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Abstract

This study is an effort of measuring QT interval with
an automatic computerized algorithm. The aims of the
algorithm are consistency as well as accuracy. The
general methodology adopted in this algorithm is to seek
more consistent QT interval measurement by using multi-
lead and multi-beat information from a given segment of
ECG. A representative beat is generated from selected
segment of each lead, and then a composite beat is
formed by the representative beats of all independent
leads. The end result of the QT measure is so-called
global QT measurement, which usually catches the
longest QT interval in multiple leads.

Individual lead QT interval was estimated by using
the global measurement as a starting point, and then
adapted to the signal of the particular lead and beat. In
general, beat-by-beat QT measurement is more prone to
noise, therefore less reliable than the global estimation.
It is usually difficult to know if difference of beat-by-beat
QT interval is due to true physiological change or noise
fluctuation.

In the study, we tested the algorithm by using clinical
databases and also a modeling based simulation signals.
The modeling approach provided a more objective test
for the estimation. The modeling approach allowed us to
evaluated the QT measurement vs. Action potential
duration (APD). The results show that the mean error
between the algorithm and cardiologist QT intervals is
3.95# 5.5 msec based on a large clinical trial database
consisting of 15910 ECGs. The results also show that the
correlation coefficient between QT intervals and
maximum APD is0.99 and a consistent bias of 17 msec.

1. | ntroduction

The accuracy of QT Interval measurement of ECG has
become more important due to the need of identifyin
possible pro-arrhythmia adverse affects of new slrug
during clinical trails based on ECG. The main reaso
behind the difficulties are due to complex naturfe o
cardiac repolarization and ambiguous definitiontioé
Therefore, t

end of repolarization in surface ECG.

improve the QT measurement from the surface ECG, we
also need to understand what we are measuringdiegar

to the heart electrical activity. A general asstiompis

that global QT interval is corresponding to the imaxm
action potential of cardiac muscle. There are galye

two approaches we can use to evaluate that assammpti
animal study and computerized modeling. The former
approach has been used to show QT intervals on the
surface ECG are correlated to the APD changes [1].
Since such animal study is very difficult to condaad

the number of experiments can be very limited, whsy

the computer model approach can be used for more
frequent and large number of simulation.

As for the QT interval measurement from the
surface ECG, there are two parts that need to teciael,

i.e. QRS onset and T wave offset. The former imlig a
less difficult task due to relative sharp defleatichange
in QRS onset in most cases, which also corresptmds
sharp rise of the action potential in the cardiacsole
cells at the beginning of the depolarization. Vélasr; the
T wave offset measurement is much more difficult in
most cases. The textbook definition of a T wavsaifis
when the T wave goes back to the isoelectric lih@-Q
segment, which is also corresponding to the fimalirey
of the repolarization process on the cardiac muselks.
However, in real practice, this simple definitioanclead
to quite a variation from reviewer to reviewer iramoal
editing cases, or from algorithm to algorithm iricamatic
methods due to varies T wave morphologies andrdifite
noise sources [2].

There can be many different automatic approatthes
measure ECG intervals. In general, they can bedeivi
into global approach or individual lead /beat apgto If
what we need is a general QT interval value from a
segment of multi-lead ECGs, we might want to use a
global approach, where the purpose is to use irdtiom
from all leads/beats to obtain a most represerta@\v
value. On the other hand, if we need to evaluzd e
lead changes of the QT interval ( QT dispersionhenat
to beat QT changes ( QT dynamicity), we will need t
estimate individual QT values. In this individualTQ
interval case, a major challenge is to differentitite
changes due to physiological causes and the chahges
to noise (muscle noise, device noise, environmertgse,



etc).
2. Methods

A flowchart of computing global QT interval is show
in Figure 1. A segment of multi-lead ECG (usually
seconds) is sampled, and then the representatats bé

recording can be much more complicated. For example
biphasic T wave, connected T-U pattern or non-cotate
T-U pattern, T-P pattern when heart rate is higlst |
name a few. Therefore the first step is to diffidisge T
wave patterns.

2.2.1. Deter mine patterns

each lead are computed by either median or mean

method.
2.1. Estimate QRS onset

The QRS onset is determined by taking th® 1
difference of all leads whose noise level are land then
search the relatively sharp deflection based orstime of
the vector magnitude of the' Hifferences, as shown in
Figure 2.
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Figure 1. A flow chart of QT interval measurement.
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Figure 2. Superimposed 12 lead median beats andetior
magnitude of the®idifference of the median beats.

2.2 Estimating T offset

It is a bigger challenge to detect T wave offsemiost
situations. As the example shown in figure 2, ef@n
this very clean T wave, the end of T wave is muess|

There can be many different T wave patterns, soime o
that are shown in figure 3. In our automatic aiftpon,
we need to differentiate the T wave pattern firgt. all
examples shown in Figure 3, none of them showar dle
wave offset. The most important is to differergiat
between biphasic T wave and T-U, or T-P patterike
vector magnitude of the multi-lead ECG is used to
examine global pattern of the T wave. In the T-ltgra,
v2 and v3 are used, since these leads usually lhayest
U wave amplitude. T-P pattern is detected baseldeant
rate. If heart rate is above 100 beats per miantkthere
is no other P wave detected in front of the nexSQ#Ren
the possibility of T-P pattern is high.

A. Bi Phasic T wave B. T-P pattern

e

C. T-U pattern D. FlatT
- w

i i

Figure 3. Examples of different T wave patterns.

2.2.2. Determinefinal T wave segment

Based on the result of T wave pattern recognitiba,
final segment of the T wave is identified. If & &
monophasic T wave, final segment of the T wavehés t
portion after the T peak. If it is biphasic T wavmal
segment of the T wave is after th¥ geak of the T wave.
If it is T-U or T-P patterns, the final segment tte
portion before the connection nadir.

