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Abstract

Background—We developed a novel method of assessing ventricular conduction using the
surface ECG.

Methods—Orthogonal ECGs of 81 healthy controls (age 39.0+14.2 y; 51.8% males; 94% white),
were compared with iDower-transformed 12-lead ECGs (both 1000 Hz), recorded in 8 patients
with infarct-cardiomyopathy and sustained monomorphic ventricular tachycardia (VT) (age
68.0+7.8 y, 37.5% male, mean LVEF 29 +12%). Normalized speed at 10 QRS segments was
calculated as the distance traveled by the heart vector along the QRS loop in three-dimensional
space, divided by 1/10t of the QRS duration. Curvature was calculated as the magnitude of the
derivative of the QRS loop tangent vector divided by speed. Planarity was calculated as the mean
of the dihedral angles between 2 consecutive planes for all planes generated for the median beat.
Orbital frequency (a scalar measure of rotation rate of the QRS vector) was calculated as a product
of speed and curvature.

Results—Mixed regression analysis showed that speed was slower [6.6 (95%CI 4.4-8.9) vs. 24.6
(95%CI 11.5-37.7) uV/ms; P<0.0001]; orbital frequency was smaller [1.4 (95%CI 1.2-1.6) vs. 6.8
(95%CI 5.4-8.1) ms~1; P<0.0001], and planarity was larger by 3.6° (95%CI 1.4°-5.8; P=0.002) in
VT cases than in healthy controls. ROC AUC for orbital frequency was 0.940 (95%CI 0.935-
0.944) across all frequencies and QRS segments. ROC AUC for planarity at 70-249 Hz was 0.995
(95%CI1 0.985-1.00). ROC AUC for speed at 70-79Hz was 0.979 (95%CI 0.969-0.989).
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Conclusion—This novel method reveals characteristic features of an abnormal
electrophysiological substrate associated with VT.
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Introduction

Methods

Implantable cardioverter-defibrillators (ICDs) have been shown to reduce mortality in
patients at risk for sudden cardiac death (SCD) due to life-threatening ventricular
arrhythmias (ventricular tachycardia (VT) and ventricular fibrillation)!. Current risk
stratification for primary prevention ICD implantation is based primarily on left ventricular
ejection fraction (LVEF) and the presence of heart failure symptoms?, but these factors have
limited discriminatory value3, and ICD implantation is not without risk. It is therefore
important to develop new, clinically meaningful, and mechanistically sound markers for an
increased risk of ventricular arrhythmias, to allow identification of those individuals who
would most benefit from prophylactic ICD implantation.

VT can, in theory, be cured by catheter based radiofrequency ablation. Successful VT
ablation can improve survival and quality of life, minimize or even eliminate the need for
ICD therapies and/or toxic antiarrhythmic drugs® ©, and decrease rates of heart failure (HF)
hospitalizations. However, VT can recur after a successful ablation, even if aggressive
ventricular stimulation is unable to re-induce VT at the end of the procedure’. Further
improvement in detection and characterization of the electrophysiological (EP) substrate of
VT is needed for accurate risk stratification of patients at risk of VT, and for development of
an objective end-point of VT ablation. In this manuscript, we present a novel method for
detection and quantification of an abnormal EP substrate.

We used a novel method to compare properties of ventricular conduction in healthy
individuals and patients with post-myocardial infarction (MI) scar and sustained
monomorphic VT (MMVT), undergoing VT ablation.

Study population: healthy individuals

We retrospectively analyzed de-identified digital electrocardiograms (ECGs) from the
Intercity Digital Electrocardiogram Alliance (IDEAL) study8. This study enrolled a cohort
of healthy participants of both genders and a wide age distribution. Digital ECGs were
provided by the Telemetric and Holter ECG Warehouse®. Details of the IDEAL study
population have been previously characterized by our group® 11 and by others®. Only
IDEAL participants 18 years and older were included in the present analysis. All IDEAL
study participants provided informed consent prior to enrollment.

