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Abstract

Background

Optimisation of atrioventricular (AV) delay of biventricular pacemakers by fitting a parabola to the systolic blood
pressure (SBP) data over the whole range of AV delays, might be biased if the true dependence of SBP is not
parabolic at large AV delays.

In this study, we tested a new algorithm, which we call the ‘question-mark algorithm’, in which the range of AV
delays is automatically restricted to the parabolic zone prior to fitting the parabola.

We tested whether the AV delay by the question-mark algorithm produces better acute hemodynamic response than

the AV delay predicted by the parabolic algorithm.

Methods and results

In 93 patients with biventricular pacemakers, whilst pacing at an elevated heart rate, the AV delay was adjusted and
the beat-to-beat systolic blood pressure (SBP) was simultaneously measured non-invasively. We then compared the
selected AV delays using both the parabolic and the question-mark algorithms.

For 10 patients, the question-mark algorithm detected that the pattern was not parabolic for the larger AV delays
used. For these patients, we re-measured the SBP according to the two different AV delays. The optimal AV delay
predicted by the question-mark algorithm increased SBP by on average 1.26 mmHg above that predicted by the

parabolic algorithm (95% confidence interval: 0.60 mmHg to 1.92 mmHg, p-value = 0.002).

Conclusion
Identifying the optimal AV delay by automatically eliminating the range of AV delays in which the pattern is not

parabolic before finding the maximum of the best-fit parabola has potential to improve acute hemodynamics.



Introduction

In chronic heart failure patients with dyssynchrony, biventricular pacemakers improve the efficiency of cardiac
function by adjusting the atrioventricular (AV) and interventricular (VV) delays; this treatment is also known as
Cardiac Resynchronization Therapy (CRT). The hemodynamic benefit of biventricular pacing is immediately
apparent when the device is switched on [1—5] and its long-term benefits have also been demonstrated in
randomised clinical trials [6, 7]. The acute improvement in hemodynamics can be further maximised by optimising
the AV and VV delay settings of the pacemaker [8—12].

In practice, most optimisation involves assessing cardiac function using non-invasive approaches. Echocardiography
using Doppler is often used to acquire the blood velocity, from which the velocity—time integral is derived as a
surrogate for stroke volume. This approach is time-consuming, requires experienced operators, and has limited
reproducibility [13, 14]. An alternative technique consists of using non-invasive measurement of systolic blood
pressure (SBP), which has been demonstrated to be highly reproducible [15, 16]. This approach does not require
experienced operators but may be time-consuming depending on the number of measurements acquired. For AV
delays near the optimum, a graph of SBP against AV delay is known to fit closely to a parabola, with R? values
greater than 0.95 [17]. The algorithm predicts that the optimal AV delay is the one corresponding to the peak of the
parabola, and in this paper we refer to this as the ‘parabolic’ algorithm.

However, for long AV delays, ventricular contraction can occur due to intrinsic conduction. This phenomenon
should be apparent as a plateau region appears in the graph of SBP against AV delay at high values of the AV delay.
If this part of the data were included in the parabolic algorithm, then the predicted optimal AV delay would be too
large. Currently, in order to avoid this, a human operator is required to identify the parabolic region visually and
eliminate it from the curve fitting. This human element leads to non-reproducibility, uncertainty and subjectivity of
the analysis.

In this study we developed a new ‘question mark’ algorithm that automatically removes the plateau region from the

curve fitting process, and we tested its performance against that of the parabolic algorithm.



Methods

Subjects

All patients included in this study are participants in the ongoing British randomised controlled trial of AV and VV
optimisation (BRAVO) study (NLM Identifier: NCT01258829). Patients gave informed written consent for BRAVO,
which was approved by the United Kingdom Research Ethics Committee.

Anonymised data from 93 patients (75 male, 18 female, 40—88 years old, mean 68 years old) were used; the patients
underwent AV optimisation by non-invasive pressure measurement between April 2013 and July 2013. The causes
of heart failure were ischemic (49), idiopathic dilated (19), valvular (7), other reasons (6) and unknown (12). At the
time of the BRAVO study, 8 were New York Heart Association (NYHA) class 3, 79 were NYHA class 2, 1 was

NYHA class 1 and the NYHA was unknown for 5.

