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Abstract. Both diabetes and obesity cause cardiac dysfunction. To separate consequences of geometric
changes with obesity from electrophysiological ones, we previously investigated how changes in
cardiac and torso geometry affected body-surface electrocardiograms (ECGs). For this study, we
characterized the sensitivity of body-surface potentials to diabetes-related AP changes by modeling
normal cardiac-surface action potentials (APs) and prolonged APs, as seen in diabetic animal studies.
We calculated ECGs using our bidomain model in a realistic heart and torso model. ECGs were
characterized by changes in their iso-potential maps, standard 12-lead sets, and via temporal, spectral
and principal component analysis. Relative differences over the body-surface during the T wave of 36,
93, and 157% were seen for AP duration increases of 29, 25, and 16 % in the base of the left ventricle
(LV), apex of the LV, and the whole right ventricle, respectively. Simulation results were compared to
measured values in normal and obese diabetic subjects. QT interval dispersion was underestimated in
the precordial leads in the diabetic simulation and measurement by 20 and 94 msec, respectively. These
results demonstrate both the sensitivity of the ECG to changes in the AP and the limitations of using
standard lead sets to characterize electrocardiographic changes in diabetic subjects. They suggest the
need for more comprehensive measures, such as body-surface mapping and inverse
electrocardiography, to describe electrical remodeling due to diabetes.

Keywords: Action Potential Model, Body-surface Maps, Diabetes, Bidomain forward problem, Long QT, Heart-Torso models,
12-lead ECGs

1. Introduction
Myocardial disease is common in type II diabetes mellitus (T2DM). T2DM is accompanied by
1
elevated risk for myocardial infarction, heart failure, and sudden cardiac death . Risk is monotonically

2
increased with obesity, as measured, for example, by body-mass index (BMI) . Both diabetes and
obesity are responsible for deleterious electrophysiological changes to the heart and for habitus changes

34
to the heart and torso that affect body-surface electrocardiographic potentials (ECGs) . Previously we
5

investigated effects on ECGs of body habitus changes induced by obesity . Habitus changes may
modify ECGs in ways that mask or confound changes due to diabetes. Here we examine the sensitivity
of the ECG to changes in cardiac sources that may occur in diabetes to determine how useful surface
measurements may be in assessing risk for T2DM.

Many studies have employed the standard 12-lead ECG to find risk indicators for cardiac
1,6-13
dysfunction, cardiovascular disease, and all-cause mortality among T2DM patients . Changes in

standard 12-lead ECGs with obesity and diabetes have been associated with ST segment depression,
1,9-12,14-16
changes in QT intervals, T-wave morphology, and heart-rate variability . A primary risk

correlate is the QT interval and its dispersion, that is, the difference between maximum and minimum

9-12
QT values . Other changes may be important, but the full prognostic value of ECG abnormalities in
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T2DM has probably not been realized, given the spatial sampling limits and vulnerability to habitus
changes of 12-lead ECGs.

Our studies of risk for 1) ventricular tachycardia in post myocardial-infarction patients and 2)
cardiac dysfunction in T2DM have highlighted the limitations of standard lead systems for assessing
risk and f(;r1 ﬁIlldiIlg underlying markers of cardiac dysfunction for these and presumably other

pathologies . To assess the electrical characteristics of cardiac dysfunction more fully than 12-lead
analyses, we examined body-surface electrocardiographic maps to identify electrical phenotypes of
cardiac dysfunction.

Certain pathological aspects of the diabetic heart have been found to be common to both human and
animal models, including electrocardiographic changes such as prolongation of the QRS complex and

11,22
the QT interval . Here, because of the limited availability of animal data for T2DM, we simulated
the human diabetic heart based on the cardiac-surface action potential (AP) pattern found in a study on

23
streptozotocin-induced Type 1 diabetic rats .
APs result from differences between intra- and extra-cellular potentials. Changes have been found in

the ion channel currents across myocyte membranes in several diabetic animal studies2 7. Results
suggest that, in diabetic rats, ion currents I, I, and I, are reduced during repolarization, which leads
to prolonged AP duration (APD). In this study, we used AP changes during repolarization of cardiac-
surface myocytes to characterize electrical remodeling that might be due to diabetes.

