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Abstract

An analysis of the Long Term ST Database (LTSTDB)
was conducted to quantify the spatio-temporal dynamics
of ischemic and non-ischemic episodes. For all 86 record-
ings the ischemic episode length is decribed by a log-
normal distribution and the non-ischemic episode length
by a generalized extreme value distribution. For the 15
recordings that possess orthogonal (EASI) leads sets we
derived the 12 standard leads and analyzed the spatial time
course (from the j-point to j+120 ms) of each episode over
time to identify dominant trends. Although the magnitude
of the ischemic episodes did not reveal any inter-subject
trend (except for generally exhibiting Brownian-like mo-
tion), there appeared to be strong correlations with the
heart rate (HR). Wavelet cross-spectral coupling with sig-
nificance testing was then applied to the ST-amplitude and
HR evolution over the course of each episode. In all sub-
Jjects significant cross-spectral correlations were found at
very low frequencies (<0.04 Hz), as well as at respiration
and baroreflex frequencies. This may indicate that the is-
chemic episodes are modulated by blood pressure and ac-
tivity or HR-related phenomena and that all episodes in
the LTSTDB may be of a ‘mixed’ type at some point in
their duration. The dominant angle also showed signifi-
cant correlation (p<0.01) with the ST amplitude and HR
changes at similar frequencies to those described above.
All three protocols used to define ischemia in the LTSTDB
gave similar results.

1. Introduction

Modelling the short- and long-term spatial and temporal
changes in the ECG during ischemia provides a mecha-
nism for baseline testing of relevant signal processing al-
gorithms. Our aim in this work was to provide a descrip-
tion of such changes in order to provide information to
build an accurate simulation of the ECG during ischemia.
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2. Methods

2.1. Data

The data used in this study were taken from the Long-
Term ST Database (LTSTDB) [1] available from Phy-
sioNet which contains 21-24 hour multi-channel ECG
recordings and annotated ischemic and non-ishemic ST
changes. An ischemic episode was defined to start when
the ST deviation exceeded a lower threshold, Vjower =
50uV. Next, the deviation was required to reach or ex-
ceed an upper threshold, V., for at least a continuous
interval of T,,,;,, seconds. Finally, the episode ended when
the deviation dropped to less than Vj,yer = 50uV in the
following T, = 30 s. The values of (Vypper, Tinin) wWere
(75 4V, 30 s), (100 V', 30 s) and (100 pV, 60 s) defined
as protocol STA, STB and STC respectively.

All analysis was performed in the vectorcardiogram
(VCG) space. The LTSTDB contains 15 recordings
(s30691 through s30801) which used the EASI lead system
[2]. The standard 12-lead and vectorcardiogram (VCG)
lead systems can be derived directly from these leads by
using a variety of under- or over-complete linear trans-
forms. We chose the transformation coefficients corre-
sponding to Mason-Likar leads because they were adjusted
to give the best ST-segment fit [2]. The matrix of coeffi-
cients 7ML corresponding to the transformation from the
three lead EASI conﬁguration,EM L to the standard 12-
lead ECG (I, I, I, aVR, aVL, aVF, V1, V2, V3, V4, V5,
V6), E°, is given by Feild et al. [2] such that E° =
TMLEML  Similarly they give the transformation from
the EASI configuration to the vectorcardiogram (X, Y, Z)
configuration, V, the matrix TV such that V = TV EML,

2.2. Temporal analysis of the episodes

The lengths of each ischemic and non-ischemic episode
for all 86 patients in the LTSTDB were calculated using
all available leads. An episode was taken to start if any
lead satisfied the criteria for the relevant protocol and was
taken to end when all leads ceased to satisfy the same pro-
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tocol. The distributions of the lengths of the episodes were
tested against five standard distributions; the exponential
(f€), the lognormal (f!™), the inverse Gaussian (f°%), the
loglogistic (f!!) and the generealized extreme value (f9¢)
as follows:
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For the exponential distribution, 7 is the rate parameter of
the distribution; for the lognormal distribution, p is the
mean and o, the standard deviation of the natural loga-
rithm of the variable; for the inverse Gaussian, y is the
mean and o the standard deviation; for the loglogistic, 14
is the scale parameter and ¢ the shape parameter; and, for
the generalized extreme value, y; is the location parameter,
s the scale parameter, £ the shape parameter.

Both ischemic and non-ischemic episodes were seg-
mented into 24 bins, according to the hour of the day in
which the episode started. The 2-sample Kolmogorov-
Smirnov test was used to test for significant differences in
ST changes between each hour, and between ischemic and
non-ischemic episodes. Tests were then performed to dis-
cover if the length of episodes was related to HR or heart
rate variability (HRV), including the standard deviation of
the HR and the LF/HF-ratio.

