmol/I) (0.7-2.5)*

64 (9)
88 (13)

7.8 (3.0)
4.1 (0.4)
0.3 (0.2)
1.5 (0.8)
1.6 (0.5)

62 (9)
87 (15)

5.6 (2.7)
3.8 (0.4)
0.4 (0.4)
1.6 (1.2)
1.5 (4.0)

NS

NS
<0.001
<0.001
0.03
NS

NS
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Values are mean (SD).
*Normal range in parentheses.

these two patients were removed from the analysis there was
no significant change in serum adrenaline response. The
adrenaline concentration was not significantly different in
patients who had symptoms of hypoglycaemia and those who
did not, and there was no correlation between blood glucose
and change in adrenaline.

Wall motion scoring

Wall motion scores with dobutamine echocardiography and
GIK are summarised in table 2. The results of dobutamine
echocardiography identified 256 segments as normal, 62 as
viable, and 162 as infarcted. WMSI improved with both
dobutamine (from 1.78 (0.4) to 1.64 (0.4), p < 0.001) and GIK
(from 1.76 (0.4) to 1.66 (0.4), p < 0.001), and the improve-
ment increment was similar with dobutamine echocardio-
graphy and GIK. There was no correlation between change in
catecholamines and the magnitude of change in WMSI with
GIK. Not all segments that improved with dobutamine
showed an improvement with GIK (fig 1); GIK improved
function in 55% of the 62 segments showing viability by dob-
utamine echocardiography. However, GIK led to improvement
in only 5% of the 162 segments showing no contractile reserve
to dobutamine.

Quantitation of regional function

The longitudinal functional responses to dobutamine echo-
cardiography and GIK are summarised in figs 2 and 3. Peak
systolic velocity was similar at baseline and peak with
dobutamine echocardiography and GIK. Figure 2 shows the
significant increment in peak systolic velocity after both dob-
utamine echocardiography (from 2.5 to 3.1 cm/s, p < 0.01),
and GIK (from 3.0 to 3.5 cm/s, p < 0.001); the increase with
dobutamine echocardiography was not significantly different
from the increase with GIK. Normal, viable, and scarred tissue
all appeared to show increased velocity with both GIK and
dobutamine echocardiography (fig 3).

Myocardial contrast echocardiography

In the 15 patients who underwent myocardial contrast
echocardiography there were 25 viable segments on dob-
utamine echocardiography, of which 17 showed evidence of
perfusion. There was no significant difference in myocardial

Table 2  Segmental responses to
dobutamine echocardiography (DSE)
and glucose-insulin—potassium infusion

(GIK)

DSE GIK
Normal 256 261
Viable 62 54
Scarred 162 165

DSE

normal

GIK
viable
54

DSE

viable

DSE

scarred

GIK
normal

DSE
viable

62

GIK

viable

GIK

scarred

A AL

Figure 1. Responses of viable myocardium to
glucose-insulin-potassium (GIK) and dobutamine. DSE, dobutamine
stress echocardiography.
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Figure 2 Peak systolic velocity before and after low dose
dobutamine and glucose-insulin-potassium (GIK).

Dobutamine

perfusion between the segments that responded to GIK and
those that did not (mean perfusion 0.86 (0.9) v 0.68 (0.8), NS).

Left ventricular volumes and ejection fraction

End systolic volume improved after GIK (p = 0.026) without
change in end diastolic volume or ejection fraction. The
improvement in end systolic volume was confined to 25
patients who responded to GIK (table 3). Similarly, only
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Figure 3 Peak systolic velocity at rest and (A) after
glucose~insulin—potassium (GIK) and (B) dobutamine (DSE) in
segments classified as normal, viable, and scarred.

patients with echocardiographically improved wall motion
score with dobutamine showed a change in end systolic
volume (12 ml, p = 0.016) (fig 4). There was no correlation
between the extent of change in end systolic volume and the
magnitude of change in catecholamines.

DISCUSSION

Our results suggest that reduced regional left ventricular
function in patients with previous myocardial infarction may
be improved by giving GIK, and that the degree of
improvement is similar to that achievable with dobutamine.
The response of viable segments to GIK appears to be
independent of perfusion on contrast echocardiography,
suggesting that both stunned and hibernating tissue respond
to GIK. Moreover, global left ventricular function can be
improved with GIK in patients with viable myocardium. Thus
it appears that in chronic left ventricular dysfunction, the per-
formance of myocardium showing contractile reserve can be
improved by enhancing the substrate supply.

