
Magnetic resonance imaging analysis of cardiac cycle events
in diabetic rats: the effect of angiotensin-converting enzyme
inhibition
Ahmad I. M. Al-Shafei *†, R. G. Wise *‡, G. A. Gresham *, T. A. Carpenter §, L. D. Hall *
and Christopher L.-H. Huang †

* Herchel Smith Laboratory for Medicinal Chemistry, University of Cambridge School of Clinical Medicine, Forvie Site, Robinson Way, Cambridge
CB2 2PZ, UK, † Physiological Laboratory, University of Cambridge, Downing Site, Downing Street, Cambridge CB2 3EG, UK, ‡ Oxford Centre for
Functional Magnetic Resonance Imaging of the Brain, University of Oxford, John Radcliffe Hospital, Headington, Oxford OX3 9DU, UK and § The
Wolfson Brain Imaging Centre, University of Cambridge, Box 65, Addenbrooke’s Hospital, Cambridge CB2 2QQ, UK

Non-invasive magnetic resonance imaging (MRI) was used to characterize changes in left and right

ventricular cardiac cycles following induction of experimental, streptozotocin (STZ)-induced,

diabetes in male Wistar rats at different ages. The effects of the angiotensin-converting enzyme

(ACE) inhibitor captopril upon such chronic physiological changes were then evaluated, also for the

first time. Diabetes was induced at the age of 7 weeks in two experimental groups, of which one

group was subsequently maintained on captopril (2 g l_1)-containing drinking water, and at 10 and

13 weeks in two further groups. The fifth group provided age-matched controls. All groups (each

n = 4 animals) were scanned consistently at 16 weeks, in parallel with timings used in earlier studies

that employed this experimental model. Cine magnetic resonance (MR) image acquisition provided

transverse sections through both ventricles at twelve time points covering systole and most of

diastole. These yielded reconstructions of cardiac anatomy used to derive critical functional indices

and their dependence upon time following the triggering electrocardiographic R waves. The left and

right ventricular end-diastolic (EDV), end-systolic (ESV) and stroke volumes (SV), and ejection

fractions (EF) calculated from each, control and experimental, group showed matching values. This

confirmed a necessary condition requiring balanced right and left ventricular outputs and further

suggested that STZ-induced diabetes produced physiological changes in both ventricles. Absolute

left and right ventricular SVs were significantly altered in all diabetic animals; EDVs and EFs

significantly altered in animals diabetic from 7 and 10 but not 13 weeks. When normalized to body

weight, left and right ventricular SVs had significantly altered in animals diabetic from 7 and

10 weeks but not 13 weeks. Normalized left ventricular EDVs were also significantly altered in

animals diabetic from 7 and 10 weeks. However, normalized right ventricular EDVs were

significantly altered only in animals made diabetic from 7 weeks. Diabetic hearts showed major

kinetic changes in left and right ventricular contraction (ejection) and relaxation (filling). Both the

initial rates of volume change (dV/dt) in both ventricles and the plots of dV/dt values through the

cardiac cycle demonstrated more gradual developments of tension during systole and relaxation

during diastole. Estimates of the derived left ventricular performance parameters of cardiac output,

cardiac power output and stroke work in control animals were comparable with human values when

normalized to both body (or cardiac) weight and heart rate. All deteriorated with diabetes.

Comparisons of experimental groups diabetic from 7 weeks demonstrated that captopril treatment

relieved the alterations in critical volumes, dependence of SV upon EDV, kinetics of systolic

contraction and diastolic relaxation and in the derived indicators of ventricular performance. This

study represents the first demonstration using non-invasive MRI of early, chronic changes in

diastolic filling and systolic ejection in both the left and the right ventricles and of their amelioration

by ACE inhibition following STZ-induction of diabetes in intact experimental animals.
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The increased morbidity and mortality in diabetes result

largely from its cardiovascular complications (Garcia et al.
1974; Paz-Guevara et al. 1975; Crall & Roberts, 1978;

Kannel & McGee, 1979; Kannel, 1985; Stehouwer et al.
1997). The Framingham study reported substantially

increased incidences of coronary artery disease (Kannel &

McGee, 1979) and mortalities following acute myocardial

infarction. The latter might reflect the higher incidence of the

more extensive anterior myocardial infarction (Weitzman et
al. 1982), post-infarction congestive cardiac failure and

cardiogenic shock. However, diabetics also suffer a higher

incidence of congestive heart failure that cannot be

completely accounted for by the associated prevalence of

coronary atherosclerosis or of hypertension or cardiac

autonomic neuropathy (Kannel et al. 1974). Such findings

suggest that distinct myocardial changes might produce a

specific diabetic cardiomyopathic condition (Ledet, 1968,

1976; Goodwin & Oakley, 1972; Rubler et al. 1972; Hamby et
al. 1974; Ledet et al. 1979; Bell, 1995).

Clinical studies using both invasive and non-invasive

techniques have sought physiological evidence for such

cardiac changes in diabetic patients. However, these

variously reported normal (Airaksinen et al. 1984b) and

abnormal systolic time intervals (Ahmed et al. 1975;

Seneviratne, 1977; Shapiro et al. 1980, 1981a,b; Cellina et al.
1983; Uusitupa et al. 1983, 1985). Echocardiographic studies

reported reduced (Airaksinen et al. 1984a, 1987), normal or

modest increases (Shapiro et al. 1981a; Friedman et al. 1982)

in left ventricular size. Prolonged isometric relaxation phases

(Sanderson et al. 1978; Shapiro et al. 1980, 1981a,b; Shapiro,

1982; Airaksinen et al. 1984a) and depressed (Shapiro et al.
1981a,b, Uusitupa et al. 1985), normal (Airaksinen et al.
1984b) or enhanced (Thuesen et al. 1988) systolic function

have also been reported in insulin-dependent diabetics

with microvascular complications. Finally, radionuclide

ventriculography studies variously reported reduced (Zola et
al. 1986) or normal (Vered et al. 1984; Fisher et al. 1986;

Arvan et al. 1988) resting ejection fractions.

Selected aspects of left but (not right) ventricular function

have also been studied using conventional physiological

techniques in chronic animal models in which disease timing

and severity might be more readily controlled. Alloxan-

induced diabetic dogs developed increases in left ventricular

wall stiffness and end-diastolic pressures over an 11 month

period (Regan et al. 1974). Isolated perfused hearts of

diabetic rats showed decreased peak systolic pressures

(Miller, 1979) and more rapid development of heart failure

following severe global ischaemia (Feuvray et al. 1979) and of

myocardial failure during late recovery from ischaemia

(Hearse et al. 1975). They also demonstrate altered diastolic

function that might reflect the significantly increased

collagen content in their left ventricular free walls and septa

(Riva et al. 1998). Isolated papillary ventricular muscles from

diabetic rats showed delayed onsets and reduced rates of

relaxation, depressed shortening velocities (Fein et al. 1980),

increased times to peak tension and decreased sensitivities to

extracellularly applied calcium and adrenaline (Warley et al.
1995).

The previous paper (Al-Shafei et al. 2002) introduced and

validated magnetic resonance imaging (MRI) for non-

invasive determinations of myocardial volume to sub-

millimetre resolution in streptozotocin (STZ)-induced

diabetic Wistar rats for the first time. MRI might thus offer

useful methods of serially following chronic physiological

changes in intact animal models of disease processes. Such an

experimental approach could study animals at clearly

defined stages following induction of experimental disease.

The high soft tissue contrast due to the large differences in T1

and T2 relaxation times of myocardium, epicardial fat and

blood would permit acquisition of high quality MR images.

The present experiments accordingly extend the previous

anatomical determinations and applied dynamic or cine

magnetic resonance imaging with electrocardiographic

gating to determine cardiac volumes critical to the left and

right ventricular cycles in experimental and control rats

following graded durations of diabetes. The rats were made

diabetic at ages (7, 10 and 13 weeks) similar to those at which

it was induced in earlier physiological studies of the same

experimental diabetic model. Similarly, imaging took place

at an age (16 weeks) largely in accord with the ages at which

animals in the previous investigations were sacrificed for

functional studies (13–17 weeks) The present MRI findings

are therefore comparable with earlier physiological

characterizations using conventional invasive techniques

(see accompanying paper Al-Shafei et al. 2002).