Measurements

Data acquisition

SBP was measured non-invasively using a Finometer (Finapres Medical Systems, Amsterdam, the Netherlands); an
inflatable cuff was placed around the finger with a built-in photoelectric plethysmograph and a volume-clamp circuit,
resulting in a continuous pressure waveform [18]. This technique is highly reliable at quantifying beat-to-beat
changes in SBP [19, 20].

In order to minimize hemodynamic variations due to heart rate fluctuations, baseline atrial pacing at 45 bpm above
the resting hear rate was applied [12], and an electrocardiography (ECG) signal was recorded simultaneously,
acquired with an analogue-to-digital card (National Instruments, Austin, Texas, USA) using a custom software [21]

and analysed with further custom software [22—26], produced using Matlab (MathWorks).

Measurement of relative change in blood pressure across different AV
delays

To obtain the hemodynamic response curve, the AV delay was adjusted in 40 ms increments, starting from an AV

delay of 40 ms. For each AV delay considered, the heart was first paced with the reference AV delay of 120 ms



before suddenly switching to the AV delay in question (120 ms was chosen because it is attainable by all
participants, unlike atrial pacing only (AAI) that requires intact atrioventricular conduction). The VV delay was kept
at 0 ms (or as close as possible). The relative change in blood pressure, SBP,;, was set to be the difference between
the mean pressure over the § beats immediately before the switch and that over the 8 beats immediately after the
switch [15], and at least 6 replicate measurements for each AV delay were obtained. Note that, since 120 ms was

used as the reference value, the response curve passes through a SBP,; of 0 mmHg for this AV delay.

To compare the difference in SBP between the parabolic and the question-mark optima, we used as reference the
optimum found by the parabolic algorithm and alternated between that AV delay and the one found by the question-
mark algorithm. For each patient, we used the mean SBP,; over the multiple replicates as measure of the difference

in SBP between the two optimum types.

Automated determination of presence of non-parabolic segment

If the patient’s tissue is intact so that intrinsic conduction can occur, then, when the programmed AV delay is longer
than the patient’s PR interval, ventricular conduction would be initiated by this natural mechanism. Consequently,
the pacemaker would adjust by not delivering a pacing stimulus. The result is that for these AV delays, further
lengthening of the delay has no effect on the SBP. See for example Figure 2, which corresponds to a patient whose
PR interval was determined from the ECG to be about 200 ms, and for whom the red squares (representing the

average values of SBP, for each given AV delay) lie approximately on a horizontal line for AV delays longer than

200 ms.
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Figure 1. AV optimisation dataset of a patient showing a deviation from the
parabolic trend at AV delays longer than 200 ms

The question mark algorithm, which is named after the shape of the fitted curve, finds the AV delay that minimises
the sum of the squares of the residual SBP,, of a parabolic fit [15] followed by a flat line (the sum includes the whole
range of AV delays, including the flat line).

The optimum AV delay was given as that lying at the peak of the parabola. An annotated version of the algorithm is

provided in the Appendix.

Statistics

The difference in SBP between the AV delays determined by the two algorithms was compared using a two-tailed
paired t-test, with the null hypothesis that there was no difference in SBP between the two optimum types. A p-value

of less than or equal to 5% was considered as significant.




All statistical analyses were performed using the R software for statistical computing version 2.15.1 [27].

Results

The data from all 93 patients could be fitted with a parabola. In 83 of the patients, the SBP curves fitted better to a
single parabola rather than a question mark shape, that is the question mark algorithm found that not including a

plateau region in the best fit curve was better than including one. However, in the remaining 10 patients, a question

mark shape with a plateau was better.

The optimisation datasets of these 10 patients are shown in Figure 3, together with the best-fit curves found by the

two algorithms.
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Figure 3. Optimisation datasets of the 10 patients whose data fitted better to a

question mark shape (that is, a parabola and a plateau) rather than just a
parabola. Fitted question marks and parabolas are also shown.




In Table 1, we report the optimal AV delays predicted by the two algorithms and the corresponding increase in SBP
provided by the question mark algorithm optimum compared with the parabolic algorithm optimum. The increase in
SBP consists of an average of replicate measurements, whose numbers and standard deviations (SD) are also

reported in Table 1.

Table 1. Results of the algorithm for the 10 patients whose data fitted a parabola
and plateau better than just a parabola.