Based on results from diabetic animals, diabetic APs in humans were simulated by prolonging the
duration of normal APs constructed using timing parameters exported from the software package

28
ECGSIM . From simulated normal and diabetic APs over the cardiac surface, we calculated the

corresponding normal and diabetic ECGs with our bidomain forward-problem platforms’zg. By
computing differences between diabetic ECGs and normal ECGs over the whole torso, we explored the
sensitivity of body-surface distributions to presumed diabetic electrical remodeling. Results drawn
from these simulations were compared to measurements made on one normal and one obese T2DM
subject.

2. Methods: Simulation and Measurement of Electrocardiograms in Humans

To study effects of changes in action potentials (APs) on electrocardiograms (ECGs), we simulated
body-surface potentials with our bidomain forward-problem solution, whose derivation and validation
have been reported previouslys’zg. We also measured body-surface ECG maps in one normal and one
obese diabetic subject for comparison to our simulations.

2.1 Electrocardiographic Response to Action Potential Changes

Our bidomain, forward-problem platform was used to calculate the effects of heart-torso geometry in

5,29
order to find body-surface potentials, V, from cardiac-surface APs, ®m . The bidomain forward-
29
problem solution for the heart-torso model, A, yields V via matrix multiplication ,

V=Aln . (1

The ECGSIM package provided normal torso geometry and the timing of depolarization and

28
repolarization that characterized cardiac-surface APs, but not AP shape . We used fixed templates for
depolarization and repolarziation waveforms. In this study those templates were based on logistic
curves designed to match templates we used previously to study effects of obesity on body-surface

potentials in T2DM. The previous templates used an arctangent function for depolarization and the
5,29,30
dominant T wave for repolarization
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Fig. 1. Depolarization and repolarization templates based on logistic curves derived in this study compared to templates derived
528,29

by Wang using an arctangent function for depolarization and the ECGSIM dominant T wave for repolarization

Simulated Action Potentials using Logistic Curves: We found the action potentials, ®m, using
.. 31 . . 11
logistic curves , as defined in Eq. 3 below, the APs, in millivolts, are

(Dm(t: Adep: Arep) = 100¢dep (t: Adep)d)rep (t, Arep) -90 ’ (2)

where the depolarization waveform ¢y, (t, Adep) at time 7 and at the heart-surface location where the
maximal slope of the waveform occurs at time Adep is
1
: 3)

Paep (t: Bacp) = [1+exp(=a1)(t-Agep)]

Similarly using I}.¢p, (t, Arep), as a convenient intermediate expression given by

¢ 1 1
[rop(t, A = dr , 4
ren(68ren) = Jy [1+exp(~az(t=Arep))] [1+eXp(as(T=rep))] @

the repolarization waveform is
¢rep (t' Arep) =1- Frep (t' Arep)/rrep (00' Arep) (5)
The constants in these expressions were a,=0.30, a,=0.0897-2.91x 10744{ =0.027, a;=0.0255+4.31% 10754{ =

0.035. The activation recovery interval, y, was set to 215.
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Fig. 2. Left) Action potentials calculated using Eq. 2 over the heart surface at the locations shown in Fig. 3 for a normal subject.
Right) Body-surface potentials with respect to a central terminal calculated from the APs in the left panel using our bidomain
29

=1 100

5,28,
forward-problem solution in the ECGSIM torso.

Figure 1 compares depolarization and repolarization AP templates, based on the logistic curves of
5,28,29
Egs. 3 and 5, to the templates used by Wang to match the shape of ECGSIM APs . Figure 2 shows
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the logistic-templates used in Eq. 2 to calculate APs with normal values for Adep and Arep from

ECGSIM . The APs in Figure 2, based on logistic-curves, were used in Eq. 1 to calculate normal
body-surface potentials V, also shown in Fig. 2.

Simulated Long QT in Diabetes: Our framework for calculating APs and resultant ECGs allows us to
investigate changes in ECGs caused by changes in the timing of depolarization and repolarization at
each site on the heart surface. In this study we assessed effects on ECGs during the T wave due to
alterations in the duration of cardiac-surface APs, in this case, to changes in Arep.