2.3.  Spatial analysis of the episodes

Since we have observed that ischemic episodes can
manifest more strongly on one lead, yet this lead can
change over the course of an episode (or between
episodes), we defined the notion of a dominant or ‘pref-
ered’ ischemic direction (PID). The PID corresponds to the
angle at which the largest amplitude of the ST segment in
the VCG space, |V| = (V2 + V2 + V2)1/2 of the dipole
V at the t = j + 80(60) point. To quantify the move-
ment of the PID, the VCG was transformed from carte-
sian to spherical coordinates using § = arctanV,/V,,
¢ = arctan V, (V2 + ‘/312)*1/2, where |V] is the radius,
and the angles ¢ and 6 are the elevation and azimuth, re-
spectively. The elevation, ¢, is measured from the x-y
plane and ranges from -90 degrees to 90 degrees. The az-
imuth, 6, is the angular displacement measured from the
positive x-axis (pointing out the front of the torso) and
ranges from -180 degrees to 180 degrees.
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2.4. Time-frequency correlation

To assess dependencies between the non-stationary sig-
nals dominant angle (6, ¢), ST amplitude (|V|) and HR,
we applied cross-spectral wavelet coherence analysis [3].
The aim is to estimate transient associations between two
signals along time and frequency (period or scale). To
quantify the cross-correlation between two time-series in
time-frequency space, it is necessary to compute the cross-
wavelet transform and the wavelet coherence. The cross
wavelet transform of two time series z(t) and y(t) is given
by W, y(a,7) = We,(a,7)W;(a,T) where W(a,7) is
the wavelet transform, * denotes the complex conjugate,
7 is the translation (time shift) factor and a is the dila-
tion (scale factor). (We chose the Morelet wavelet for this
analysis.) The cross-wavelet power defined as W, (a, T)|
measures the common power of the two time series. The
wavelet coherency is defined as [4]:
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where () represents a smoothing operator achieved by a
convolution in time and scale such that:
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where ¢; and co are normalization constants, I is the rect-
angle function and ® is the convolution operator. The fac-
tor « = 0.6 is the empirical decorrelation length for the
Morlet wavelet [3].

Statistical significance of cross-spectral coupling was
determined using Monte Carlo methods. The null hypoth-
esis is taken as zero coherence between the data at a de-
termined frequency. The data is modelled with a first or-
der autoregressive process, generating a large ensemble of
surrogate data set pairs. The wavelet coherence for each
pair is calculated and, finally, the significance level is esti-
mated for the different scale taking into account the values
outside the cone of influence.

3. Results

Table 1 gives the total number of episodes of ischemic
and the non-ischemic HR-related ST changes obtained
from all the 86 recordings of the LTSTDB according to
the protocols STA, STB and STC together with the param-
eters for the best distribution fits. Clearly STA is more
sensitive that STB which in turn is more sensitive to STC
for both ischemic and non-ischemic events. The empirical
distribution of the lengths (\) of the ischemic episodes (in
seconds) most closely mapped to f'". Note that the dis-
tributions were not largely affected by changes in protcol,
except for a small shift to a longer tail. In the case of non-
ischemic episodes, the distributions best matched f9¢V and
the protocol did lead to large differences.



Table 1. Number of ischemic (/V;) and non-ischemic
(IV,;) episodes according to each of the three protocols to-
gether with parameters for best fits.

STA STB STC
N; 1052 666 509
1 5.59 5.87 6.09
on 1.02 0.98 0.91
Ny 360 156 82
1 409.54 223.05 146.54
s 372.81 22798 133.76
I3 0.64 0.99 0.96
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Figure 1. Matrix of p values obtained from the KS test be-
tween the HRs at different hours for the ischemic episodes
in the case of the protocol STA (a black square indicates
significance p<0.05)

A statistical comparison between the ischemic and non-
ischemic distributions was then performed for all protocols
using the two-sample Kolmogorov-Smirnov test. Distribu-
tions were tested with and without extreme values (consid-
ered as episodes > 3000 s). All distributions were found
to be significantly different (p<0.05).

The magnitude, length and average HR were evaluated
as a function of hour of day in which the episode started.
Regardless of protocol we observed a diurnal cycle of is-
chemia with a higher prevalence at 7-8am and 6-7pm and
nadirs between these times. Notably the period 12-5am ex-
hibits the fewest ischemic events, which may correspond to
subjects being asleep.

A similar pattern was observed for non-ischemic epo-
sides, although the diurnal peaks are not so clear, are de-
layed with respect to the ischemic peaks, and vary with
protocol. The nocturnal drop in events is more highly ex-
aggerated than for ischemic events and may be connected
to the noctural drop in HR. No correlation was found be-
tween the lengths of the episodes and their starting times
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for all three protocols and type of episodes (ischemic and
non-ischemic).