Systematic sets of transverse cardiac images were acquired at

a series of consistently chosen time points in the cardiac cycle

and were used to reconstruct the critical volumes at close

time resolution as well as identify reproducible kinetic

changes. This animal MRI disease model was then applied to

investigate the effect of the ACE inhibitor captopril on such

cardiac changes in intact animals. It has been suggested that

there exists an intracardiac renin–angiotensin system

(Dostal et al. 1992a,b) which is activated in diabetes thus

enhancing angiotensin II production (Rösen et al. 1995).

The latter agent has been implicated in the pathogenesis of

diabetic cardiomyopathy: it induces myocardial interstitial

fibrosis through fibroblast proliferation (Schorb et al. 1993;

Crabos et al. 1994; Matsubara et al. 1994; Schorb et al. 1994).

STZ-diabetic rats show elevated ACE levels in their left

ventricular tissue and a decreased left ventricular developed

pressure; the latter changes are prevented by the ACE

inhibitor enalapril (Goyal et al. 1998). This study accordingly

represents the first demonstration by non-invasive MRI of

early chronic changes in left and right ventricular diastolic

filling and systolic ejection characteristics and of their

amelioration by ACE inhibition following STZ-induction of

diabetes in intact experimental animals.
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METHODS
All procedures conformed to the Animal Scientific Procedures Act
(1986) and are described in greater detail in the previous paper (Al
Shafei et al. 2002). Briefly, twenty fully conditioned, healthy,
pathogen-free male Wistar rats (6 weeks old; Harlan, UK),
maintained under standard conditions, were divided into five
experimental groups at 7 weeks old. Diabetes was induced in four
groups (each n = 4 animals) at 7, 10 and 13 weeks. The rats were
anaesthetized using 1–2 % halothane in oxygen, their blood
glucose levels were checked. They were then given a single
intraperitoneal injection of streptozotocin (STZ: 65 mg (kg body
weight)_1; Sigma-Aldrich Co. Poole, Dorset, UK; see Junod et al.
1967, 1969). The STZ was dissolved in phosphate-buffered saline
to which citric acid (10 g (100 ml)_1) was added to give a pH of 4.5.
This precaution prevented the rapid inactivation of STZ at a
neutral pH (see Junod et al. 1967). The control rats received sham
injections of the citrated buffer when they were 7 weeks old. STZ
(55–65 mg (kg body weight)_1) produces severe but stable
diabetes eventually leading to structural and functional
myocardial abnormalities in Wistar rats (Junod et al. 1967, 1969;
Lopaschuk et al. 1983; Rodrigues et al. 1990, 1997; Warley et al.
1995).

A fourth diabetic group was treated with 2 g l_1 captopril (Sigma-
Aldrich Co., Poole, Dorset, UK) in the drinking water (Dalton et
al. 1997; Qi et al. 1999) following induction of diabetes at 7 weeks
and the fifth (n = 4) provided age-matched controls for all the
experimental groups. Hyperglycaemia with blood glucose levels
> 13 m ensued 48 h after STZ administration and remained at
such levels even 2 weeks after injection. Body weight was recorded
every 3 days and blood glucose every 2 weeks. All animals were
scanned at 16 weeks so that all the diabetic rats were being
compared with a single age and sex matched control group. 

For MR imaging, rats were anaesthetized using 1–2 % halothane
in oxygen, weighed and their systolic blood pressures measured
non-invasively using a rat tail blood pressure monitor both before
and after imaging sessions to confirm physiological stability.
Electrocardiographic (ECG) monitoring used shielded sub-
cutaneous electrodes and a Tektronix 2225 oscilloscope

(Tektronix, Harpenden, Herts, UK). The cine imaging protocols
were performed with the anaesthetized animal placed in a
specially designed home-built half-sine-spaced birdcage radio-
frequency (RF) probe unit contained within a cylindrical plastic
holder fitted within a gradient set of internal diameter 11 cm. The
RF probe unit was made up of a half-sine spaced birdcage RF
probe of internal diameter of 4.5 cm with open ends, an RF shield
consisting of a cylinder of copper gauze surrounding and sliding
over the birdcage, a tuning capacitor and a coaxial cable to carry
the RF (Ballon et al. 1990). The assembly included ECG leads,
attachment plugs for the ECG leads and a unit to anchor
anaesthetic delivery tubes near the nose of the animal. All
experiments used a 2 T Oxford Instruments (UK) super-
conducting magnet with a horizontal internal bore of 31 cm. A
gated cine protocol synchronized line acquisition to set times
following alternate electrocardiographic R waves. This acquisition
was then repeated at the same slice position at twelve equally
incremented times through the cardiac cycle. This sequence in
turn was repeated for each of the 128 lines to generate each
128 w 128 image, which itself was acquired twice for signal
averaging. The preceding procedure was in turn repeated 12 times
to obtain signal-averaged images for every one of the 12
contiguous transverse slices examined. Each imaging session
therefore required (128 w 12 w 2 w 2) times the cardiac cycle
duration. The effective repeat time (TR) was approximately
13 ms. The short echo time (TE) of 4.3 ms reduced motion
artefacts and ensured good contrast between blood and
myocardium. 

Following imaging sessions, data were transferred from the MRI
console to remote UNIX workstations. The borders of both
ventricles in each transverse image slice were interactively defined
using the blood–myocardial wall contrast to identify the
endocardial borders and the myocardial wall–thoracic cavity
contrast to draw the epicardial borders. The pixel numbers
enclosed within each border were then converted into units of
square millimetres. The epi- and endocardial borders of both
ventricles were independently drawn 4 times for all the images of
the 12 selected slices. Left and right ventricular epi- and
endocardial volumes were then calculated. 
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Table 1. Diastolic and systolic volumes and ejection fractions (EF) of the left (LV) and right
ventricles (RV) from cardiac cycles of the control and diabetic groups not treated with
captopril

Diabetic

Control 3 week 6 week 9 week P

LV end-diastolic volume (EDV) (ml) 493.8 ± 12.1 c, d 461 ± 11.6 c, d 357.5 ± 11.1 a, b, d 285.8 ± 10.1 a, b, c < 0.001

RV end-diastolic volume (EDV) (ml) 472.3 ± 10.3 c, d 444.3 ± 11.1 c, d 361.3 ± 5.5 a, b, d 272.5 ± 11.1 a, b, c < 0.001

LV end-systolic volume (ESV) (ml) 176.3 ± 10.3 177.5 ± 4.8 180 ± 7.4 166.3 ± 5.2 0.572

RV end-systolic volume (ESV) (ml) 173.8 ± 12 172.5 ± 4.8 175 ± 6.5 162.5 ± 3.2 0.628

LV stroke volume (SV) (ml) 317.5 ± 4.8 b, c, d 283.5 ± 7.6 a, c, d 177.5 ± 4.3 a, b, d 119.5 ± 7.5 a, b, c < 0.001

RV stroke volume (SV) (ml) 298.5 ± 2.5 b, c, d 271.8 ± 6.4 a, c, d 186.3 ± 3.1 a, b, d 110 ± 8.4 a, b, c < 0.001

LV ejection fraction (EF) (%) 64.4 ± 1.3 c, d 61.5 ± 0.5 c, d 49.7 ± 0.7 a, b, d 41.7 ± 1.6 a, b, c < 0.001

RV ejection fraction (EF) (%) 63.3 ± 1.8 c, d 61.2 ± 0.2 c, d 51.6 ± 1.2 a, b, d 40.2 ± 1.6 a, b, c < 0.001

Animals were made diabetic from 13, 10 and 7 weeks and spared captopril treatment giving diabetic histories

of 3, 6 and 9 weeks. All values are expressed as means ± standard errors of the mean (...); n = 4. One-way

analysis of variance (one-way ANOVA) was used to compare the control and the three untreated diabetic

groups followed by Tukey’s Honestly Significant Difference test for pair-wise multiple comparisons. A value

of P < 0.05 was considered significant from a control, the b 3, c 6 andd (untreated) 9 week diabetic groups. 