We included 81 IDEAL study participants in this analysis. No patients had a history of Ml
or other cardiovascular disease. The mean age of participants was 39.0+14.2 y (range 19-82
y). Both genders were equally represented: 42 males (51.8%) and 39 females (48.2%). Most
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participants were white (n=76; 94%). Mean systolic blood pressure was 116.5+11.4 mmHg
and mean diastolic blood pressure was 75.4+8.0 mmHg. Mean body mass index was
24.6+5.5 kg/m?2. Mean heart rate was 64.9+11.0 bpm. Mean QRS duration was 95+7 ms. No
patients had fascicular block or complete bundle branch block.

Study population: patients with post-Ml scar and MMVT undergoing VT ablation

A retrospective study of patients undergoing VT ablation was approved by the Beth Israel
Deaconess Medical Center (BIDMC) Institutional Review Board. For this proof of concept
study we analyzed the data of 8 patients (mean age 68.0+7.8 y, 37.5% male) with prior Ml,
and infarct-related cardiomyopathy (mean LVEF 29+12%), and multiple episodes of
sustained MMVT who were referred to BIDMC for VT ablation.

ECG data asquisition and analysis

IDEAL study participants underwent 10 minutes of continuous orthogonal (XYZ) ECG
recording at rest via the SpaceLab-Burdick digital Holter recorder (SpaceLab-Burdick, Inc.,
Deerfield, WI) with 1000 Hz sampling frequency and 4.88 pV amplitude resolution. Five
consecutive sinus beats were included in the analysis.

In the post-MI/MMVT patients, a standard 12-lead ECG obtained prior to ablation was
continuously recorded and saved on the GE Prucka CardioLab EP System (Wipro GE
Healthcare, Milwaukee, WI). Raw, high-resolution, digital 12-lead ECG signals (1000 Hz
sampling frequency, 1 uV amplitude resolution) were extracted and transformed into
orthogonal XYZ ECG leads using the inverse Dower transformation?2.

Step 1. Detection of the origin of VCG loops for each cardiac cycle—The origin
point of each cardiac cycle/VVCG loop was detected as previously described!! by defining
the mid-point along the line connecting the two points (defined as P1 and P2) that were
closest in space but significantly separated in time (Figure 1A).

Step 2. Removal of respiration effects—The effect of respiration on VCG loops was
then removed utilizing an approach developed by Sornmo and associates!® 14, First, VCG
loops were aligned in space (Figure 1B) and the origin point was determined. All loops were
then translated in space to an arbitrary point (defined as (0,0,0)) so that the origin point of
each VCG loop was located at the same point in three-dimensional space. VCG loops were
then rotated and further aligned so that the lines connecting points P1 and P2 for each VCG
loop were all in the same plane. For further removal of respiratory effects, each individual
VCG loop was re-scaled by a factor which was calculated as the ratio of the mean VCG loop
for all beats divided by the each individual VCG loop!3 14 (Figure 1C).

Step 3. Detection of the onset and offset of VCG loop components (P, QRS, T,
and U loops)—The onset and offset of the P, QRS, T, and U loops were identified by
searching the Pland P2 points using a window around respective spatial vector component
(P, QRS, T, and U loops). Specifically, to determine the onset/offset of the QRS loop, search
was performed using a window around the peak of the spatial QRS vector (Figure 1D and
Supplemental Figure 1).
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Step 4. Measurement of the speed, curvature, and planarity of the heart vector
movement during ventricular depolarization—Each QRS loop was divided into 10
equal segments. To calculate the speed of heart vector movement during the each QRS
segment, the distance traveled by the heart vector along the QRS loop during each of the 10
segments was measured in three-dimensional space, and divided by 1/10t of the QRS
duration.

Curvature, a measure of how much the VCG loop deviated from a straight line at a given
point was calculated as follows:

!

T
r'(t)

curvature=

Where r'(t) is the derivative of the 3-dimensional VCG loop (defined by the time
parameterized function r(t) = <x(t), y(t), z(t)> at time t, and T'(t) is the derivative of the unit
tangent vector T(t) at time t. The average curvature across each QRS segment was used for
analysis. Figure 2 and supplemental movies illustrate heart vector velocity and curvature,
plotted for 5 consecutive sinus beats.

