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1. Introduction

Heart failure (HF) is estimated to affect one
to two percent of the total adult population in
industrialized nations and it continues to be a
leading cause of mortality globally. Even while
the treatment for acute cardiovascular disease
has advanced, attempts to prevent the inevitable
deterioration are often unsuccessful [1]. The pri-
mary goal of this study is to determine whether
the V-index, a new metric that has recently been
proposed as an ECG marker quantifying spatial
heterogeneity of ventricular repolarization, can
have a predictive value for cardiovascular mor-
tality in HF patients, alone and when adjusted
for clinical covariates such as age, left ventricular
ejection fraction and serum creatinine level.

2. Material and Methods

2.1. Population

The present study has analyzed a population of
380 HF patients, being part of a Holter sub-
study of the GISSI-HF (Gruppo Italiano per
lo Studio della Sopravvivenza nell’Infarto mio-
cardico), who completed a 24-hour digital Holter
recording at the time of enrollment. Men and
women who were 18 years of age or older and

had clinical evidence of HF from any cause were
eligible patients. After a follow-up of 43.1 £+ 13.2
months, 55 patients died of CV causes, mainly
associated with worsening HF or sudden cardiac
death.

2.2. Noise detection

To robustly compute the V-index, it needs to
be assessed on clean ECG segments. For this
reason, the modified complete ensemble empir-
ical mode decomposition (CEEMD) algorithm
proposed by Satija et al. [2] has been used to
discard noisy segments of the Holter ECG. The
modified CEEMD method is used to first break
down ECG signals into a residue and a num-
ber of intrinsic mode functions (IMFs), where
lower-order IMFs generally capture rapid oscilla-
tion patterns of high-frequency noises, whereas
higher-order IMFs frequently capture slow os-
cillation modes. From the IMFs, the following
are computed: the high-frequency signal h[n]
(obtained by summing the first tree IMFs, re-
ported in Fig.1), the LF signal b[n] (the final
residue, representing the baseline wander) and
the ECG signal c¢[n| (obtained by adding remain-
ing IMFs), which include the major components
of P-wave, QRS-complex and T-wave. Then,



maximum absolute amplitude (MAA) and the
number of zero-crossings (NZC) are computed.
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Figure 1: The original ECG segment (first row)
is decomposed in its IMFs, from which h[n] (sec-
ond row) is computed. Then, from h[n] the NZC
envelope and the gate signal g[n] (third row) are
computed. When Equation (1) is respected, the
ECG portion is labelled as noise.

If the MAA of h[n] is less than a predefined
threshold of 0.05mV the ECG signal is detected
as noise-free, otherwise h[n| is processed to ob-
tain the gate signal g[n], which is 1 if the NZC >
1, or 0 otherwise. While local pulse widths (w)
corresponding to the QRS complex components
generally range between 50 and 300 ms accord-
ing to gate signals derived on noise-free ECG,
signals corrupted with high-frequency noise ap-
pear in g[n| with local pulses of extremely short
duration and longer duration. For this reason,
when Eq.(1) is verified, the presence of HF noise
is detected.

No, if 50 ms < w < 300 ms

(1)

HF Noise =
Yes, otherwise

To obtain similar results to the ones obtained in
[2], in the current study the same ECG window
of 10s has been considered, such as the same
thresholds.

2.3. V-index

The electrophysiological model of the surface
ECG put forward by van Oosterom [3] and a
statistical model of the myocytes’ repolariza-
tion timings [4, 5] are combined to create the
V-index. Van Oosterom demonstrated how a
weighted sum of the myocytes’ transmembrane
potentials can be used to model the structure of
the T-wave on the surface ECG in a single beat.
A weighted sum of a single function T,(¢) (the
so-called dominant T-wave) and its derivatives
can be used to approximate the multi-lead sur-
face ECG in a first approximation since the repo-
larization phase of the action potential is compa-
rable across myocytes at a particular heart rate:

U(t) =~ —AApT,(t) + %AApQTd(t)

where ¥ is the [L x 1] ECG, with L being the
number of leads, the terms wy,wy are [L X 1]
vectors of lead factors, A is a patient-dependent
[L x M] transfer matrix accounting for the con-
tribution of each node to the L-leads elec-
trocardiographic recording in ¥(t) and Ap =
[Ap1(k), Apa(k), ..., Apar(k)]T is a vector of re-
polarization delays. Sassi and Mainardi [4] pro-
posed a model for the repolarization delay Ap,,
for each cell m, obtained by dividing the my-
ocardium in M cells, as follows:

Apm(k) = pm(k) - m = Om + ‘Pm(k)

where p(k) is the average repolarization time in
the single beat k over the set of M cells; 6,,
models the spatial variability of the repolariza-
tion times for a given subject at a given heart
rate; o, (k) describes differences in repolariza-
tion times which are observable among succes-
sive beats (the temporal variability of the repo-
larization times). An estimate V;, where ¢ rep-
resents the iy, lead, of the standard deviation of
0, is given by

std[ws ()] Mg i

Vi= std[w (7)) ~ Z M -0
m=1
After scanning the entire 24h ECG recordings
with the CEEEMD algorithm in leads I, IT and
V2, 10-minute segments composed of at least
20% of clean 10-second segments (in all three
leads) were selected for the V-index computa-
tion.



