








the following three cases:

Case 1: For two consecutive “BP peaks” sandwiching
only one “QRS peaks” (previously identified as the clean
part of the ECG signal), the closest moving average QRS-
BP delay is used to correct those cases in Fig.(4b) if they
do occur.

Case 2: For two consecutive “BP peaks” sandwiching
more than one “QRS peaks”, the closest moving average
QRS-BP delay is used to predict the correct position of the
QRS peak between these two “BP peaks”.

Case 3: For two consecutive “BP peaks” with no “QRS
peaks” in between, no action is taken.

For Case 2, the multiple “QRS peaks” are most likely
the false positive peaks identified by ggrs from noisy ECG
signals. It could also happen where part of the BP signal
is missing. This rare situation will be dealt with later. For
Case 3, the most likely cause could be the wabp routine
mis-identifying the dicrotic peak as the percussion peak
(see Fig.(3c), so no action is taken.

3.5. Aberrant heart beats and missing BP

signals

In the rare cases of aberrant heart beats including SVPB
and PVC, there are two “QRS signals” sandwiched be-
tween two consecutive BP peaks. Similarly, when part
of the BP signals are missing, many “QRS peaks” can be
sandwiched between two consecutive BP peaks. It is thus
hard to distinguish these legitimate QRS peaks from noisy
ECG signals.

We employ a simple “horizontal line check” for cases
when more than one “QRS peaks” are sandwiched between
two consecutive BP peaks. As one can see from Fig.(1),
a sequence of regularly spaced horizontal lines will inter-
sect a well-defined QRS complex at most six times (see
Fig.(1a), while this number can be substantially larger for
noisy signals (see Fig.(1b)). We thus impose the stringent
criterion that for every “QRS peak” sandwiched between
two consecutive “BP peaks”, the maximum number of in-
tersections after applying the “horizontal line check” can-
not exceed six times. If this criterion is satisfied, all these
“QRS peaks” are identified as real QRS peaks.

4. Results and conclusions
Our algorithm has a sensitivity score of 99.9% and pre-
dictivity score of 99.96% for the 100 training sets. For the
Phase III of the CinC Challenge 2014, which includes all
the data sets from Phase I and Phase II, our algorithm has
a gross sensitivity score of 87.8% and gross predictivity
score of 85.15%, with an overall score of 86.73.

Our algorithm depends highly on the performance of
wabp and especially that of ggrs. We generally assume
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that while ggrs is susceptible to false positives due to arti-
facts, it rarely produce false negatives; thus our algorithm
tends to miss a heartbeat when ggrs does produce false
negatives.

The performance of our algorithm can be improved
when a better version of gqrs and wabp is available, or
when a sensible way to pre-treat ECG and BP signals can
be applied. Other physiological signals including elec-
tromyograph (EMG) and electroencephalograph (EEG)
can also be helpful for QRS peak prediction. Both sig-
nals are electrical and correlates positively with the ECG
signals. While EMG and EEG signals tend to have small
signal-to-noise ratio, with proper processing they can po-
tentially be useful especially when both ECG and BP sig-
nals are noisy.
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