








additional R waves were interpolated according to the
nearest normal RR intervals.

Note that our approach required some predefined
parameters such as the predefined normal range of RR
intervals and the narrow window length A to search for a
local maximum in BP signal. Since the characteristics of
the testing dataset were different from those of the
training dataset, these parameters were empirically
estimated from the training dataset and manually adjusted
to incorporate possible testing cases not observed in the
training dataset.

3. Results

The performance statistics of our approach on the
training and testing datasets are summarized in Table 1.
The difference in performance implies that the signals are
much cleaner in the training dataset. Since the training
dataset is too easy, it is difficult to evaluate the
performance in each step of our method. Instead, we
created a more difficult dataset by adding white Gaussian
noise (WGN) to the ECG signals randomly. The
performance statistics in each step of our method are
summarized in Table 2. We can see that step 2)
dramatically increases +P by removing the spurious QRS
detection, and slightly reduces Se since it occasionally
removes some true positives. Similarly, step 3) increases
Se by interpolating the missed beats, and slightly reduces
+P since it occasionally fills in false positives.

Table 1. Performance statistics of our approach on the
training and testing datasets.

Se (%) +P (%)
Gross 99.97 99.32
Training Average 99.96 99.29
Overall 99.64
Gross 83.31 79.84
Testing Average 83.84 77.77
Overall 81.19

Table 2. Performance statistics in each step of our
approach on a simulated dataset corrupted by WGN.

Se (%) +P (%)

Gross 86.32 65.24
Step 1) Average 86.41 64.85

Overall 75.71

Gross 80.19 87.78
Step 2) Average 80.54 87.43

Overall 83.99

Gross 88.90 86.11
Step 3) Average 89.12 85.99

Overall 87.53
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4. Conclusions

Even the state-of-the-art QRS detectors cannot
accurately estimate the QRS locations when ECG signal
is contaminated or missing. Other physiological signals
contain cardiac information and can be used for robust
heart beat detection. We have developed a multimodal
information fusion framework using any pulsatile signal
for robust heart beat detection. Overall accuracies of
99.64% and 81.19% were achieved on the training and
testing datasets, respectively. Each step in our method
was verified on an artificial dataset corrupted by WGN.

References

[1] Pan J, Tompkins WJ. A real-time QRS detection algorithm.
Biomedical Engineering, IEEE Transactions on 1985;3:
230-236.

Li C, Zheng C, Tai C. Detection of ECG characteristic

points using wavelet transforms. Biomedical Engineering,

IEEE Transactions on 1995;42:21-28.

Bahoura M, Hassani M, Hubin M. DSP implementation of

wavelet transform for real time ECG wave forms detection

and heart rate analysis. Computer Methods and Programs in

Biomedicine 1997;52:35-44.

Martinez JP, Almeida R, Olmos S, Rocha AP, Laguna P. A

wavelet-based ECG delineator: evaluation on standard

databases. Biomedical Engineering, IEEE Transactions on
2004;51:570-581.

Zong W, Moody GB, Jiang D. A robust open-source

algorithm to detect onset and duration of QRS complexes.

Computers in Cardiology 2003;40:737-740.

Goldberger AL, Amaral LA, Glass L, Hausdorff JM,

Ivanov PC, Mark RG, Mietus JE, Moody GB, Peng CK,

Stanley HE. Physiobank, physiotoolkit, and physionet

components of a new research resource for complex

physiologic signals. Circulation 2000;101:e215-e220.

Zong W, Moody GB, Mark RG. Effects of vasoactive drugs

on the relationship between ECG-pulse wave delay time

and arterial blood pressure in ICU patients. Computers in

Cardiology 1998;673-676.

Zong W, Heldt T, Moody GB, Mark RG. An open-source

algorithm to detect onset of arterial blood pressure pulses.

Computers in Cardiology 2003;40:259-262.

Moody GB. LightWAVE: waveform and annotation

viewing and editing in a web browser. Computing in

Cardiology 2013;40:17-20.

[10]Hu X, Xu P, Lee DJ, Vespa P, Baldwin K, Bergsneider M.
An algorithm for extracting intracranial pressure latency
relative to electrocardiogram R wave. Physiological
Measurement 2008;29:459-471.

[11]Percival DB, Walden AT. Spectral Analysis for Physical
Applications. Cambridge University Press. 1993.

(2]

Address for correspondence.

Quan Ding

Department of Physiological Nursing
University of California, San Francisco
San Francisco, CA, 94131
Quan.Ding@nursing.ucsf.edu