2.4. Cox proportional-hazards model

The method used in this study for modelling
the connection between variables and survival
or other censored outcome is the Cox propor-
tional hazards model [6]. Considering X; as the
vector of covariate for the iy, person, the hazard
for the individual 4 is specified by the Cox model
as follows:
Al(t) = )\o(t)exlﬂ

where A\g represents the baseline hazard, an un-
defined nonnegative function of time, and g is
a p x 1 vector of coefficients. The model speci-
fies how the baseline hazard of patient ¢ changes
with the variables X;.

The hazard ratio for two subjects with fixed co-
variate vectors X; and X, computed as:

/\z(t) )\o(t)eXiB eXif

M)~ No(t)eXiP T NP

is constant over time, and for this reason, the
model is also known as the proportional hazards
model. Starting from the partial likelihood (PL)
function introduced by Cox [6], it’s possible to
estimate the set of coefficients 5. Computing
and differentiating the log PL with respect to S,
the score vector U(f3) is obtained. At this point,
the maximum PL estimator is found by solving

U(B) = 0.
2.5. Cosinor Analysis

In order to investigate if the V-index follows a
cyclic rhythm, a further investigation using the
cosinor model [7] has been conducted. The cosi-
nor model, which is a technique for modelling
cyclical variation, fits a cosine curve to data
using the Least Squares process. It is possi-
ble to write the regression model for a single-
component cosinor as:

y(t) = M + Acos <2:t + ¢> +e(t)

where M is the mesor, A is the amplitude, ¢
is the acrophase (a measure of the time of peak
reoccurring in each cycle), e(t) is the error term
and 7 is the period, which has been imposed to
be of 24 hours. Minimizing the residual sum of
squares , the normal equations are obtained and
used to estimate M, A and ¢. The null hypoth-
esis Hy (no rhythm is present) is rejected when
F > Fi_,(2,N —3), where N is the number of

samples, « the specified probability threshold
and F the result of the F-test.

3. Results
3.1. Population

Clinical variables of alive and CV dead patients
were compared using the t-test or Wilcoxon
test for numerical variables and y? for cate-
gorical variables. CV dead patients were older
(p < 0.0001), with higher values in creatinine
(p < 0.0001), and smaller values in LVEF (p <
0.01). Also, they have a higher incidence of
NSVT (p < 0.0001) a more advanced NYHA
class (p = 0.02) and had less BBL treatment
(p < 0.01), while no significant difference is re-
lated to the gender of the patients (p = 0.78).

3.2. Noise Detection

The number of clean 10-minute segments was 65
+ 38, 63 + 38, and 66+ 38 for visit 2, visit 4,
and visit 6 respectively, with no significant dif-
ferences between the number of segments com-
puted on alive or CV dead patients (Wilcoxon
test, p = 0.86, p = 0.08, p = 0.18)

3.3. V-index

In the first visit, the number of patients for
which the V-index was computed in at least one
segment is 365 patients out of the 380 available
recordings. At time visit 4, out of the 375 alive
patients, 326 underwent the ECG recording and
307 had at least one V-index value. In visit 6, the
number of patients with available V-index value
decreased to 301 out of the 320 who underwent
the ECG recording (out of the 360 patients that
were still alive). The cosine function has been
fitted for each patient with at least 5 available
V-index values for each visit. An example of the
behaviour of the V-index during the day, along
with cosinor fittings, is illustrated in Figure 2.
The F-test shows that 72%, 69% and 70% of the
patients in visits 2, 4, and 6 respectively follow
a circadian rhythm.

The mesor for alive and CV dead patients was
found to be different in visit 2 only (p<0.05),
whereas no significant differences were found in
the amplitude for any of the three visits.

