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Overview Data-driven GP priors selections SNR improvement results
A computationally efficient data-driven Gaussian Process (GP) filter is proposed for ECG filtering, = A transformation matrix ® maps the ECG to the mean “binned-heartbeat” Zpp N the phase domain: 15
which outperforms state-of-the-art filters in signal-to-noise ratio (SNR) improvement and results in T .
more accurate estimates of clinically important features of the ECG, such as the QT-interval. Tph = Ox SSph = OK;0" |. -
= The transformation is chosen such that @@1 = I, o
GP-based ECG modeling * In phase domain, the sample covariance matrices are linked by E
-5
* Model: the noisy measurements x(t) are modeled as a mixture of the clean ECG s(t) and additive " " < —10
uncorrelated noise n(t), at time instants ¢ for which measurements are available: * The Kernel choice is K5 = 'S, © and the mean choice is ps = ©F ppp,, where ppy, is the ~15
B average ECG beat in the phase domain (both obtained in a data-driven non-parametric approach).
t) =s(t) +n(t), te{t;...t . 2" . S . —20 | |
z(t) = s(8) +nl) th- iy} = The inversion is performed via the matrix inversion lemma: . == Wavelet [benchmark] GP Prior === GP Posterior

= Assumption: the noise n(t) and the ECG s(t) are Gaussian processes:

s(t) ~ GP (us(t), ks (¢, 1))
n(t) ~ GP (un(t), kn (t, 1)), typically with pn(t) = 0 and sy (¢, ) =

K, '=0(Iy-06'0)+ @TS;plh@. -5 0 5 10 15 20 25 30
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Figure 3. SNR improvement using the proposed GP filter and the benchmark wavelet denoiser [4]. The curves correspond

= The filter is data-driven and requires the inversion of a 7 x T matrix (typically T < N):
to the average SNR improvement across all samples of the PhysioNet QT Database, in leads | and Il (whenever available)

a6 (t,t)

s_ T _ x2¢-1 _ . . O 7
= Note: A GP is fully described by its mean and covariance matrix. Therefore, the ECG data-model s=0"(I1 nsﬂfph>@<w Hs) + Hs. and with 5 repetitions using different random noise instances per record.
is completely specified by the choice of the mean and covariance matrices of the GP.
= Denotin — s as the signal mean, Kg = [k (¢, ' as the signal covariance matrix . i i
g s = [ps(t)]s g s = [ms (,1) ]y g Implementation QT estimation performance

(kernel), and K as the covariance matrix of the measurements, the optimal maximum a posteriori

(MAP) estimator (filter) of the ECG is:
~ 1 = |n the simplified scheme, only the sample variances are taken into account and the filter becomes:
s=KsK, (x— ps)+ ps 52 o
o)

= The proposed filter also preserves clinically important features of the ECG, such as the QT-interval.
= We use the algorithms detailed in [1] to compare the QT-intervals estimated from clean ECG and

3 — @TP@@ —ps)+ps, P=diagl...1—p; ..], pi= % = — __ the ones estimated from the denoised ECG using the proposed and benchmark wavelet denoisers.
O-ZE O_S —|_ 0-77,
ph; ph;
GgP-based ECG modeling challenges = |n accordance with Bayesian filtering terminology, we refer to the above as GP posterior-based, and 60 : 11 i AR BT B
the corner case of extremely noisy ECG (57% — 00) as GP prior-based. _‘ i o f \ *
. . . . . . . . 40 L R S 1 i ' ' :
| 1 ¢ : .
The cho.lce of .th.e.covanance matrix K is not evident (analytical kernels proposed in the literature [2], Advantages B I ; P I | o :
[3], require optimizing over a large number of hyper-parameters). 7 50 iL | i . E P4 i
= The i ' f K ired by the filt tricts th f th del to short ECG signals (th . . . . . — 1
< INVETSIoN OF B g FEqUIred DY Ahe 3 cf TESTHICE ThE Use OTIRE MOTETTo ShoTt signals (the = The model’s kernel is calculated in a data-driven manner (no ad hoc parametric kernels are required). 5 M M dih ﬂ S 18l 0 3
complexity of matrix inversion is O(N?)). . _ . o 01 BaEE EX KX
= As compared with conventional G'P, the computational cost is significantly reduced. < I I lj L Tl | il
] = The model requires only two hyper-parameters: 1) the number of phase-domain bins T (which can ~50. | T ; , :
A data-driven GP-based filter be fixed): 2) the noise covariance (which is estimated via maximum evidence). _‘_L# o Wavelot E" Ep Priok _" G;, Docterion
Results —40—5 0 5 10 15 20 25 30

= The proposed GP scheme: The kernel is built based on the sample covariance matrix corresponding
to the ECG in the phase domain [6], via a transformation ® & ]RTXN, which maps each ECG beat to
7 bins in the phase domain (regardless of the heart rate).
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Figure 4. The distribution of the QT-interval estimation differences between the outputs of the proposed and benchmark
algorithms minus the QT-interval estimated from the clean ECG (at different SNR). The GP posterior-based filter
outperforms the prior-based and the state-of-the-art wavelet denoiser, in terms of estimation error bias and variance.

= Dataset: The PhysioNet QT Database |[5]. Benchmark: a wavelet denoiser, which outperformed
other non-model-based filtering schemes in previous research [4]

RE o i | = Used a modified Pan-Tompkins algorithm for R-peak detection and a fixed T =
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= Compared with the state-of-the-art non-model-based ECG denoisers, the proposed data-driven GP
posterior-based filter has superior performance in terms of SNR improvement and QT-interval
parameter estimation accuracy.
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Algorithm: 1) detect the R-peaks; 2) transform the ECG to the phase domain; 3) calculate the GP mean (2) SNR = OdB (b) SNR = 6dB () SNR = 12dB
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vector and covariance matrix; 4) estimate the noise covariance; 5) apply the filter. Figure 2. An ECG from the PhysioNet QT Database at different SNRs denoised by the proposed filters and a wavelet

denoiser [4]. From top to bottom: the original ECG, noisy, wavelet, GP prior-based and GP posterior-based
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