2.2.3. Finetune of the T wave offset

In the case of non-T-U or T-P connected pattetes,
final T wave offset is determined by the ratio bt
incremental new area contributed by the new pairthé

obvious when compared to the start of QRS complex.iotal T wave area accumulated based on the vector

The rhythm and morphology of ECG from clinical



magnitude shown in the figure 4.
defined when the ratio is smaller than 2%.
In the case of T-U pattern, the T offset is sethatnadir
of T-U connection. The same rule is applied to ThE
pattern.

New area/ Total area < 2%
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Figure 4. Detect final T wave offset based on thedve area
comparison. The displayed signal is the vector ritade of 12
lead F' difference median beats.

2.3. Estimateindividual lead / beat T wave offset

After a global QT interval is obtained, individu@IT
interval is measured in 2 steps: the first steimatch

the final segment of individual T wave by using the

median beat as a template. A match window 80 msec
around global T offset point is used; and tA&s2ep is to
use a least square fitting method to determinditiad T

offset by determining the cross point of the L8rg line

of the final segment of the T wave to the basetihéhe
T-P segment, as shown in Figure 5. Finally, a inear
correction is used to obtain final individual T €34

BNWA

Figure.5. Using Least-square fitting method to deterniine
end. The intersection of 2 lines is the initial ffset. A non-
linear correction method is used to determine finaffset.

2.4. Test method and databases for global QT interval
measur ement

One of the major difficulties of QT measurements is

the lack of standard reference to compare to. raon

method is to compare QT estimates of automatic agketh

to those of annotated QT measurements by cardgitogi

The CSE database is one of such databases, which
include 125 ECGs annotated by 5 cardiologists dred t

median values were taken as the final results fmhe

T wave offset is ECG. In the test, 100 ECGs are used for the testdan

the regulation by CSE committee.

We also tested the global QT algorithm by a large
pharmaceutical clinical trial database including,108
ECGs annotated by 2 cardiologists [4].

All those databases were not used in training phase
and the large clinical trial database is testecnother
independent lab, never seen by the algorithm deeelo

At the mean time, we also used a new model based
validation approach in this study. The idea isuge an
ion channel based cardiac cell model and a cdlhten
forward model to generate many pair of cell and
corresponding ECGs. We then compare the action
potential duration of the simulated cardiac callshe QT
interval measurements from the ECGs using the ECG Q
algorithm. The advantage of using modeling apghda
that the true reference can be established, shedQfl
measurement from torso ECGs is assumed to match the
maximum action potential duration (APD) from the
cardiac cells, as shown in Figure 6. By using this
approach, we also hope to learn the accuracy binihe
QT measurement in this relatively more ideal siturat

The cardiac cell model is based on the ionic chianne
model proposed by Priebe and Beuckelmann [2]. By
changing the parameters of the slow-Potassium aid-r
Potassium ionic channels, a table of APs was getera
with APD range 377~500. A heart propagation model
was based on.Durrer [6], which was used as a rafert®
adjust the initial excitation points and propagatio
velocity of the model. The difference between the
repolarization ending time and the depolarizatidarts
time is defined as the APD. To calculate the EC@nfr
the AP at cell level, a simplified representatidontlus
relation is: Y=A*X, where Y is the potential on thedy
surface, X is the cell AP. A is the transfer matsvhich
is determined by the geometry shapes and
conductivities of different tissues. Finite elemestd
boundary element methods were applied to calcubate
transfer matrix.
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Figure 6. The relationship of QT interval from EQG the
action potential duration of the cardiac cells.



3. Results

comparing QT intervals to APD can make a more
objective comparison. The results show that the QT

The test results of the CSE database show that th§nezsurements using the developed algorithm has an

mean difference between the algorithm and the eafsr
QT intervals is 0.30 msec, and the standard devias
8.2 msec.

The test results with the large clinical trial dzae
show a mean difference between the algorithm aed th
reference QT intervals is 3.95 msec, and the stdnda

deviation is 5.5 msec.
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Figure 7. Bland-Altman plots of QT difference beemethe
algorithm and cardiologists. Total ECGs 15,194. Thean
difference is 3.9%5.5 msec.
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For the test of QT interval vs. APD, the correlatio
coefficient is 0.99 and the root-mean-square diffiee is
17 msec, as shown in Figure 8. We can also sedhitat
is a consistent bias across all QT range. The @&nial
measured in torso ECGs are about 10 msec shoeasr th
the maximum APD.
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Figure 8. The cross-correlation between QT estipnasind the
maximum action potential durations

4. Discussion and conclusions

The global QT interval measurement method presented

in this study shows very satisfactory results agfathe
CSE database and a large clinical trial databases.

The modeling test approach used in this study tedea
essence of what QT measurement is against tothiee.
action potential duration of the cardiac cells. efigfore,

excellent correlation with the APD. However, thelef

T wave measured from ECG is generally not up to the
final end of action potential, mainly due to vemnal
amplitude reflected on the torso and different aoigor

any automatic ECG algorithm, the thresholds usedhie
onset/offset detection cannot be set to O due fseno
issues. We can reasonably assume that even sal calle
clean ECGs have noise. That's why it is not pcattio
chase to the end of APD. In our opinion, a coesist
high correlation between ECG QT interval measurémen
and APD is a more practical goal. In spite of gap
between the model and real cell and tissue chaistats,
it is reasonable to assume that the real situationld
only generate more discrepancy between
measurement and APD.

The general approach adopted in our QT algorithm is
from global to individual. The global informaticior
multi-lead and multi-beat signals has a higher aigo-
noise ratio, therefore provides a more robust edton.
Any necessary individual estimation can be derivased
on the global result.
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