To determine the sensitivity of ECGs to APD changes that might be found in diabetes we used data
from the literature on diabetic rats. Among diabetic rats, action potential duration (APD) increase
differed in three regions of the ventricle”. The three regions were: 1) total right ventricle (RV), 2)
subepicardium at the apex of the left ventricle (EpiALV), and 3) subendocardium at the base (EndoBLV).
These regions are shown on the ventricular model exported from ECGSIM in Figure 3. APD in the rat,
measured after 90% of repolarization (APDoo) had occurred, was prolonged by 80, 125 and 148% in
the RV, EpiALV, and EndoBLYV, respectively.

To apply the findings in diabetic rats to a human study, we multiplied the APD changes in the rat by
a heart-rate correction factor. This factor used the normal pulse rates of the human and rat. According

32
to American Heart Association, a normal human heart resting rate is 60 ~ 80 times a minute (bpm) .

Data from Yale Animal Resources Center indicate normal heart rate for a rat ranges 330 ~ 480 bpm33.
Using 360 and 72 bpm for rat and human heart rates, respectively, our correction factor was 0.2.

The resulting 16, 25 and 29% changes were used as APD prolongation percentages for the RV,
EpiALV and EndoBLV areas of a human ventricle, respectively, to generate the diabetic APs used in
our simulation studies. Body surface ECGs were calculated from both normal and diabetic APs in the
same normal torso model for comparison.

2.2 Measurements in Normal & Obese Diabetic Subjects

Torso shape, ultrasonic images of the heart and electrocardiograms over the torso surface were
measured in one normal subject and one obese diabetic patient. During acquisition of torso and heart

geometry, subjects were immobilized with a Vac-LokTM (Civco Medical Solutions, Kalona, IA). Torso
surface geometry and the location of 123 ECG electrode signals were measured with an Immersion 3D
digitizer (Immersion Human Interface Corp., Palo Alto, CA). Heart size, orientation and location were
determined with the images taken by a Terason 3000 ultrasonic imaging system (Teratech Corporation,
Burlington, MA) with a 64-element, 2.5 MHz (4V2) linear array. A custom image—regis}ration phantom

was used to register ultrasonic images of the heart to the torso-surface geometry . Body-surface
potentials were recorded with a 123-channel BioSemi mapping system (Amsterdam, Netherlands).
5,29

Details of the experimental protocol have been reported previously
The measured point cloud on the torso surface was used to form a 3D torso model using radial-basis

™
functions with the Matlab FastRBF  Toolbox from FarField Technology Limited (Christchurch, New
Zealand). A heart model was digitized and used as a template. Based on the ultrasonic heart images, the

34
template heart was shifted, rotated, scaled, and placed into the torso models . Heart and torso models
along with the measured ECGs were used to solve conventional, boundary-element inverse

35,36 ) .
problems . ECGs over the body-surface were calculated from these inverse solutions to produce
maps at all locations in the torso model.

144



EndoBLV

Y, mm

28 23
Fig. 3. ECGSIM ventricle model with three regions in which APD increase was seen in the diabetic rat . Those regions were:
1) the whole wall of the right ventricle (RV) (in blue), 2) the subepicardium at the apex (EpiALV) (in yellow), and 3) the
subendocardium at the base (EndoBLV) (in red). Black dots mark the 257 vertices of the triangular-element surface model.

2.3 Signal and Image Analysis

Body-surface potentials calculated due to AP changes were compared to normal values using iso-
potential maps, standard 12-lead sets, and via temporal, spectral and principal component analysis.
Body-surface potentials were reconstructed at all nodes on the torso models from inverse solutions in

36
the normal and obese diabetic subjects for which the body-surface relative error was < 5% .
We used iso-potential maps, which are ECG distributions on the body surface at a given instant

37
during the cardiac cycle, to examine body-surface ECG patterns . To aid in classification, signals are

20
often characterized by their spectra (frequency components) . Magnitudes of the Fourier transforms of
ECGs over the T wave, averaged over the body surface for altered APs, were compared to ECG spectra
due to normal APs. Principal component analysis (PCA) is another well-known data decomposition

technique. It removes redundancy from body-surface ECGS38’39, assuming that ECGs are a linear
combination of orthogonal basis vectors. Principal components of body-surface ECGs during the T
wave due to altered APs were compared to components of ECGs produced by normal APs.