RESULTS
The experiments: (1) characterized changes in both cardiac

cycle volumes and derived cardiac functional characteristics

in both the left and right ventricles following induction of

experimental diabetes, over ages comparable to those

employed in earlier invasive physiological studies (see

Introduction; for references see Discussion). (2) They also

provided indications of the effect of age of disease onset on

such changes and (3) investigated how ACE inhibition

influenced such changes in animals diabetic from 7 weeks,

and scanned at 16 weeks. Accordingly, data was first

analysed using a one-way analysis of variance (ANOVA) to

compare results from control experimental groups not

treated with captopril, but made diabetic from 7, 10 and

13 weeks. Tables 1–3 and Table 5 thus summarize results

from rats with 3, 6 and 9 week histories of diabetes. A second

one-way ANOVA was then applied to the control group and

the two groups made diabetic from 7 weeks, one of which

was treated with captopril (Tables 4 and 6). Demonstration

of statistically significant differences then prompted pair-

wise comparisons using Tukey’s Honestly Significant

Difference (HSD) test to a significance level of P < 0.05.

Finally, statistical comparisons of functional parameters

obtained from the left and right ventricles in each of the five

experimental groups used Student’s two-tailed paired t tests

to a significance level of P < 0.05. All results are presented as

means ± standard error of the mean (...). The basic

physiological parameters of body weight, blood glucose

concentrations, heart rates and systolic blood pressures in

both control and experimental groups agreed with earlier

A. I. M. Al-Shafei and others558 J. Physiol. 538.2

Table 2. Diastolic and systolic volumes of the left (LV) and right ventricles (RV) of the control
and the three diabetic groups spared captopril treatment normalized to their corresponding
body weights

Diabetic

Control 3 week 6 week 9 week P

LV end-diastolic volume/body weight (ml g_1) 1.41 ± 0.01 c, d 1.38 ± 0.003 c, d 1.26 ± 0.02 a, b, d 1.22 ± 0.01 a, b, c < 0.001

RV end-diastolic volume/body weight (ml g_1) 1.35 ± 0.01 d 1.33 ± 0.01 d 1.28 ± 0.02 d 1.16 ± 0.02 a, b, c < 0.001

LV end-systolic volume/body weight (ml g_1) 0.5 ± 0.02 c, d 0.53 ± 0.01 c, d 0.64 ± 0.01 a, b, d 0.71 ± 0.02 a, b, c < 0.001

RV end-systolic volume/body weight (ml g_1) 0.49 ± 0.02 c, d 0.51 ± 0.01 c, d 0.62 ± 0.01 a, b, d 0.69 ± 0.01 a, b, c < 0.001

LV stroke volume /body weight (ml g_1) 0.91 ± 0.02 c, d 0.85 ± 0.01 c, d 0.63 ± 0.01 a, b, d 0.51 ± 0.02 a, b, c < 0.001

RV stroke volume /body weight (ml g_1) 0.85 ± 0.03 c, d 0.81 ± 0.003 c, d 0.66 ± 0.02 a, b, d 0.47 ± 0.03 a, b, c < 0.001

The body weight-normalized diastolic and systolic volumes of the left and right ventricles of the

experimental rats were calculated using their corresponding body weights determined while they were under

anaesthesia. All values expressed as means ± ...; n = 4. One-way ANOVA was used in comparison of the

control and the three untreated diabetic groups followed by Tukey’s Honestly Significant Difference test for

pair-wise multiple comparisons. A value of P < 0.05 was considered statistically significant. a Significantly

different from the control group. b Significantly different from the 3-week diabetic group. c Significantly

different from the 6-week diabetic group. d Significantly different from the 9-week untreated diabetic group. 

Table 3. Indices for the kinetics of left (LV) and right ventricular (RV) contraction and
relaxation of the control and the three diabetic groups spared captopril treatment

Diabetic

Control 3 week 6 week 9 week P

LV 25 % SV and DFV (ml) 79.4 ± 1.2 b, c, d 70.9 ± 1.9 a, c, d 42.9 ± 0.9 a, b, d 28.6 ± 1.5 a, b, c < 0.001

RV 25 % SV and DFV (ml) 74.6 ± 0.6 b, c, d 67.9 ± 1.6 a, c, d 44.6 ± 0.8 a, b, d 26.2 ± 2.1 a, b, c < 0.001

LV time for 25 % SV (ms) 14.0 ± 0.8 c, d 13.8 ± 1.6 c, d 34.3 ± 2.7 a, b 37.3 ± 0.9 a, b < 0.001

RV time for 25 % SV (ms) 14.0 ± 0.4 c, d 14.0 ± 1.0 c, d 34.8 ± 2.5 a, b 40.3 ± 0.8 a, b < 0.001

LV time for 25 % DFV (ms) 11.3 ± 0.5 11.3 ± 0.6 12.8 ± 1.1 11.8 ± 1.0 0.578

RV time for 25 % DFV (ms) 10.5 ± 0.6 10.3 ± 0.5 11.5 ± 0.9 11.5 ± 1.0 0.544

LV rate of ejection during early systole (ml ms_1) 5.7 ± 0.3 c, d 5.3 ± 0.5 c, d 1.3 ± 0.1 a, b 0.8 ± 0.03 a, b < 0.001

RV rate of ejection during early systole (ml ms_1) 5.3 ± 0.2 c, d 4.9 ± 0.3 c, d 1.3 ± 0.1 a, b 0.6 ± 0.05 a, b < 0.001

LV rate of filling during early diastole (ml ms_1) 7.1 ± 0.4 c, d 6.4 ± 0.5 c, d 3.4 ± 0.3 a, b 2.5 ± 0.2 a, b < 0.001

RV rate of filling during early diastole (ml ms_1) 7.2 ± 0.4 c, d 6.7 ± 0.5 c, d 3.9 ± 0.2 a, b 2.4 ± 0.3 a, b < 0.001

All values expressed as means ± ...; n = 4. One-way ANOVA was used in comparison of the control and

the three untreated diabetic groups followed by Tukey’s Honestly Significant Difference test for pair-wise

multiple comparisons. A value of P < 0.05 was considered statistically significant. a Significantly different

from the control group. b Significantly different from the 3-week diabetic group. c Significantly different from

the 6-week diabetic group. d Significantly different from the 9-week untreated diabetic group. 



reports from this diabetic system (Pierce & Dhalla, 1981,

1983, 1985a,b; Afzal et al. 1988; Maeda et al. 1995;

Shimabukuro et al. 1995; Hicks et al. 1998; Al-Shafei et al.
2002). 

Transverse MRI cardiac sections 
Figure 1 displays typical transverse sections through the

widest regions of intact beating hearts in control rats (A),

rats not treated with captopril but made diabetic from 13,

10 and 7 weeks (B–D) and captopril-treated diabetic rats

(E). This gave experimental groups that could be

conveniently described as having diabetic histories of 3, 6,

9 and 9 weeks, respectively; the groups are described as

such in the remaining figures. These were selected from

complete data sets themselves made up of 12 transverse

contiguous slices of the same thickness. Each slice was

positioned perpendicularly to the principal cardiac axis
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Table 4. Basic physiological and MRI-derived parameters of the captopril-treated group

Left ventricle Right ventricle

Value P Value P

End-diastolic volume (EDV) (ml) 346.3 ± 19.5 * † < 0.001 322.5 ± 15.1 * † < 0.001

End-systolic volume (ESV) (ml) 132.5 ± 9.7 * 0.015 123.8 ± 5.5 * † 0.004

Stroke volume (SV) (ml) 213.8 ± 10.1 * † < 0.001 198.8 ± 10.5 * † < 0.001

Ejection fraction (EF) (%) 61.8 ± 0.8 † < 0.001 61.6 ± 0.8 † < 0.001

End-diastolic volume (EDV)/body weight (ml g_1) 1.4 ± 0.06 † 0.005 1.3 ± 0.02 † < 0.001

End-systolic volume (ESV)/body weight (ml g_1) 0.54 ± 0.02 † < 0.001 0.50 ± 0.01 † < 0.001

Stroke volume (SV)/ body weight (ml g_1) 0.87 ± 0.04 † < 0.001 0.80 ± 0.01 † < 0.001

25 % SV and DFV (ml) 53.44 ± 2.5 * † < 0.001 49.7 ± 2.6 * † < 0.001

Time for 25 % SV (ms) 14.9 ± 0.9 † < 0.001 15.8 ± 1.0 † < 0.001

Time for 25 % DFV (ms) 12.9 ± 0.7 0.075 11.9 ± 0.6 0.184

Rate of ejection during early systole (ml ms_1) 3.7 ± 0.3 * † < 0.001 3.2 ± 0.2 * † < 0.001

Rate of filling during early diastole (ml ms_1) 4.2 ± 0.1 * † < 0.001 4.2 ± 0.4 * † < 0.001

All values expressed as means ± ... (n = 4 animals). One-way ANOVA was used in comparison of the

control and the two groups made diabetic from age 7 weeks (the group spared captopril treatment and the

group treated with captopril) followed by Tukey’s Honestly Significant Difference test for pair-wise multiple

comparisons. A value of P < 0.05 was considered statistically significant. *Significantly different from the

control group. † Significantly different from the similarly diabetic group spared captopril treatment. The body

weight-normalized values were calculated using the corresponding body weight of the anaesthetised rat. 