Myocardial viability

In the setting of coronary artery disease, prolonged contractile
dysfunction in non-infarcted myocardium is thought either to
reflect post-ischaemic dysfunction (myocardial stunning)* or
to be an adaptation to chronic hypoperfusion (hibernation).’
In both situations, myocardial function may improve with
normalisation of the oxygen supply:demand ratio. Although
there is general agreement in published reports regarding the
pathophysiology of stunned myocardium, the origin of
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Figure 4 Changes in volumes with glucose-insulin—potassium
according to viable tissue. ESV, end systolic volume; EDV, end
diastolic volume; EF, ejection fraction.

myocardial hibernation remains uncertain, though affected
myocardium clearly remains metabolically active.”

Possible mechanisms of action of GIK

The possible mechanisms of action of GIK include metabolic
effects, direct haemodynamic effects, improvements of coron-
ary flow, and catecholamine mediated effects.

Metabolic effects

The main source of the beneficial effects of GIK infusion is
likely to be metabolic. Because of the local effects of insulin
and through its suppression of free fatty acids, insulin
infusions cause an increase in glucose uptake in both normal
and viable myocardium.* * Insulin infusions also encourage a
greater rate of ATP production from glycolysis.” In the resting
fasting state glucose only accounts for about 30% of the heart’s
energy production; suppression of free fatty acids by insulin
allows the myocardium to increase the utilisation of glucose,
which is a more efficient energy source. It might be
anticipated that both stunned and hibernating myocardium
could show responsiveness to GIK infusion. Hibernating
myocardium—which is chronically malperfused—may
improve simply because of delivery of more substrate to the
tissue. Stunned myocardium has normal perfusion, but may
be more sensitive than usual to the effects of insulin because
of upregulation of glucose transporter molecules,” and
increased ATP may augment function by restoring calcium
homeostasis.

Direct haemodynamic effects

The beneficial effect of GIK is felt by some to reflect the
haemodynamic effects of insulin.”® Certainly, insulin (either
exogenous or endogenous, in response to an oral glucose load)
has been shown to improve the left ventricular ejection
fraction in normal subjects and in patients after myocardial
infarction. Infusion of GIK has been shown to augment the
exercise induced increase in ejection fraction in both healthy
subjects and diabetic patients, although less so in the diabetic
group.” However, although insulin has a positive inotropic
effect in cats and lambs, this has not been observed in other
mammals, including humans.”

glucose-insulin-potassium infusion (GIK)

Table 3 Changes in end systolic volume related to response to

GIK responsive

GIK unresponsive

Pre Post p Value Pre Post p Value
End systolic volume (ml) 85 (3¢) 72 (29) 0.016 86 (10) 87 (11) NS
End diastolic volume (ml) 134 (38) 132(38) NS 157 (22) 145 (22) NS
Ejection fraction (%) 45 (9)% 48 (11)% NS 48 (5)% 48 (10)% NS

Values are mean (SD).
Pre/post, before/after GIK infusion.
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Improvement in coronary flow

A third mechanism might include improvement in myocardial
perfusion, although this would not account for improvement
in stunned myocardium. Coronary hyperinsulinaemia has
been shown to increase coronary blood flow in patients with
significant coronary artery disease.” This vasodilatation may,
at least in part, be responsible for the improvement in
hibernating regions with GIK infusion.

Catecholamine mediated effects

Finally, the effects of GIK infusion may be mediated by
concomitant changes in catecholamine concentrations. Insu-
lin induced hypoglycaemia only has a small effect on serum

noradrenaline’

but causes a pronounced increase in

adrenaline.” Insulin activates sympathetic nerves in the
absence of hypoglycaemia.” However, while the change in
serum adrenaline was significant in this study, it appeared to
reflect two individuals who had recurrent hypoglycaemia, and
the findings do not explain the functional changes observed in
the study. The lack of correlation between serum adrenaline
and changes in WMSI and end systolic volume imply that the
benefit of GIK was independent of serum catecholamine con-
centrations. Moreover, the lack of correlation between blood
sugar and adrenaline concentrations in this study probably
reflects correction of blood sugar with the onset of symptoms.

Clinical implications

GIK appears to improve regional and global cardiac function,
especially in patients with viable myocardium. While a GIK
infusion has limited feasibility, further studies on the time
course and duration of this effect would be of value. Our
results suggest that increasing the supply of myocardial
substrate is safe when given in a controlled environment;
symptoms of hypoglycaemia were easily corrected with intra-
venous glucose. Metabolic treatments for viable myocardium
may be useful in patients in whom revascularisation is not
possible because of co-morbidity or for technical reasons.
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