Differences between normal ECGs and ones altered by APD changes were also characterized by
relative difference (RD) and correlation coefficient (CC). RD, a measure of the amplitude differences,
and CC, a measure of pattern similarity, are commonly used to evaluate forward and inverse

40

electrocardiographic solutions . We used RD and CC to evaluate overall differences in body-surface
5,21,29

ECGs at all torso sites during the T wave caused by regional changes in APs

3. Results: Electrocardiographic Changes with Long QT in Diabetes
11,22,23,27

Diabetes has been associated with changes in ECGs . We evaluated those changes due to
presumed diabetic electrical remodeling, represented as regional APD prolongation on the right
ventricle, epi- and endo-cardial ventricular surfaces. ECGs were simulated from normal and presumed
diabetic APs with our bidomain forward-problem solution using Eq. 1. Simulated results were
compared to measurements in normal and obese diabetic subjects. We employed conventional signal
processing tools to reveal spatial and temporal features of changes in ECGs from the diabetic during
the QT interval and in particular over the T wave, as described in the Methods.
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Fig. 4. Anterior body-surface, iso-potential maps at the peak of T wave. Left) Simulated map using the body-surface potentials
shown in Fig. 2. Right) Measured map in a normal subject. The white dots mark the locations of precordial electrodes in the
standard 12-lead system.

3.1 Iso-potential Maps

Comparison of iso-potential maps at a particular instant depicts the differences produced by changes
in the APs that gave rise to those maps. Figure 4 shows the ECG potential distribution at the peak of
the T wave for simulated and measured normal subjects. The peak of the T wave accounts for the
largest energy measured on body surface during repolarization, which is presumed to be affected by the
presence of diabetes. Note that the patterns for the simulated and measured distributions are similar.

Changes to the iso-potential patterns for regional changes in APs, depicted in Fig. 3, are shown in
Figs. 5 and 6. Regional AP changes produce iso-potential patterns shown in Fig. 5 that are markedly
different for the RV and ALV AP changes compared to the normal pattern, whereas the BLV pattern is
similar to the normal one. Fig. 6 shows the pattern due to the sum of all the simulated regional AP
changes compared to the measured pattern on an obese diabetic subject. Although the simulated and
measured patterns differ, the main change in both simulated and measured patterns compared to normal
is a shift in the positive peak toward the left shoulder.

To quantify these comparisons, we calculated the relative difference (RD) in maps produced by the
altered APs compared to those produced by normal APs over the T wave. Those results are given in
Table I. The RDs are large for all cases and the correlation is not strong except for the BLV AP
changes. These results suggest that body-surface ECGs are likely to be sensitive to changes in AP
duration that may be much smaller than those used in this study.

TABLE I
CoMPARISON OF DIABETIC TO NORMAL ECGS OVER THE T WAVE AND THE BODY-SURFACE

Diabetic | RV ALV BLV
Relative Difference, % 135. 157. 92.9 35.8
Correlation Coef. 0.42 0.38 0.64 0.98

3.2 Standard 12-Lead ECGs

In addition to body-surface ECGs, the standard 12-lead set was also employed because of its
prevalence in clinical diagnosis. In the 12-lead set, only eight signals are independent. Here we
compared the six precordial leads (V1-V6), as shown in Fig. 7. Dramatic changes occurred in 12-lead
ECGs due to the APD prolongation associated with diabetes. As expected, an obvious delay of the T
wave was seen because of the AP prolongation. In addition, compared with normal, precordial lead
measurements were inverted in leads V2, V3 and V4. Whether or not these changes or others in the
precordial leads are of diagnostic value is not clear, particularly given the habitus change with obesity
that often accompanies T2DM and may dramatically alter the geometric relationship between the heart
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and the precordial electrode locations .
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Fig. 5. Variation of anterior body-surface potential maps in the ECGSIM torso " at the peak of the T wave with regional AP
duration (APD) increases (see Fig. 3). Left) APD was increased in the right ventricle by 16% compared to normal. Center) APD
increased in the subepicardium at the apex by 25%. Right) APD increased in the subendocardium at the base of the left ventricle

by 29%. The white dots in all three maps mark the locations of precordial electrodes in the standard 12-lead system.