Patient 1 2 3 4 5 6 7 8 9 10

Optimum AV delay from 240 | 183 | 181 | 189 | 188 | 159 | 144 | 165 | 162 | 125

question mark algorithm (ms)

Optimum AV delay from 316 | 213 | 227 | 198 | 207 | 227 | 212 | 226 | 236 | 208

parabolic algorithm (ms)

Increase in SBP from 046 | 0.44 | 2.14 | 1.01 | 2.15 | 0.24 | 0.92 | 2.32 | 2.55 | 0.37
parabolic to question mark

algorithm (mmHg)

# of replicates 16 22 24 16 22 10 22 24 12 20

SD of replicates (ms) 560 | 3.12 | 5.69 | 2.73 | 3.61 | 499 | 487 | 4.81 | 3.71 | 2.49

In these 10 patients the average increase in SBP using the question mark algorithm was 1.26 mmHg (95% confidence
interval: 0.60 mmHg to 1.92 mmHg, p-value = 0.002), and thus the null hypothesis that the optimal SPB predicted by

the two algorithms are clinically equivalent could be rejected.




Discussion

We have developed a new question mark algorithm that automatically detects the range of AV delays that should not
be used when fitting the parabola to the SBP data, and we showed that, for around 11% of CRT patients, this leads to
an improvement of on average 1.26 mmHg in SBP. In turn this avoids requiring a human operator to intervene in the
parabolic algorithm in a non-reproducible and potentially subjective way.

The new algorithm automatically determines an estimate of the PR interval at which the parabola and straight line
are joined, and this works even if, as in most cases, this estimate lies at the top of the range of AV delays considered;
in that case the best fit question mark is just the parabola, meaning that the new algorithm gives the same result as
the parabolic algorithm.

The question mark algorithm was devised because it is a simple extension of the parabolic algorithm based on
physiological considerations. In principle a more complicated mathematical function capturing additional physiology
could be used to fit the data; however, we believe that the amount of data per patient captured in this study is

insufficient to warrant a more complicated algorithm, and, since the collection of this data was anyway time-



consuming for both patient and operator, any new algorithm that requires further data would need to justify the

increased time for data collection in terms of a significant additional hemodynamic benefit.

Size of effect

It is important to review the method by which the measurement of the improvement in SBP was made. It was not
obtained from the same data used for the parabolic and question mark fitting, because to have done so would have
exposed us to positive bias. Instead, the patients in whom the question mark algorithm detected a plateau region were
identified, and in each of these, the optima suggested by the two algorithms were documented. The patients then
underwent alternations between these two AV delay settings to prospectively quantify the pressure difference
between them. It would not have made sense to perform this step in the remaining 83 patients, as the optima
predicted by the two algorithms are identical.

Although the predicted increase in SBP with the question mark algorithm is relatively small (it corresponds to about
1% of stroke volume),it is effectively available for free since the device is already in place and it is easy to
implement the question mark algorithm. The effect of CRT itself is larger. In the COMPANION (Comparison of
Medical Therapy, Pacing and Defibrillation in Chronic Heart Failure) trial [6], patients randomized to the active
CRT arm initially gained approximatively 2 mmHg of SBP compared with the control arm (no confidence interval
published), and showed thereafter an 18% relative reduction in the combined endpoint of morbidity and mortality
(95% confidence interval: 1% increase to 42% reduction). In the CARE-HF (Cardiac Resynchronization - Heart
Failure) trial [7], patients in the treatment arm showed an increase in SBP of 5.8 mmHg compared with controls at
three months (95% confidence interval: 3.5 mmHg to 8.2 mmHg) and a subsequent relative mortality reduction of
37% (95% confidence interval: 23% to 49%). However, it should be borne in mind that the advantage we describe
from the question mark optimisation is an incremental benefit rather than a replacement for CRT in itself.

Aside from using a more sophisticated algorithm, there are two other potential improvements to the question mark
algorithm. Firstly, current protocols tend not to investigate large AV delays because of the greater likelihood that
human intervention will be needed to eliminate the non-parabolic region in the graph of SBP. However, if SBPs at
higher AV delays were included and the question mark algorithm used, we would be able to use more of the data
reliably, potentially leading to improved predictions of AV settings. Secondly, possible future improvements in the
accuracy of hemodynamic measurements would significantly enhance our ability to distinguish the non-parabolic

behaviour. Another significant reason in favour of adopting the question mark algorithm is that, once it is encoded,



using it does not require extra effort than using the parabolic algorithm, since the computational time required for

both algorithms is very small.