We found no strong relationship between HR, HRV and
length of episode. Again, outliers corresponding to lengths
of episodes greater than 3000 s were eliminated and proto-
cols STA, STB and STC exhibited similar behaviour. The
KS test was used to test for significant differneces between
the HR in ischemic and non-ischemic episodes at matched
hour intervals. Statistical significance was considered ac-
ceptable at p<0.05. Statistically significant differences in
HR exist at 8-9am and generally from 8pm to Sam.

Figure 1 presents the results of a pair-wise KS test ap-
plied to the HRs obtained at each hour for the protocol
STA for the ischemic episodes. Significance at p < 0.05
is represented by black squares. Note that the upper left
(and symmetrically, lower right) quadrant are different to
the rest of the data, indicating that night time activity is
significantly less frequent than day time activity. In partic-
ular, in the case of the ischemic episodes, we can observe
a statistically significant difference between the night (1-
7am) and day hours. Protocols STB and STC exhibited
similar results although with fewer events per hour and the
p-values were not significant for as many hour periods.

3.1.  Spatial evolution of ischemia

After transformation into the VCG coordinate system,
the number of available ischemic episodes was 153 for
STA, 80 for STB and 61 for STC. Figure 2 illustrates the
evolution of the ST segment over the course of a ischemic
episode projected onto the X-axis. Note that the largest
ST depression occurred around the J+30 point in the first
100-200 s of this 10 minute episode, which was just when
the HR peaked. Figure 3 illsutrates the evolution of the
ST elevation across all 12 standard clinical leads. Note
that in this case the dominant angle of ischemia appears to
move only slightly between the limb and augmented leads.
However, we did observed some large jumps in 6 and ¢
during the episodes. In general we found that HR, |V|, 6
and ¢ evolved with a 1/f” scaling (see Table 2). Note
that the ST amplitude (|V|) exhibits Brownian like motion
(Bjv| ~ 2) and the rest of parameters (6, ¢ and HR) a mix-
ture of Brown and pink noise. The protocol had only a
small effect (< 3%) on the ST amplitude, dominant angle
and HR behaviour during ischemic episodes.

Table 2. Protocol-dependence of scaling parameter /3.

STA STB STC
Bo 1.57+043 159£035 1.58+0.35
Bo 1.54+£036 155+£030 1.56+0.31
By 178 +£043 1.85+040 1.90+ 0.39
Brr 151+£054 1.52+051 1.46+0.53
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Figure 3. 12 Lead ST amplitude evolution during ischemia

3.1.1. Cross spectral correlation of the HR,
angle and ST amplitude

Figure 4 illustrates C2 , (a,7) between the 4 Hz cubic
spline interpolated RR interval and the ST amplitude for a
500 s ischemic episode. Blue indicates little to no coher-
ence and red indicates strong coherence. The black arrows
indicate the phase at a given time frequency with vertically
upwards: zero phase; pointing right: in-phase; left: anti-
phase; down: series] leading series2 by 90°. This plot can
be interpreted as a significant low frequency coupling (~
0.02 Hz to ~ 0.04 Hz) can be observed from 2660 s to 2900
s with a fairly uniform and stationary phase difference of
3 /4 between the ST amplitude and RR interval (recipro-
cal instantaneous HR). Around 2980 s, there is another pe-
riod of significant coupling at a slightly higher frequency
(~ 0.03 Hz to ~ 0.06 Hz) for about one minute. Some
shorter and higher frequency significant coupling can also
be observed from ~ 0.06 Hz to ~ 0.2 Hz for brief 20 s pe-
riods around 2800 s and 2870 s into the recording as well
as some scattered higher frequency coupling up to the av-
erage Nyquist frequency (1 Hz).
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Figure 4. C2  (a,7) between # and HR time series. The
5% significance level against red noise is shown as a thick
contour.

4. Conclusions

Our results demonstrate that the evolution of ischemia
in the ECG is complex, with changes in HR, dominant an-
gle (0, ¢), maximal extent of the ischemic eposiode (|V]),
and coupling between these parameters over the course of
the episode. VLF coupling may be due to activity-related
changes or myogenic responses. Coupling at 0.01 Hz may
be due to blood pressure or baroflex related changes in HR
and ST levels. Coupling at 0.2-0.5 Hz may be due to res-
piratory artefact changing the position of the heart with
respect to ECG lead. Diurnal variations in these parame-
ters, and the length of the episode are also observed. An
extended version of this manuscript will be provided to de-
scribe a subsequent model.
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