Diabetic T-Wave Peak: Simulated Obese Diabetic T-Wave Peak: Measured
3
25
200
2
15 100-
1 0-
£
os E -100
N
0 -200
05 300
-1
-400-
15
-200
2

Fig. 6. Anterior body-surface, iso-potential maps at the peak of T wave. Left) Simulated map using body-surface potentials
calculated from APs that combined all of the regional increases shown in Fig. 5. Right) Measured map in an obese diabetic
subject. The white dots mark the locations of precordial electrodes in the standard 12-lead system.
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Fig. 7. Simulated precordial ECGs from the standard 12-lead set during the T wave in a normal subject and in a diabetic subject
with regional changes in APD seen in animal studies, as described in Fig. 5. See Figs. 4 and 6 for the locations of the precordial

electrodes and the corresponding iso-potential maps at the peak of the T wave due to normal and diabetic APs.
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Fig. 8. Spectral magnitude differences during the T wave in body-surface ECGs. The spectral magnitude from the normal subject
was set to 0 dB at each frequency and the other spectra adjusted accordingly. Left) Simulated differences from ECGs due to
diabetic APs (see Figs. 5 and 6) relative to spectra from ECGs generated with normal APs. Right) Measured differences in one

diabetic subject relative to measurements in one normal subject.
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Fig. 9. Principal component ratios during the T wave in body-surface ECGs. Each principal component magnitude from the
normal subject was set to 0 dB and the other component values adjusted accordingly. Left) Simulated ratios from ECGs due to
diabetic APs (see Figs. 5 and 6) relative to components from ECGs generated with normal APs. Right) Measured ratios in one

diabetic subject compared to measurements in one normal subject.

3.3 Spectral and Principal Component Analyses

To capture the harmonic content of the body-surface energy distribution, spectrum analysis was used to
determine the spectral magnitudes of the Fourier transforms of both simulated and measured ECGs. Means
of the spectral magnitudes during the T wave from diabetic ECGs were compared to spectra from normal
ECGs as shown in Fig. 8. At each frequency the magnitudes were adjusted so that normal was always at 0
dB'. Results suggest that the prolongation of APD caused an increase in the strength of the low-frequency
components of the ECGs. The measured result shows the opposite effect: the low frequency components are
smaller. Principal components from both simulated and measured ECGs are compared in Fig. 9. APD
increase in the simulations is associated with an increase in component strength, but the measured PCA
ratios do not agree, particularly for the first few components. Results in the next section may help
explain the differences between the simulations and the measurements.

3.4 Spatial Standard Deviation

Spatial Standard Deviations of ECGs: Simulated Spatial Standard Deviations of ECGs: Measured
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Fig. 10. Standard Deviations of ECGs over the body surface during the QT interval. Left) Simulated values form normal ECGs
and from ECGs due to diabetic APs (see Figs. 5 and 6). Right) Measured values from one diabetic subject and one normal
subject.

Spatial standard deviations (SSDs) of ECGs were calculated for measured normal and diabetic
subjects, as well as for simulated normal and diabetic ECGs, as shown in Fig. 10. They describe the
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signal strength over the torso at each instant of time in the QT interval. In the simulations, SSD
strength was increased for the regional prolongations in APD and for the sum of all APD increases. In
contrast, the measured SSD strength for the diabetic subject was much smaller than that of the normal
subject. Note that the smaller signal in the diabetic may be due to his obese habitus. Also note the
measured difference in SSDs over the QRS complex in T2DM compared to normal. These differences
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Fig. 11. Distribution of QTc (QT intervals corrected for heart rate) in normal and diabetic subjects. The boxes have lines at the
lower quartile, median, and upper quartile values. The whiskers show the extent of the rest of the data. Left) Simulated QTc.
Right) Measured QTc. For both simulations and measurements, differences between normal and diabetic QTc values were
significant (p < 0.0001).