Orbital frequency, a scalar measure of rotation rate of the QRS vector, was calculated as a
product of velocity and curvature, averaged over each QRS segment. Orbital frequency is a
scalar measure of rotation rate of the QRS vector.

Planarity 8 (theta) was calculated as the mean of the dihedral angles between two
consecutive planes for all planes generated for the median beat. Starting from the onset of
the QRS loop, each plane was generated using 3 sample points of the QRS vector in three-
dimensional space. Each of these 3 points were subsequently shifted to generate consecutive
planes. The dihedral angles between each two consecutive planes were calculated for each
beat and subsequently averaged.

Step 5. Filtering of VCG loops—Filtering of VCG loops was then performed with a 10
Hz bandpass filter incrementally at 10-19Hz, 20-29Hz, 30-39Hz, 40-49Hz, 50-59Hz, 61—
69Hz, 70-79Hz, 80-89Hz, 90-99Hz, 100-109Hz, 110-119Hz, and 70-249Hz. Of note,
60Hz was excluded from our analysis to minimize confounding due to power-line
interference. Supplemental movie shows QRS loops filtered at various bandpass
frequencies.

Step 6. Measurements of velocity and curvature of filtered heart vector
movement—Steps 3-4 were repeated at each bandpass frequency in order to measure
speed, curvature, and planarity of filtered VCG loops.

Statistical analysis

Statistical analysis was conducted using Stata 13 (StataCorp, College Station, TX). All
normally distributed continuous variables were presented as mean and standard deviation.
Normally distributed numerical variables in healthy subjects and patients with post-Ml
MMVT were compared using a standard t-test. Curvature was log-transformed to normalize
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its distribution prior to statistical analyses. In order to appropriately account for the
correlations induced by the clustered data structure (speed/curvature measured at 10 time
segments within QRS, at 13 different frequency bands), we constructed multilevel mixed
regression models to determine the strength of associations of the speed/curvature with
patient substrate (healthy vs. MI/MMVT cases). Area under the receiver operating
characteristic (AUC ROC) was used to test discrimination performance of speed, curvature,
orbital frequency, and planarity across each QRS frequency.

Comparison of QRS VCG loop speed in healthy participants and patients with Ml and

MMVT

Supplemental movie files show QRS VCG loops for 5 consecutive sinus beats (unfiltered
and with all bandpass filters) in a representative healthy IDEAL study participant and a
patient with MMVT. The speed of heart vector movement in each QRS segment and at each
frequency band in healthy IDEAL participants and patients with post Ml MMVT is shown
in Supplemental Table 1 and Figure 3. In healthy participants, the QRS loop was
characterized by relatively slow initial speed followed by rapid conduction making up the
majority of the QRS loop, maximum speed at the midpoint of the QRS, and relatively slow
speed in the terminal portion of the QRS loop. Mixed regression analysis showed that across
all QRS segments and across all filtering frequencies, speed was significantly slower in VT
cases than in healthy controls [6.6 (95% CI 4.4-8.9) vs. 24.6 (95% CI 11.5-37.7) uV/ms;
P<0.0001]. The difference in speed between these 2 groups was especially striking in the
5t 6t and 7t segments. In comparison to healthy controls, maximum speed in VT patients
occurred in the first third of the QRS (Figure 3). Mixed regression analysis demonstrated
that each 10 pV/ms decrease in velocity was associated with a 41% increase in odds of being
in the post MI/MMVT group (OR 1.41; 95% CI 1.34-1.49; P<0.0001). Post-estimation
AUC ROC for speed across all QRS segments and frequencies was 0.923 (95% CI 0.900-
0.946). Speed filtered at 70-79 Hz, 61-69Hz, and 50-59 Hz demonstrated the best accuracy
for discrimination between healthy controls and patents with prior Ml and MMVT (Table 1).

Comparison of QRS VCG loop curvature in healthy participants and patients with Ml and

MMVT

A comparison of QRS loop curvature in healthy IDEAL participants and patients with
MMVT at each frequency band is reported in Supplemental Table 2 and Figure 4. In healthy
controls, QRS curvature was inversely related to QRS speed, with the minimum curvature
observed at the time of the fastest QRS vector movement. A direct correlation between
velocity and curvature was observed in VT patients (Figure 5).