In addition to mesor and amplitude, V-index
mean, median, standard deviation (std) and V-
index on the first available segment (FS), have
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Figure 2: On the X-axis, the 24 hours are di-
vided into 144 10-minute segments. Each blue

dot represents a V-index value. The red line is
the estimated cosine function.
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been considered to summarize V-index values for
each patient. For V-index mean, median and V-
index computed on the FS statistically signifi-
cant differences have been found in visit 2 be-
tween alive and CV dead patients (p < 0.05). In
addition to the statistics previously mentioned,
a new signature has been computed starting
from coefficients of a bivariate Cox model using
mesor (M, 0.55) and amplitude (A, 0.22):

Signature = 0.55- M +0.22- A

Distributions of the V-index signature for CV
dead and alive patients in visit 2 are statistically
different (p = 0.04) according to the single tail
Wilcoxon test, while no differences are present
for visit 4 and visit 6 (p = 0.08,0.15).

In order to dichotomize numerical variables,
thresholds (reported in Table 1) were found by
computing the receiver operating characteristic
(ROC) curve and selecting the value associated
with the best FPR,TPR combination.

‘ Variable Threshold ‘
V-index mean, v2 33.24 ms
V-index median, v2 40.35 ms
V-index std, v2 11.54 ms
V-index mesor, v2 26.6 ms
V-index amplitude, v2 6.64 ms
V-index signature, v2 15.25 ms
V-index first segment, v2  32.81 ms
Creatinine 1.2 mg/dL

Table 1: The selected thresholds for each vari-
able that has been binarized. v: visit

3.4. Survival analysis

A first step has been made by using Kaplan-
Meier (K-M) method to assess if the variable
alone can separate the starting population into
two groups with different survival probabilities.
Considering visit 2, significant differences be-
tween the two groups (obtained by splitting the
population according to the selected threshold)
have been found (nonparametric log-rank test)
in V-index mean (p = 0.01), V-index median
(p < 0.01), V-index signature (p = 0.01), V-
index mesor (p = 0.02) and V-index on the FS
(p < 0.01). In the other visits, only the V-index
computed on the FS preserves its significance
(p < 0.01 in visit 4 and p = 0.02 in visit 6), re-
ported in Figure 3. Then, a univariate (reported
in Table 2) and multivariate (reported in Table
3) (adjusted for age) Cox model has been com-
puted for each variable. When selecting the best
multivariate Cox model, for comparison reasons,
the same clinical variables in [8] were considered
as candidate predictors: age > 70 years, sex, is-
chaemic cardiomyopathy, (New York Heart As-
sociation) NYHA class III-IV, left ventricular
ejection fraction (LVEF), heart rate, systolic ar-
terial pressure, presence of non-sustained ven-
tricular tachycardia (NSVT), the number of pre-
mature ventricular contractions/h, creatinine,
sodium, and presence of beta-blocker (BBL)
treatment. In order to prevent overfitting the
maximum number of candidate clinical predic-
tors, to combine with one of the V-index metrics,
was chosen equal to 4, such that the rule of hav-
ing maximum z/10 variables is respected, being
z the numbers of events (55 CV death events in
this case).

| HR (95% CI) p-value C-index

V-index mean 1.91 (1.10-3.32) 0.02 0.57
V-index median 2.23 (1.28-3.87)  <0.005 0.58
V-index mesor 2.29 (1.11-4.72) 0.02 0.57
V-index amplitude 1.48 (0.84-2.60) 0.17 0.55
V-index signature  2.64 (1.18-5.87) 0.02 0.58
V-index std 1.69 (0.99-2.90) 0.06 0.56
V-index FS 2.40 (1.39-4.15)  <0.005 0.59

Table 2: Results of the univariate Cox models,
applied at the time of visit 2

The best model selection (evaluating C-index)
computed at the time of visit 2 is composed of
age > 70 years [HR: 3.06 95% CI (1.69-5.54),
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Figure 3: K-M curves of the V-index computed
on the FS. A: visit 2, B: visit 4, C: visit 6

p < 0.005], creatinine > 1.2 mg/dL [HR: 2.78
95% CI (1.54-5.02), p < 0.005|, presence of
NSVT [HR: 2.12 95% CI (1.18-3.82), p < 0.005],
LVEF [HR: 0.96 95% CI (0.93-0.99), p = 0.02]
and signature > 15.25 ms [HR: 2.56 95% CI
(1.14-5.72), p = 0.02], obtaining a C-index of
0.78. This represents an improvement with re-
spect to a C-index of 0.76 obtained by the best-
performing clinical model, composed of age, cre-
atinine, NSVT and LVEF.