Table 5. Derived left ventricular indices of control and the three diabetic groups spared
captopril treatment

Diabetic

Control 3 week 6 week 9 week P

Left ventricular output (LVOP) (l min_1) 0.102 ± 0.003 b, c, d 0.090 ± 0.003 a, c, d 0.050 ± 0.001 a, b, d 0.033 ± 0.002 a, b, c < 0.001

LVOP/body weight (l min_1 kg_1) 0.291 ± 0.001 b, c, d 0.269 ± 0.005 a, c, d 0.176 ± 0.005 a, b, d 0.142 ± 0.007 a, b, c < 0.001

LVOP/heart weight (l min_1 g_1) 0.12 ± 0.002 b, c, d 0.11 ± 0.002 a, c, d 0.06 ± 0.002 a, b, d 0.05 ± 0.002 a, b, c < 0.001

MLVP (W) 0.033 ± 0.002 c, d 0.027 ± 0.001 c, d 0.012 ± 0.001 a, b 0.007 ± 0.001 a, b < 0.001

MLVP/body weight (mW g_1) 0.093 ± 0.004 c, d 0.082 ± 0.005 c, d 0.044 ± 0.004 a, b 0.030 ± 0.004 a, b < 0.001

MLVP/ Heart weight (W g_1) 0.037 ± 0.002 c, d 0.032 ± 0.002 c, d 0.016 ± 0.001 a, b 0.010 ± 0.001 a, b < 0.001

MLVSW (J) 0.006 ± 0.0003 b, c, d 0.005 ± 0.0002 a, c, d 0.003 ± 0.0001 a, b, d 0.001 ± 0.0001 a, b, c < 0.001

MLVSW/body weight (mJ g_1) 0.017 ± 0.0005 c, d 0.016 ± 0.0009 c , d 0.009 ± 0.0006 a, b, d 0.006 ± 0.0007 a, b, c < 0.001

MLVSW/heart weight (J g_1) 0.007 ± 0.0002 c, d 0.006 ± 0.0003 c, d 0.003 ± 0.0002 a, b, d 0.002 ± 0.0003 a, b, c < 0.001

Left ventricular systolic elastance (mmHg ml_1) 0.82 ± 0.03 0.78 ± 0.06 0.63 ± 0.06 0.57 ± 0.09 0.05

LVMV (ml)/LVEDV (ml) 1.32 ± 0.02 c, d 1.38 ± 0.01 c, d 1.68 ± 0.03 a, b, d 1.88 ± 0.01 a, b, c < 0.001

RVMV (ml)/RVEDV (ml) 0.43 ± 0.012 c, d 0.45 ± 0.007 c, d 0.50 ± 0.008 a, b, d 0.62 ± 0.009 a, b, c < 0.001

MLVP, maximum left ventricular power; MLVSW, maximum left ventricular stroke work; MV, myocardial

volume. All values expressed as means ± ...; n = 4. One-way ANOVA was used in comparison of the

control and the three untreated diabetic groups followed by Tukey’s Honestly Significant Difference test for

pair-wise multiple comparisons. A value of  P < 0.05 was considered statistically significant. RVMV/RVEDV

included for comparison with the corresponding left ventricular parameter. a Significantly different from the

control group. b Significantly different from the 3-week diabetic group. c Significantly different from the

6-week diabetic group. d Significantly different from the 9-week untreated diabetic group.
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Figure 1. For legend see facing page.



between the cardiac apex and aortic valve as far as possible

following a consistent procedure for each experimental

rat. This first positioned the cranio-caudal axis of the

prone animal along the main magnetic field (B0) axis of the

superconducting magnet, then obtained nine contiguous

sagittal thoracic images using an expanded, 7 cm, field of

view. That sagittal image most clearly representing the

heart was then used to derive a series of contiguous

transverse–coronal images. Finally, the clearest of the

latter series was used to select a definitive set of typically 12

transverse cardiac sections entirely covering the left and

right ventricles.

The MRI experiments thus provided complete sets of

transverse cardiac sections through the cardiac cycle of

both ventricles in all five experimental groups. These were

first used to provide qualitative indications of ventricular

geometry. The cine imaging protocol provided high

quality anatomical images in all the experimental groups

demonstrating blood as a bright intensity in a clear

demarcation of myocardium from blood. The latter

helped define the ventricular endocardial borders for clear

estimations of end-diastolic and -systolic volumes. Both

the epi- and endocardial borders of the left ventricles

resembled human hearts in their circularly symmetrical

transverse sections in all experimental groups. The

quantitative measurements that followed accordingly

treated the inter-ventricular septum as part of the left

ventricle. In contrast, the right ventricles consistently

resembled human right ventricles in their crescentic

transverse sections and thinner walls.

In general, during systole and very early diastole, the cine

cardiac imaging protocol demonstrates blood as a bright
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Table 6. Derived indices of the 9-week captopril-treated diabetic group 

Parameter Value P

Left ventricular output (LVOP) (l min_1) 0.067 ± 0.005 * † < 0.001

LVOP/body weight (l min_1 kg_1) 0.270 ± 0.013 † < 0.001

LVOP/heart weight (l min_1 g_1) 0.11 ± 0.006 † < 0.001

Maximum left ventricular power (MLVP) (W) 0.02 ± 0.003 * † < 0.001

MLVP/body weight (mW g_1) 0.083 ± 0.008 † < 0.001

MLVP/heart weight (W g_1) 0.034 ± 0.003 † < 0.001

Maximum left ventricular stroke work (MLVSW) (J) 0.004 ± 0.0004 * † < 0.001

MLVSW/body weight (mJ g_1) 0.016 ± 0.001 † < 0.001

MLVSW/heart weight (J g_1) 0.006 ± 0.0005 † < 0.001

Left ventricular systolic elastance (mmHg ml_1) 1.04 ± 0.04 † 0.001

LVMV (ml)/LVEDV (ml) 1.3 ± 0.04 † < 0.001

RVMV (ml)/RVEDV (ml) 0.45 ± 0.015 † < 0.001

All values expressed as mean ± ...; n = 4. One-way ANOVA was used in comparison of the control and

the two groups diabetic from age 7 weeks followed (the group spared captopril treatment and the group

treated with captopril) by Tukey’s Honestly Significant Difference test for pair-wise multiple comparisons. A

value of P < 0.05 was considered statistically significant. *Significantly different from the control group.

† Significantly different from the similarly diabetic group spared captopril treatment.