Mixed regression analysis showed that across all QRS segments and all range of
frequencies, curvature was smaller in VT cases than in healthy controls [1.8 (95%CI 1.0-
2.5) vs. 3.0 (95%CI —0.3 — 6.4) uV~1; P=0.002]. In mixed model regression, smaller
curvature was associated with slightly higher odds of being in VT group: lower by a one
unit, log-transformed curvature was associated with 7% higher odds of being in the VT
group (OR 1.07; 95% CI 1.03 to 1.12; P=0.001). Post-estimation ROC AUC for curvature
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was modest overall (ROC AUC 0.579; 95% CI 0.562-0.595). The discrimination ability of
curvature was inferior to that of speed (Table 1).

Comparison of QRS VCG loop orbital frequency in healthy participants and patients with
Ml and MMVT

Orbital frequency across all QRS segments and all frequency bands (Figure 6) was
significantly higher in healthy controls compared to patients with MMVT [6.8 (95% CI 5.4—
8.1) vs. 1.4 (95% CI 1.2-1.6) ms1; P<0.0001]. In a mixed regression analysis, one square
root —transformed unit of orbital frequency was associated with nearly twice higher odds of
being in the MMVT group (OR 1.86; 95% CI 1.84-1.89; P<0.0001). Post-estimation ROC
AUC for orbital frequency was very high: 0.940 (95% CI 0.935-0.944). The discrimination
ability of orbital frequency was especially high at high filtering frequencies (Table 1).

Variations in ventricular conduction in healthy participants and patients with Ml and MMVT

Filtered QRS loops revealed prominent beat-to-beat variation in ventricular conduction in
VT patients, but not in healthy controls (Figure 5 and supplemental movies). In patients
with M1 and MMVT bandpass filtering of the QRS VCG loop revealed variable beat-to-beat
conduction which was not seen by looking at the QRS complex on the surface ECG.

Comparison of QRS VCG loop planarity in healthy participants and patients with Ml and

MMVT

One of the most striking differences between healthy controls and patients with MMVT was
related to how QRS loops rotated within multiple planes (see supplemental movies). In
healthy controls, QRS loops rotated predominantly in a single plane, but in patients with Ml
and MMVT, QRS loops rotated through multiple planes, forming a “cloud”. Mixed
regression analysis demonstrated that, across all frequencies, (Figure 7) averaged planarity
was larger in the MMVT group by 3.6° (95% CI 1.4°-5.8); P=0.002. A 10° increase in
planarity averaged across all frequencies was associated with twice the odds of being in the
MMVT group (OR 2.0; 95% CI 1.25-3.11; P=0.003). The discriminative ability of the
planarity angle was especially high at 10-19, 20-29, and 70-249 Hz (Table 1).

Discussion

In this manuscript we presented a novel method using filtered VCG loops to visualize and
quantify features of ventricular conduction which are inapparent on a standard 12-lead ECG
in sinus rhythm. We described the key differences between normal ventricular conduction,
and ventricular conduction in patients with prior MI and a substrate favorable for ventricular
arrhythmias. We demonstrated that measurement of speed, curvature, orbital frequency and
planarity angle of the heart vector movement throughout the QRS is possible, meaningful,
and can discriminate between healthy controls and patients with prior Ml and MMVT.

It is important to emphasize that we analyzed the QRS velocity vector magnitude which may
not be representative of true intramyocardial conduction velocity (which cannot be measured
non-invasively using the surface ECG). However, our results suggest that the heart vector
movement throughout the QRS VCG loop may provide a non-invasive, quantifiable, and
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meaningful surrogate for intramyocardial conduction velocity, with multiple areas of slow
and variable conduction in VT patients which are not present in healthy controls. Although
this method of observing ventricular conduction which is inapparent on the surface ECG
(inapparent ventricular conduction (IVVC) method) requires further study and validation,
once refined, it might be able to identify individuals at increased risk for VT and SCD,
advance our understanding of VT mechanisms, and allow development of an objective,
quantitative, and operator-independent end-point for VT ablation.