The same experiments were repeated in visit 4
and visit 6. The only variable which has pre-
served its relevance in all three visits, using the
same threshold found in visit 2, is the V-index
on the FS. The univariate Cox [HR: 2.46 95%
CI (1.30-4.65), p = 0.01] applied at visit 4, such
as the multivariate model adjusted for age (HR:
2.26 95% CI (1.19-4.28), p = 0.01) confirms
that patients with V-index on the FS > 32.81
ms are associated with a doubled risk of death
with respect to patients with a V-index on the
FS < 32.81 ms. The best multivariate model
that has been found in visit 4 is composed of
age > 70 years [HR: 3.04 95% CI (1.54-6.03),
p < 0.005], NSVT presence [HR: 2.02 95% CI
(1.04-3.92), p = 0.04], BBL treatment [HR: 0.44
95% CI (0.23-0.85), p = 0.01], LVEF [HR: 0.96

HR (95% CI) p-value C-index

V-index mean 1.76 (1.02-3.06) 0.04 0.68
V-index median 2.03 (1.17-3.53) 0.01 0.68
V-index mesor 2.05 (0.99-4.23) 0.05 0.69
V-index amplitude 1.43 (0.82-2.52) 0.21 0.69
V-index signature  2.40 (1.08-5.34) 0.03 0.69
V-index std 1.59 (0.93-2.72) 0.09 0.67
V-index FS 2.26 (1.31-3.91)  <0.005 0.69

Table 3: Each row represents a multivariate Cox
model, composed of the written statistic ad-
justed for age, at time visit 2.

95% CI (0.92-1.00), p = 0.06], V-index on the
FS > 32.81 ms [HR: 2.19 95% CI (1.15-4.18),
p = 0.02], obtaining a C-index of 0.78. Con-
sidering visit 6, in the univariate model the V-
index on the FS is still significant [HR: 2.42
95% CI (1.11-5.30), p = 0.03], while not when
adjusted for age [HR: 2.13 95% CI (0.97-4.67),
p = 0.06]. The best model obtained at time visit
6 when combining V-index with other clinical
variables is composed of age > 70 years [HR: 3.04
95% CI (1.30-7.12), p = 0.01], creatinine > 1.2
mg/dL [HR: 3.15 95% CI (1.36-7.28), p = 0.01],
BBL treatment [HR: 0.54 95% CI (0.25-1.18),
p = 0.12], NSVT presence [HR: 1.94 95% CI
(0.87-4.33), p = 0.10] and V-index on the FS >
32.81 ms [HR: 1.8 95% CI (0.84-4.12), p = 0.13],
obtaining a C-index of 0.81.

4. Conclusions

This study shows the potential of using the V-
index as a predictor of cardiovascular mortality
in heart failure patients. The use of V-index
statistics combined with clinical variables (age,
serum creatinine, the incidence of NSV'T, LVEF,
NYHA class and BBL treatment) increase per-
formances in risk stratification in HF patients.
Greater values of V-index are associated with a
higher risk of death in HF patients, as confirmed
in previous study [9, 10] for different conditioned
patients. Considering the V-index statistics an-
alyzed in this study, the median value of the
24h ECG recording appears to be a more robust
and reliable parameter with respect to the mean
to summarize the V-index behaviour in a day.
The application of the cosinor analysis to derive
mesor and amplitude, and consequently the V-
index signature, provides additional information
about the daily behaviour of the V-index. Also



considering the V-index computed only on the
first segment, the V-index preserves its signifi-
cance and its prognostic value.

Threshold values found in visit 2 identify at
higher risk patients with V-index mean and me-
dian value greater than 33.24 ms and 40.35 ms,
respectively. Also, values of the V-index signa-
ture greater than 15.25 ms are associated with
a higher risk of CV death, such as values of the
V-index on the first segment greater than 32.81
ms. However, the use of the same thresholds
found in visit 2 applied in visit 4 and visit 6 ap-
pears to be non-optimal. This can be due to the
smaller populations present at the time of visit 4
and visit 6. Indeed, while available observations
of V-index in visit 2 were 365, this number has
decreased to 307 (-16%) in visit 4 and to 301 in
visit 6 (-18%).

Comparing the V-index performance with auto-
nomic markers computed in [8] on slightly the
same population, the results obtained in this
study exploit the relevance of V-index in pre-
dicting cardiovascular mortality. The best re-
sults obtained in this study in visit 2, resulting
from multivariate Cox models achieved by com-
bining a clinical model with, respectively, the
V-index signature (C-index=0.78), the V-index
mesor (C-index=0.78) and V-index median (C-
index=0.76), are in line with results obtained
in [8] with standard deviation of all normal-to-
normal RR intervals (0.76), the power in the
very LF bands (0.79), the power in the LF bands
(0.79), the short-term fractal scaling exponent
measured by the detrended fluctuation analysis
(0.76) and turbulence slope (0.75).

In conclusion, this study shows that the use of
V-index has a relevant prognostic value in HF
patients and its use should be further investi-
gated.
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