Figure 1. Typical transverse MR sections obtained from the heart of a normal control rat (A),
and rats made diabetic from 13 (B), 10 (C) and 7 weeks (D) to give disease histories of 3, 6 and
9 weeks respectively, and a captopril-treated diabetic rat with a disease history of 9 weeks
(E). 
All rats were scanned at 16 weeks. The weight of the normal rat was 340 g and those of the diabetic rats were
230, 275, 330 and 245 g for the rat made diabetic at 7, 10 and 13 weeks and the captopril-treated rat,
respectively. The heart rates were continuously monitored throughout imaging sessions; intrinsic heart rates
were 315 ± 4 beats min_1 for the normal rat and 290 ± 4, 300 ± 6, 307 ± 4 and 300 ± 4 beats min_1 for the
four diabetic rats, respectively. The sections were taken perpendicular to the principal cardiac axis at one
spatial slice at typically twelve time points during the cardiac cycle. These time points are indicated in the
upper left corner of each panel and correspond to the delay after the trigger, taken from the R wave of the
electrocardiogram (ECG), at which the signal was acquired. Each image is the average of two signals obtained
at corresponding points in the cardiac cycle following the R wave. LV and RV indicate left and right
ventricles, respectively, and C and W indicate chest cavity and chest wall, respectively. Slice thickness was
1.50 mm for the normal control rat and 1.44 mm for the four diabetic rats. Field of view (FOV) was 5 cm for
the normal control rat and 4.5 cm for the four diabetic rats. With an image matrix of 128 pixels w 128 pixels,
the nominal in-plane resolution was approximately 351.6–390.6 µm pixel_1. The effective repeat time (TR)
was approximately 13 ms and the echo time (TE) was 4.3 ms.



intensity in a clear demarcation of myocardium from

blood. This results from inflow brightening (Pope & Yao,

1993) between successive excitations of the same slice at

the 12 different time points that were studied in the cardiac

cycle and the longer transverse relaxation time constant

(T2) of blood than muscle (Beall et al. 1984), giving a

reduced loss of transverse magnetization from blood during

the used echo time. At the later time points in the cardiac

cycle, i.e. later in diastole, there was little bright intensity in

the left ventricles of the normal rats, those diabetic from

13 weeks, and the captopril-treated group that had been

diabetic from 7 weeks. This may reflect turbulent flow of

the blood entering the ventricle causing dephasing of the

spins within the echo time. In contrast, for the rats diabetic

from 7 and 10 weeks, blood showed as a bright intensity

late in diastole. This could be interpreted in terms of much

reduced flow rates during diastole as this could make the

flow of blood less turbulent in these two experimental

groups with less dephasing of spins within the echo time.

Secondly, Fig. 1 shows successive frames separated by

13 ms intervals; this close sampling permitted both the

end-diastolic and -systolic points in the cardiac cycle to be

clearly identified. The initial images were acquired 8 ms

after the triggering R wave and demonstrate fully dilated

end-diastolic ventricles. Systole then developed with wall

thickening and luminal contraction in both ventricles in

the normal animals (A), those diabetic from 13 weeks (B)
and the captopril-treated diabetic rats (E). Both ventricles

reached their end-systolic, minimal luminal cross-

sectional areas synchronously at ~100 ms after the trigger

pulse. The rapid diastolic refilling of both ventricular

cavities that followed was accompanied by a relative

thinning of the ventricular walls. In contrast, the time

course of myocardial thickening and luminal contraction

in rats not treated with captopril, but made diabetic from

10 and 7 weeks, showed significant early systolic delays

until approximately 34 ms: end-systole was not reached

until ~112 ms after the R wave trigger (C and D). Diastolic

refilling was similarly retarded in these latter experimental

groups.
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Figure 2. Epi- (squares), endo- (circles) and myocardial
(triangles) left ventricular (LV) volume curves 
Epi-, endo- and myocardial left ventricular (LV) volume curves
obtained from the transverse MRI images of the control group (A),
and rats diabetic from 13 (B; n = 4), 10 (C; n = 4) and 7 weeks (D;
n = 4), and the captopril-treated diabetic group (E; n = 4 rats)
(disease durations 3, 6, 9 and 9 weeks, respectively). All the
experimental animals were male Wistar rats aged 16 weeks at the
time of scanning. The average body weight of the control group
(n = 4 in each case) was 351.3 ± 9.7 g and those of the four diabetic
groups were 235 ± 8.4, 282.5 ± 6.6, 335 ± 8.4 and 247.5 ± 15.5 g,
respectively. The heart rate was continuously monitored
throughout the imaging session giving average intrinsic heart rates
of 322 ± 9 beats min_1 for the control rats and 280 ± 6, 280 ± 7,
318 ± 7, and 311 ± 10 beats min_1 for respective diabetic groups.



Ventricular volume curves 
The closely sampled data sets were next used for three-

dimensional reconstructions of endo-, epi-, and myo-

cardial volumes for each of the 12 examined time points

in the cardiac cycle for both ventricles; these were

subsequently used additionally to determine the kinetics

of such systolic and diastolic volume changes. The results

of such quantitative analyses were then compared between

different animals and experimental groups. Figures 2 and 3

plot mean endo- (circles), epi- (squares), and myocardial

(triangles) volumes for the normal rats (A), those made

diabetic from 13 (B), 10 (C) and 7 weeks (D), as well the

captopril-treated diabetic group (E). In all cases, the

standard error bars are smaller than the size of the symbols

and therefore could not be explicitly represented. The R

wave trigger was followed by a prompt fall in both left and

right endocardial volumes in the control rats, those

diabetic from 13 weeks, and the captopril-treated group

(Figs 2A, 2B, 2E, 3A, 3B and 3E). This was most striking in

early systole; contraction subsequently decreased in rate.

Both ventricles synchronously reached end-systole

~100 ms after the trigger pulse. In contrast, endocardial

volumes in the rats diabetic from 10 and 7 weeks but not

treated with captopril (Figs 2C, 2D, 3C and 3D) declined

more gradually and reached a later end-systole at ~112 ms.

In addition the diastolic filling of both their ventricles was

considerably slower than in the control rats, those diabetic

from 13 weeks and the captopril-treated group. These

volume changes through the cardiac cycle took place

despite constant left and the right ventricular myocardial

volumes throughout the cardiac cycle.

Functional ventricular volumes and ejection
fractions
Cardiac volumes at critical points in the cardiac cycle were

now directly obtainable from the data plotted in Figs 2 and

3. The maximum values of the endocardial volume curves

at the end of ventricular diastolic filling prior to systole

provided the end-diastolic volumes (EDVs) for each

ventricle. The corresponding minima yielded the end-

systolic volumes (ESVs) and subtracting the EDVs from

the corresponding ESVs gave the stroke volumes (SVs).

Table 1 summarizes the absolute values of these

parameters for the left and right ventricles of the control

and the three diabetic groups not treated with captopril.

Table 2 normalizes these values to body weight so that they

can be compared with earlier studies (see Introduction)
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Figure 3. Epi- (squares), endo- (circles), and myocardial
(triangles) right ventricular (RV) volume curves
Epi-, endo- and myocardial right ventricular (RV) volume curves
obtained from the transverse MRI images of the control group (A),
and rats diabetic from 13 (B), 10 (C) and 7 weeks (D), and the
captopril-treated diabetic group (E) (disease durations 3, 6, 9 and
9 weeks, respectively). Experimental details as summarized in the
legend to Fig. 2. 



that used conventional, rather than MRI, anatomical and

physiological techniques. Table 4 summarizes the absolute

and normalized values of the captopril-treated group and

compares these values with those of the control group and

the diabetic group spared captopril treatment that had

been similarly diabetic from 7 weeks.

Ventricular end-diastolic volumes
Tables 1 and 4 indicate that diabetes decreased the EDV of

both ventricles. The changes were significant in animals

diabetic from 7 and 10 but not 13 weeks of age and

persisted with captopril treatment. Thus, left ventricular

EDVs decreased by 42.1, 27.6 and 6.6 % in animals diabetic

from 7, 10 and 13 weeks,, respectively, relative to control

values. Captopril significantly reduced this decline to

29.9 %. Corresponding values for right ventricular EDVs

were 42.3, 23.5 and 5.9 %, and 31.7 % with captopril

treatment. Such EDVs showed similar trends when

normalized to body weight (Tables 2 and 4). Values for the

left (2.1%) and right (1.5%) ventricles were not significantly

altered from the controls (changes in parentheses) in

animals diabetic from 13 weeks nor were right ventricular

EDVs in animals diabetic from 10 weeks (5.2 %). However

normalized left (10.6 %) EDVs in animals diabetic from

10 weeks and left (13.5 %) and right (14.1 %) EDVs in

animal diabetic from 7 weeks were significantly reduced

from control values. In contrast the normalized left and

right EDVs in the diabetic rats treated with captropril were

insignificantly reduced (0.7 and 3.7 %) compared to the

controls and were thus significantly higher than those of

the corresponding diabetic rats spared captopril treatment. 