Slow conduction and areas of block within post-MI scar is a well-known cause of reentrant
VT, and several methods have been developed to capture and quantify the presence of slow
ventricular conduction associated with abnormal EP substrate. Signal-averaged ECG
(SAECG) was developed to detect and quantify late potentials which are generated when
ventricular tissue is activated later than usual towards the end of QRS complex1®. The
SAECG has demonstrated some value in risk stratification for SCD7- 18, however, many
post-MlI scars (especially those due to anterior MI) have abnormal slow conduction which
occurs early on within the QRS, and this type of abnormal conduction would be missed by a
standard SAECG19. Attempts to refine the SAECG have been made??: 2! and analysis of R-
wave heterogeneity, which was developed?? to quantify beat-to-beat heterogeneity in
ventricular conduction, has also been associated with VT.

We have taken an entirely different approach. Our IVC-method measures velocity,
curvature, orbital frequency, and planarity of the QRS VCG loop at different time points
throughout the entire period of ventricular depolarization, and it therefore is able to assess
inter- and intra-beat heterogeneity of ventricular conduction throughout the entire QRS
complex. Scanning the QRS with narrow frequency (10 Hz) band-passes allows us to further
highlight subtle abnormalities and variations in ventricular conduction at any point of the
cardiac cycle. We believe our method may be especially helpful for describing variation in
ventricular conduction in different types of fibrosis (compact, patchy, interstitial, and
diffuse)23. Further studies using and validating the IVC-method, however, are needed to test
this hypothesis. The methodology used for evaluating speed, curvature, orbital frequency,
and planarity in the QRS loop can be extended to other VCG loops (P, T, and U loops) as
well.

Surface orthogonal XYZ ECGs, which reflect the dipolar XYZ vectorial components of the
spatial vector representing depolarization and repolarization of the entire myocardium, were
analyzed in this study. Patients with post-MI scar and MMVT may have significant non-
dipolar components which are better identified using body surface potential maps, rather
than surface ECG. Nevertheless, this method demonstrated high discrimination abilities for
detection of abnormal EP substrate in patients with MMVT. Utilization of easily available
surface ECGs is another advantage of this method.

Conclusions

We present a novel method of assessing EP substrate by measuring speed, curvature, orbital
frequency, and planarity of filtered, three-dimensional VCG loops. Normal ventricular
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conduction is characterized by movement of the heart vector through a nearly single plane
across all frequencies, maximum QRS loop speed mid-QRS, and an inverse relationship
between QRS loop speed and curvature.

Ventricular conduction in post-MI patients with MMVT is characterized by remarkably
slower speed than in healthy participants, the presence of a relatively slow conduction in the
middle of the QRS complex, rotation of filtered QRS loops through numerous planes
resulting in a spherical “cloud” of filtered QRS loops, a direct relationship between speed
and curvature, low orbital frequency, and prominent beat-to-beat heterogeneity of
ventricular conduction at filtering frequencies >20 Hz. Analysis of the speed, curvature,
orbital frequency, and planarity of filtered QRS VCG loops permits characterization of
ventricular conduction which is inapparent on the surface ECG. Further study of the IVC
method is needed to determine its value as a risk stratification tool for VT and SCD, and as
an objective end-point to determine the “success” of VT ablation.

In this work we present a novel method of visualizing and quantifying inapparent features of
ventricular conduction by measuring speed, curvature, orbital frequency, and planarity of the
filtered heart vector movement in the QRS VCG loop and characterizing intra- and inter-
beat heterogeneity of this conduction.

Normal ventricular conduction is characterized by movement of the heart vector thru a
single plane across all frequencies, maximum QRS VCG loop speed mid-QRS, high orbital
frequency, and an inverse relationship between QRS VCG loop speed and curvature.