3.5 QT Intervals

Spectral, PCA and SSD measurements compared to simulation for prolonged AP duration suggest
that, at least based on this study, QT prolongation may not be the major consequence of diabetes.

Nevertheless, QT interval is an important ECG feature that has been investigated as an indicator for
11,41,42
diabetes . Instead of using QT itself, we evaluated the corrected QT value (QTc) for both subjects.

Here, the QTc was calculated from QT with a standard clinical correction for heart rate using Bazett’s

formula , QTc = % where RR is the interval between the peaks of successive R waves in seconds.

Fig. 11 demonstrates the QTc distributions based on the ECGs of both the normal control and diabetic
subjects from both simulations and measurements. The results indicate there is a significant difference
in QTc between the normal and diabetic subjects in both the simulated and measured values, with p <
0.0001 in each case. In addition, QTd, or QT dispersion, the difference between the maximum and
minimum QTc values may be of diagnostic value. QTd reflects the underlying heterogeneity of
ventricular repolarization. In contrast to most clinical QT studies, we used body-surface ECGs in
addition to the standard 12-lead ECGs to calculate the QTc and QTd. Table II summarizes the QTd
results for simulations and measurements in normal and diabetic subjects. It also gives the
underestimation of QTd when using the precordial leads alone compared to using measurements over
the whole torso.

TABLE II

QTd (DISPERSION) IN MSEC
COMPARISON OF SIMULATED AND MEASURED NORMAL AND DIABETIC VALUES
DIFFERENCES BETWEEN BODY-SURFACE (BS) AND PRECORDIAL LEAD (PL) VALUES

Normal Diabetic
Body Surface | Precordial Leads | BS-PL | Body Surface | Precordial Leads | BS-PL
Simulated 88 82 6 90 70 20
Measured 68 23 45 105 11 94

4. Discussion and Conclusions
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In this study, diabetic electrical remodeling was characterized as regional APD prolongation,
described using logistic functions and based on findings in diabetic animal studies. Normal and diabetic
ECGs were calculated with our bidomain forward-problem solution and compared to measurements in
normal and diabetic subjects. Simulations showed that ECGs are sensitive to relatively small changes
in AP duration as seen in the analyses of the ECG spectra and principal components. Interestingly,
however, spectra and principal component changes in the simulations did not match measured values.
In addition, although QTc was prolonged in simulation, as expected for prolonged APs, it was not
longer in our diabetic subject compared to QT in our nom}zlilzzsubject. Nor was QRS extended in the

diabetic subject (see Fig. 10), as has been observed by others
These results suggest the animal model we used is not an appropriate match for our human study and

that better animal models are needed for the study of the cardiac electrical consequences of diabetes44.
Another possibility is that QRS and QT prolongation had not developed in our diabetic subject,
because he was diagnosed early in the progression of the disease. Obviously, one diabetic subject is not
an adequate base from which to draw conclusions, but these results do call for further study.

9-12
Clinical data on the effects of T2DM on ECGs include changes in the QT interval . QT corrected

for heart rate and QT dispersion, however, remain controversial measures because their clinical utility
45

is unclear . Although both simulated and measured QT distributions differed significantly in this study
(p < 0.0001), the measured diabetic QTc median was less than that for the measured normal subject.
His dispersion of QT was greater than that for the normal subject (105 versus 68 msec). Perhaps, more
importantly, the measured value of 105 msec over the torso surface was 94 msec longer than that
extracted from the precordial leads. The presumed inability to capture the full range of the QT values
may be one factor that limits the clinical utility of QT measures based on the 12-lead set.

Both habitus changes with obesity and cardiac source changes with diabetes affect the ECG. This
situation probably makes the problem of identifying the electrical phenotype of T2DM too complex for
12-lead analysis alone. The use of body-surface maps and inverse solutions to characterize cardiac
source changes in T2DM may be needed to get a comprehensive, stable measure of the electrical
condition of the heart in obese diabetic subjects with cardiac pathologies.
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