Ventricular end-systolic volumes
In contrast to the marked EDV changes, Tables 1 and 4

demonstrate comparable left and right ventricular ESV

values across groups of control and diabetic rats not

treated with captopril. However, when normalized to body

weight ESV values were significantly increased relative to

their controls in animals diabetic from 7 and 10 but

not 13 weeks (Tables 2 and 4). Thus normalized left

ventricular ESVs were increased by 42, 28.0 and 6.0 % and

right ventricular ESVs by 40.8, 26.5 and 4.1 % over the

control group, respectively. In contrast, captopril-treated

animals showed insignificant increases in normalized left

(8 %) and right (2 %) ventricular ESV values over the

control group. 

Ventricular stroke volumes
Ventricular stroke volumes (SVs) were derived from the

corresponding EDV and ESV values; left ventricular SVs

significantly decreased by 62.4, 44.1 and 10.7 %, compared

to control values, in animals diabetic from 7, 10 and

13 weeks respectively; the corresponding right ventricular

changes were significant at 63.1, 37.6 and 8.9 %,

respectively. Captopril treatment significantly relieved

these changes with left and right ventricular SVs

nevertheless decreased by 32.7 and 33.4 % compared with

the control group. When normalized to body weight

(Tables 2 and 4), left and right ventricular SVs differed

significantly from control values in animals made diabetic

from 7 and 10 but not 13 weeks. Thus, the left ventricular

values decreased by 44.0, 30.8 and 6.6 % and the right

ventricular SVs by 44.7, 22.4 and 4.7 %, respectively.

However, captopril treatment restored values close to

those shown by controls: normalized left and right

ventricular SV were 4.4 and 5.9 % less than the respective

control values.

Ventricular ejection fractions
Tables 1 and 4 express left and right ventricular ejection

fractions, EFs, as the percentage ratio between the

appropriate SVs and EDVs. EFs were decreased relative to

control values in animals diabetic from 7 and 10 but not

13 weeks. Thus, left ventricular EFs were 35.2, 22.8 and

4.5 % and right ventricular EFs were 36.5, 18.5 and 3.3 %

less than the control value, respectively. In contrast,

captopril treatment significantly restored the left and right
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Figure 4. Left (LV) and right ventricular (RV) stroke
volumes (SVs) versus end-diastolic volume (EDV) 
Comparative plots of MRI-measured left (A) and right (B)
ventricular stroke volumes (SVs) and end-diastolic volumes
(EDVs) of the five experimental groups. Data from rats diabetic
from 7 and 10 weeks suggested impaired left and right ventricular
diastolic and systolic function.



ventricular EFs to only 4.0 and 2.7 % less than control,

respectively. 

Dependence of ventricular SV on EDV 
Full assessment of systolic function would require SV to be

measured systematically through a controlled range of

EDVs but this was not possible in a non-invasive study.

Nevertheless, Fig. 4A and B plot left and right ventricular

SVs, respectively, of all the five experimental groups

against their EDVs. First, these showed that EDV declined

with diabetes in both ventricles. Secondly, the SV–EDV

plots appeared to fall on two approximately linear

functions, one formed by the data obtained from control

animals and those made diabetic from 13 weeks and the

other from animals diabetic from 7 and 10 weeks. This

suggests that changes in left and right ventricular systolic

function not explicable merely in terms of changes in

diastolic properties had occurred in the animals made

diabetic at 7 and 10 rather than at 13 weeks. Finally,

captopril treatment shifted the data points from the values

associated with the animals diabetic from 7 and 10 weeks

towards the points formed by the control and the rats

diabetic from 13 weeks suggesting that captopril at least

partly reversed the latter abnormalities.

Matching of left and right ventricular volume
measurements 
Figure 5 compares MRI measurements of cardiac volumes

in the right and left ventricles in order to assess the internal

consistency of the data sets in each experimental group. It

confirms statistically indistinguishable left and right

ventricular EDVs, ESVs, SVs and EFs in each of the five

experimental groups indicating a close matching of all

these parameters in both control and diabetic rats. The

equality of the left and right ventricular SVs in both

normal and diabetic animals fulfils a necessary condition

for the equality of their respective outputs. The matching

of the remaining parameters of EDV, ESV, and EF suggests

an involvement of both ventricles in the disease process. 

Dynamic systolic and diastolic indices 
An inspection of Fig. 1 suggests that diabetes influenced

the kinetics of ventricular contraction and relaxation in

addition to the critical volumes above, and that captopril

also influenced such changes. Tables 3 and 4 compare

simple kinetic indices for systolic contraction and diastolic

relaxation derived from the volume data. Firstly, the times

required for the left and right ventricles to expel 25 % of

their SVs during systole (25 % SV) were significantly

increased in animals diabetic from 7 and 10 but not

13 weeks when compared to the control values; captopril

reduced such changes. Such changes took place in the face

of decreases in absolute SV values in the diabetic rats

and their slower heart rates. Both these factors would

potentially have permitted a more prolonged and

therefore complete diastolic filling, particularly in view of

similar times required for both ventricles to fill by 25 % of the
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Figure 5. MRI measurements of left and right ventricular volumes and ejection fraction (EF) 
Comparative plots of  left (LV) and right ventricular (RV) end-diastolic volumes (EDVs) (A), end-systolic
volumes (ESVs) (B), stroke volumes (SVs) (C) and ejection fractions (EFs) (D) in the five experimental
groups.



SV during diastole (25 % DFV). Secondly, animals diabetic

from 7 or 10 weeks both showed sharply reduced initial rates

of systolic ejection in both ventricles relative to control

values. Thirdly, such animals showed reduced initial rates of

left and right ventricular diastolic filling compared with the

control group. Finally, captopril treatment increased both

these initial rates that nevertheless remained lower than their

corresponding control values. 

Time derivatives of left and right ventricular volume
Figure 6 systematically plots instantaneous rates of change,

dV/dt, of left (filled bars) and right ventricular endocardial

volumes (open bars). These were derived by comparing

endocardial volumes measured at successive pairs of

adjacent time points over the cardiac cycle, for each

experimental group. The systolic dV/dt values over which

ventricular volumes were decreasing are represented as

negative whereas diastolic dV/dt values are represented as

positive values. Left and right ventricular dV/dt values at

each time point closely matched each other in all five

experimental groups: both ventricles reached their end-

systolic emptying and end-diastolic refilling limits at

approximately the same time during the cardiac cycle. For

example, end-systole corresponded to ~100 ms after the R

wave trigger in the control, the experimental group made

diabetic from 13 weeks, and the captopril-treated group,

and 112 ms in the groups diabetic from 7 and 10 weeks.

Systolic dV/dt values in both control and rats made

diabetic from 13 weeks were greatest early in systole with

diastolic dV/dt values greatest early in diastole. In both

cases their values subsequently declined with time till

end- systole or end-diastole, respectively (Fig. 6A and B).

However, the systolic and diastolic patterns in the

experimental groups diabetic from 10 and 7 weeks

sharply contrasted with the controls (Fig. 6C and D).

Their dV/dt values began gradually from small values in

early systole, then only gradually increased in magnitude

into the middle part of systole before finally declining. In

contrast the diastolic dV/dt values were monotonic in
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Figure 6. Plots of left and right ventricular dV/dt
Block diagrams displaying left (filled bars) and right (open bars)
ventricular volume changes with respect to time during the 12
studied time points through the cardiac cycle obtained from the
normal control group (A), and rats diabetic from 13 (B), 10 (C)
and 7 weeks (D), and the captopril-treated diabetic group (E)
(disease durations 3, 6, 9 and 9 weeks, respectively). Each bar
represents the average dV/dt ± ... between two consecutive
time points through the cardiac cycle. Negative dV/dts represent
contraction of the cardiac walls during systole and positive dV/dts
represent their relaxation. The first bar represents dV/dt between
the 1st and 2nd studied time points during the cardiac cycle with
the first point timed typically 8 ms after the trigger pulse from the
electrocardiographic R wave and 21 ms for the second point. The
remaining bars represent dV/dts between volume points
successively obtained 21, 34, 47, 60, 73, 86, 99, 112, 125, 138 and
151 ms following the R wave. 



time course, beginning from a maximum value early in

diastole, then declining over time. Thus systolic dV/dt
values in rats diabetic from 7 and 10 weeks only reached

values comparable to the corresponding rates shown by

the controls and animals diabetic from 13 weeks at

around midsystole. 