Ventricular conduction in patients with prior Ml and MMVT is characterized by remarkably
slower speed than in healthy participants, the presence of slow conduction in the middle of
the QRS, low orbital frequency, rotation of filtered QRS loops through numerous planes
resulting in a spherical “cloud” of filtered QRS loops, a direct relationship between speed
and curvature, and beat-to-beat heterogeneity of ventricular conduction. Further study of this
novel method is needed to validate its value in the characterization of EP substrate and as a
risk stratification tool for VT and SCD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. Detection of the origin-point of the VCG loop representing a single sinus heartbeat. An
unfiltered VCG from a patient with prior Ml and MMVT is shown. Points P1 and P2 (green
and red circles) are detected as the 2 points closest in three-dimensional space and distant in
time during a single heartbeat. The origin-point (star) is defined as the point halfway along a
line connecting P1 and P2. B. Removal of respiration effects. Original “raw” presentation of
11 consecutive sinus beats: multiple VCG loops of different size are presented in different
locations and different planes in three-dimensional space. The origin points of each beat

(stars) are located separately from each other. C. After respiration removal: loops are
translocated, rotated, and re-scaled. D. Detection of the onset and offset of VCG loops.
Onset and offset of the P, QRS, T, and U loops are marked by colored circles.
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Figure 2.
The velocity and curvature of the heart vector movement through the QRS loop. Unfiltered

sinus rhythm VCG loop from a MMVT patient is shown. Frontal (A), horizontal (B), and
sagittal (C) planes are shown, with the color of each segment representing speed (purple =
slowest; red=fastest). D. 5 consecutive sinus beats are plotted. The x-axis shows 10
normalized time segments from the onset of the QRS loop. The y-axis shows log1g-
transformed curvature. The z- axis shows the order of consecutive beats (1-5). The speed
color scale is computed automatically using the minimum and maximum data values as
shown by the legend.
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Figure 3.
Boxplots of normalized speed of the QRS vector in healthy controls and patients with infarct

cardiomyopathy and ventricular tachycardia (VT cases). Median (horizontal line crossing
the box) and interquartile range [IQR] (box) of spatial QRS speed is shown. Whiskers
specify the adjacent values, defined as the most extreme values within 1.5 IQR of the nearer
quartile. *=P<0.05; **=P<0.001; ***=P<0.0001
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Figure 4.
Boxplots of normalized log-transformed curvature of the QRS loop in healthy controls and

patients with infarct cardiomyopathy and ventricular tachycardia (VT cases). Median
(horizontal line crossing the box) and interquartile range [IQR] (box) of QRS loop curvature
is shown. Whiskers specify the adjacent values, defined as the most extreme values within
1.5 IQR of the nearer quartile. *=P<0.05; **=P<0.001; ***=P<0.0001
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Comparison of the speed and curvature of filtered heart vector movement throughout the
QRS in sinus rhythm in healthy subject (left column) and a patient with MMVT (right
column). QRS loops filtered at 10-19Hz, 20-29Hz, 30-39Hz, and 40-49Hz are shown in
rows 1-4, respectively. The x-axis shows 10 normalized time segments from the onset of the
QRS loop. The y-axis shows logyg-transformed curvature. The z- axis shows the order of
consecutive beats (1-5). The color scale represents speed and is computed using the
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minimum and maximum velocity values as shown by the legend on each small panel (purple
= minimum speed; red = maximum speed).
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Boxplots of normalized orbital frequency Q of the spatial QRS vector movement in Healthy
controls and patients with infarct cardiomyopathy and ventricular tachycardia (VT cases).
Median (horizontal line crossing the box) and interquartile range [IQR] (box) of orbital
frequency is shown. Whiskers specify the adjacent values, defined as the most extreme

values within 1.5 IQR of the nearer quartile. *=P<0.05; **=P<0.001; ***=P<0.0001
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Boxplots of the planarity angle 6 of the QRS loop in Healthy controls and patients with
infarct cardiomyopathy and ventricular tachycardia (VT cases). Median (horizontal line
crossing the box) and interquartile range [IQR] (box) of QRS loop planarity angle is shown.
Whiskers specify the adjacent values, defined as the most extreme values within 1.5 IQR of
the nearer quartile. *=P<0.05; **=P<0.001; ***=P<0.0001
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