Captopril treatment restored the time dependence of dV/dt
in both the left and right ventricles through both systole and

diastole back to a normal pattern with contraction most

rapid early in systole and relaxation most rapid early in

diastole with both events synchronized in the left and right

ventricles (Fig. 6E). However, the systolic and diastolic left

and right ventricular dV/dt values were quantitatively

smaller than those of the control group, though larger than

rats that had been diabetic from 7 and 10 weeks. 

Left ventricular output and power
The analysis of MRI data used here finally could estimate

values for some derived indicators of cardiac performance

and assess them through the diabetic process. These

calculations used some of measurements made during the

physiological monitoring associated with imaging. For

example, Tables 5 and 6 demonstrate that left ventricular

output fell with significant differences between controls

and rats diabetic even from 13 weeks (11.8 %) and greater

deteriorations in rats diabetic from 7 and 10 weeks (67.6

and 51.0 %, respectively). Captopril partially relieved such

changes in diabetic rats but nevertheless left a 34.3 %

reduction in output. When normalized to body weight the

outputs were significantly decreased relative to control by

51.2, 39.5 and 7.6 % in animals diabetic from 7, 10 and

13 weeks, respectively. Normalizing to heart weight gave

changes of 58.3, 50 and 8.3 %, respectively. In contrast,

captopril-treated group showed decreases of only 7.2 and

8.3 % when cardiac output was normalized to body and

heart weight, respectively.

An upper limit for left ventricular power (in W) was

determined by multiplying cardiac output by systolic blood

pressure (Tan, 1986). Tables 5 and 6 show that this

significantly decreased in animals diabetic from 7 (78.8 %)

and 10 (63.6 %) but not 13 weeks (18.2 %) of diabetes

relative to control values. Captopril treatment significantly

improved the power characteristics, reducing the

deterioration in power to 39.4 % relative to control. Values

normalized to body and heart weight similarly significantly

decreased relative to control in animals diabetic from 7

(67.7 and 73.0 %) and 10 (52.7 and 56.8 %) but not 13 weeks

(11.8 and 13.5 %, respectively). Captopril restored these

normalized values leaving decreases of only 10.8 and 8.1 %

relative to control.

Maximum left ventricular stroke work; systolic
elastance
It was also possible to obtain derived variables describing

systolic energy output. Maximum left ventricular stroke

work was determined by multiplying stroke volume by

systolic blood pressure (Tan, 1986) with subsequent

normalization to either body or heart weight. Tables 5 and

6 show that this was significantly smaller than controls in

animals diabetic from 7 (83.3 %), 10 (50.5 %) and 13

(16.7 %) weeks with the captopril-treated group showing a

lower decrease of 33.3 %. When normalized to body and

heart weights, stroke work was significantly reduced in

animals diabetic from 7 (64.7 and 71.4 %, respectively)

and 10 (47.1 and 57.1 %, respectively) but not 13 weeks

(5.9 and 14.3 %, respectively). In contrast, values in the

captopril-treated group (5.9 and 14.3 %, respectively)

were statistically indistinguishable from controls. 

Left ventricular systolic elastance (expressed in mmHg

µl_1) was derived from the ratio of systolic blood pressure

to the corresponding ESV in order to assess left ventricular

contractility independent of left ventricle loading

conditions or heart rate under some conditions (Tan,

1995). This provided a relatively insensitive measure

distinguishing experimental groups in the absence of

captopril treatment. Nevertheless, captopril treatment

significantly restored elastance values in the diabetic rats to

levels indistinguishable from those in the controls. 

Ventricular myocardial volume/end-diastolic
volume ratios
Left ventricular myocardial volumes could also be

normalized to their corresponding end-diastolic volumes

rather than body weight as used above. The resulting

values were greater the earlier the onset of diabetes with

significant increases in animals diabetic from 7 (42.4 %)

and 10 (27.3 %) but not 13 weeks (4.5 %). In contrast,

values of the captopril-treated group were insignificantly

decreased by 1.5 % over values of the control group. The

right ventricles yielded similar findings.

Comparison of rat heart indices with human heart
indices
The normal values in Table 5 could be compared with

human values assuming a left ventricular output of

5.5 l min_1, a heart rate of 70 min_1, a heart weight of 300 g

and a body weight of 70 kg (Tan, 1995). These indicate that

left ventricular output and maximum power whether

normalized to body- or heart weight were 4–4.5 times greater

than the corresponding values in the normal human heart.

However, similarly normalized values for stroke work were

comparable: this is as expected if human and rat

myocardium shared similar contractile characteristics. 

DISCUSSION
The present study successfully applied magnetic resonance

imaging (MRI) as a non-invasive physiological tool to

detect and characterize alterations in both left and right

ventricular volumes through their cardiac cycles that

resulted from experimental diabetic cardiomyopathy in
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the widely accepted STZ-diabetic rat model. The

experiments tested reports that associated diabetes with a

specific cardiomyopathy that might explain frequencies of

congestive cardiac failure in excess of those resulting from

the increased prevalence of atherosclerosis, hypertension

or autonomic pathology in human diabetes (Kannel et al.
1974). 

Previous clinical physiological studies have yielded

variable findings in diabetic patients (see below): studies in

animal models permit more controlled analysis of the

cardiac changes but these hitherto have used invasive

physiological or in vitro techniques. Left ventricular

diastolic compliance alters over 11 weeks in intact, mildly

alloxan-diabetic dogs (Regan et al. 1974). Isolated

perfused hearts from diabetic rats show decreased peak

systolic pressures (Miller, 1979) and altered diastolic

function (Riva et al. 1998) and a more rapid development

of heart failure following severe global ischaemia (Hearse

et al. 1975; Feuvray et al. 1979). Similarly, isolated diabetic

rat papillary muscles show delayed onsets and rates of

isometric relaxation, depressed velocities of isotonic

shortening (Fein et al. 1980), increased times to peak

isometric tension and 75 % relaxation and reduced

sensitivities to extracellular calcium and adrenaline

(Warley et al. 1995). 

However, complete and detailed quantitative in vivo MRI

measurements of cardiac cycle volume changes in both the

right and the left ventricles have hitherto not been

available in intact beating diabetic hearts. Yet, MRI has

already proven useful for accurate and high-resolution

measurements of anatomical and functional clinical

parameters of human cardiac performance for which it is

considered superior to other imaging modalities (Rehr et
al. 1985; Higgins, 1986; Stratemeier et al. 1986; Caputo et
al. 1987; Markiewicz et al. 1987; Pettigrew, 1989; Sechtem

et al. 1987; Utz et al. 1987, 1988; Pflugfelder et al. 1989;

Semelka et al. 1990). The present study utilized recent

developments in system hardware and pulse sequences

with their significant potential applications in MRI for

chronic non-invasive physiological studies of animal

models of common human cardiac pathology. In

particular the use of cine MRI demarcated blood within

the cardiac chambers and the myocardial wall particularly

clearly. The resulting cardiac images were thus highly

amenable to quantitative assessment of anatomical and

functional characteristics (Rehr et al. 1985; Higgins, 1986;

Stratemeier et al. 1986; Caputo et al. 1987; Markiewicz et
al. 1987; Pettigrew et al. 1987; Sechtem et al. 1987; Utz et al.
1987, 1988; Pflugfelder et al. 1989; Semelka et al. 1990).

The modifications applied in the present physiological

studies to this end might conversely find application in

clinical MRI practice.

The imaging techniques could be applied in animal studies

that extended over weeks to quantify chronic cardiac

changes (Wise et al. 1998). Experimental systems offer

particular advantages for studying chronic physiological

changes associated with human disease particularly when

coupled with non-invasive imaging as opposed to invasive

physiological measurements. Thus, the STZ-diabetic rat

model permitted untreated disease of controlled severity

that led to relevant cardiac pathology to be studied at well-

defined time points permitting study over a manageable

time scale. High MRI resolution and sensitivity permitted

early detection of physiological changes in a minimized

number of animals. The present experiments thus scanned

groups of male Wistar rats at a consistent age, all age-

matched to a single control group, that had been diabetic

from 7, 10 and 13 weeks. All rats were scanned at 16 weeks.

The findings obtained here are therefore comparable with

earlier independent studies using the same model that

used conventional invasive or ex vivo physiological

techniques. These have included physiological studies of

papillary muscle function (Fein et al. 1980; Fein &

Sonnenblick, 1994; Warley et al. 1995), myocardial

contraction and relaxation (Jackson et al. 1985; Afzal et al.
1988), diastolic and peak systolic pressures (Miller, 1979;

Afzal et al. 1988; Shimabukuro et al. 1995; Rodrigues &

McNeill, 1986; Paulson et al. 1987; Lopaschuk & Spafford,

1989; Rodrigues et al. 1988; Goyal et al. 1998) and heart

rates (Jackson & Carrier, 1983; Afzal et al. 1988; Hicks et al.
1998). Despite their rapid heart rates, the cine MRI

methods successfully imaged both ventricles at twelve time

points which substantially covered the cardiac cycle and

completely covered the ventricular anatomy. The

subsequent image analysis derived their epi-, endo- and

myocardial volumes over time; these included volumes

defining critical points in the cardiac cycle, namely the left

and right ventricular end-diastolic volumes (EDVs), end-

systolic volumes (ESVs), stroke volumes (SVs), and

ejection fractions (EFs). The data sets additionally

permitted the rates of left and right ventricular contraction

and relaxation to be determined giving both the initial

rates of ejection and dilatation and plots of dV/dt
through the cardiac cycle. These MRI measurements were

expressed both as absolute values and were normalized to

the corresponding body weights to permit comparison

with earlier studies (Pierce & Dhalla, 1981, 1983, 1985a,b;

Afzal et al. 1988; Maeda et al. 1995; Shimabukuro et al.
1995; Hicks et al. 1998). 

The transverse cardiac MRI sections showed that both

right and left ventricles reached end-diastole and -systole

at synchronized times in both control and all diabetic

groups. The left and right ventricular endocardial volume

curves and their corresponding dV/dt plots (see below)

similarly demonstrated very similar rates of systolic and

diastolic volume change over time through the cardiac

cycle of both ventricles in all rats studied. A similar

correspondence between the right and left ventricles

applied to the ventricular EDVs, ESVs, SVs and EFs. This
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resulted in an internally self-consistent data set that both

satisfied the necessary condition for matched right and left

ventricular outputs and that implicated both ventricles in

the diabetic process. 

The MRI studies demonstrated significant evidence of

ventricular diastolic dysfunction in experimental diabetes,

findings compatible with reported abnormalities in

cardiac sarcoplasmic reticular function (Penpargkul et al.
1981; Lopaschuk et al. 1983; Ganguly et al. 1983) and of

collagen accumulation in the myocardial interstitium

(Regan et al. 1981). Firstly, both left and right ventricular

end-diastolic volumes fell substantially below control

values in rats diabetic from 7 and 10 weeks; values when

normalized gave concordant results. Such results offer an

improvement over the variable human echocardiographic

findings of reductions (Airaksinen et al. 1984a, 1987),

normal or modest increases in left ventricular size in

diabetics (Shapiro et al. 1981a; Friedman et al. 1982).

There are no existing reports whatsoever concerning right

ventricular volumes in diabetes available for comparison.

Secondly, initial diastolic filling rates, dV/dt, fell in both

the left and right ventricles in rats diabetic from 7 and

10 weeks in agreement with echocardiographic findings of

left ventricular diastolic dysfunction reflected in a

prolonged isometric relaxation in diabetic patients

(Sanderson et al. 1978; Shapiro et al. 1980, 1981a,b;

Shapiro, 1982).

Experimental diabetes also produced significant systolic

changes. Firstly, EFs in both right and left ventricles were

markedly decreased compared to controls in rats diabetic

from 7 and 10 weeks and SVs in rats diabetic from

13 weeks. Secondly, it is unlikely that such alterations in

systolic function merely reflect altered diastolic properties.

Thus, available plots of SV against EDV from control

animals and animals diabetic from 13 weeks produced

different functions from those obtained in animals

diabetic from 7 and 10 weeks suggestive of at least some

systolic dysfunction. Furthermore, captopril treatment

shifted the data points back towards characteristics shown

by the control group and the animals diabetic from

13 weeks. Thirdly, the systolic limbs of both the left and the

right ventricular endocardial volume curves and their

corresponding dV/dt values suggested additional, kinetic,

changes in ventricular systole. In normal rats or those

diabetic from 13 weeks, both left and right ventricular

systolic ejection developed promptly generating their

maximum dV/dt values followed by slower decreases in

volume and declining dV/dt that continued into late

systole. In contrast, systolic ejection when rats had been

diabetic from 7 or 10 weeks began gradually, with small

dV/dt values that developed slowly.

These results can be compared with earlier varying echo-

cardiographic reports of depressed (Shapiro et al. 1981a,b;

Uusitupa et al. 1985), normal (Airaksinen et al. 1984b), or

enhanced left ventricular systolic function (Thuesen et al.
1988) in insulin-dependent patients developing micro-

vascular complications. Radionuclide ventriculographic

studies had reported significant reductions in left ventricular

ejection fractions both at rest and with maximal exercise

among diabetics with cardiac autonomic neuropathy

(Zola et al. 1986), or only after exercise (Vered et al. 1984;

Fisher et al. 1986; Arvan et al. 1988).

Additional cardiac performance characteristics were

available with the aid of the measurements associated with

physiological monitoring. Thus, both absolute and

normalized values of cardiac output and cardiac power

output fell sharply with earlier ages of disease induction,

reflecting changes in both heart rate and stroke

characteristics. These changes were most noticeably

reflected in left ventricular stroke work whether expressed

as absolute or normalized values, and to a smaller extent

in values of systolic elastance. When compared with

assumed normal human values these findings suggested a

greater left ventricular output and maximum power in

the rat when normalized to body- or heart weight.

Nevertheless, allowing for the higher heart rates in

rodents gave values consistent with fundamentally similar

functional myocardial characteristics in human and rat

hearts, a necessary condition for the use of the laboratory

rat as an animal model of human cardiac disease. 

The experimental system was finally used to evaluate the

therapeutic effects of the ACE inhibitor, captopril upon

MR assessments of the diabetic cardiac changes.

Comparison using captopril-treated and control groups of

rats diabetic from 7 weeks demonstrated significant effects

upon such ventricular functional changes. Firstly,

captopril ameliorated reductions in both the left and right

ventricular EDVs. Secondly, captopril reversed some of

the alterations in SV, EF as well as restored the relationship

between SV and EDV, reflecting positive effects upon

systolic function. Thirdly, captopril treatment partially

restored both the reduced magnitudes and the delayed

developments of the rates of systolic volume changes,

dV/dt, towards normal values and patterns. Fourthly,

captopril ameliorated changes in derived cardiac

characteristics whether related to cardiac output, power,

or diastolic or systolic characteristics. There is evidence for

an intracardiac renin–angiotensin system (Dostal et al.
1992a,b) activated in diabetes with a resulting increased

angiotensin II production (Rösen et al. 1995) inducing

myocardial interstitial fibrosis through fibroblast

proliferation (Schorb et al. 1993; Crabos et al. 1994;

Matsubara et al. 1994; Schorb et al. 1994). STZ-diabetic

rats show higher ACE levels in their left ventricular tissue

and a decreased left ventricular developed pressure; the

latter was prevented by the ACE inhibitor enalapril (Goyal

et al. 1998). The present findings thus offer the first

evidence in intact beating hearts that possible therapeutic
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benefits of such ACE inhibition merit further exploration

in diabetic cardiac disease.
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