Limitations of the study

The patients underwent atrial pacing at raised heart rates in this study, because differences in parameters such as SBP
can be seen more clearly in this state. However, optima identified at a high heart rate tend to be different from those
identified at resting heart rate with atrial sensing [15]. It is not known which configuration (that is, optimisation at an
elevated or at a resting heart rate) would provide better clinical outcomes for the patients in the long term.

We focused on the immediate hemodynamic effects of changing AV delay, rather than the long-term effects. The
implications for the long term are unknown, and the predictions of this study might be diluted by the integrated
cardiovascular responses to a change in cardiac function [12]. Moreover, it is not clear if the immediate positive
hemodynamic effects of optimisation of the AV delay translate into long-term benefits in terms of remodelling,
symptoms or prognosis [28]. A recent meta-analysis, including 4,356 heart failure patients with CRT, showed no
differences in clinical and echocardiographic outcomes between CRT patients who underwent optimisation of the

AV and/or VV delays and CRT patients with pacemakers left at factory settings [29].

Conclusion

This study has focused on improving the precision of CRT optimisation by developing a new question mark
algorithm that identifies both a parabolic and a plateau region of SBP response to changes in AV delays.

Out of 93 patients, the algorithm detected 10 patients with significant deviations from the parabolic trend at high AV
delays. For these patients, the optimal AV setting from the question mark algorithm generated a SBP that was 1.26
mmHg higher on average than that obtained with the parabolic algorithm (95% confidence interval: 0.60 mmHg to

1.92 mmHg, p-value = 0.002).



References

[1] Blanc, J J, Y Etienne, M Gilard, J Mansourati, S Munier, J Boschat, D G Benditt, and K G Lurie. “Evaluation of
Different Ventricular Pacing Sites in Patients with Severe Heart Failure: Results of an Acute Hemodynamic Study.”

Circulation 96, no. 10 (November 18, 1997): 3273-3277

[2] Nelson, G S, R D Berger, B J Fetics, M Talbot, J C Spinelli, ] M Hare, and D A Kass. “Left Ventricular or
Biventricular Pacing Improves Cardiac Function at Diminished Energy Cost in Patients with Dilated

Cardiomyopathy and Left Bundle-Branch Block.” Circulation 102, no. 25 (December 19, 2000): 3053-3059.

[3] Breithardt, Ole-A, Christoph Stellbrink, Andreas Franke, Osman Balta, Bjorn H Diem, Patricia Bakker, Stefan Sack, et
al. “Acute Effects of Cardiac Resynchronization Therapy on Left Ventricular Doppler Indices in Patients with

Congestive Heart Failure.” American Heart Journal 143, no. 1 (January 2002): 34—44



[4] Perego, Giovanni B, Roberto Chianca, Mario Facchini, Alessandra Frattola, Eva Balla, Stefania Zucchi, Sergio
Cavaglia, Ilaria Vicini, Marco Negretto, and Giuseppe Osculati. “Simultaneous vs. Sequential Biventricular Pacing
in Dilated Cardiomyopathy: An Acute Hemodynamic Study.” European Journal of Heart Failure 5, no. 3 (June

2003): 305-313

[5] Van Gelder, Berry M, Frank A Bracke, Albert Meijer, Lex J M Lakerveld, and Nico H J Pijls. “Effect of Optimizing
the VV Interval on Left Ventricular Contractility in Cardiac Resynchronization Therapy.” The American Journal of

Cardiology 93, no. 12 (June 15, 2004): 1500-1503

[6] Bristow, Michael R., Leslie A. Saxon, John Boehmer, Steven Krueger, David A. Kass, Teresa De Marco, Peter Carson,
et al. “Cardiac-Resynchronization Therapy with or without an Implantable Defibrillator in Advanced Chronic Heart

Failure.” New England Journal of Medicine 350, no. 21 (2004): 2140-2150

[7] Cleland, John G.F., Jean-Claude Daubert, Erland Erdmann, Nick Freemantle, Daniel Gras, Lukas Kappenberger, and
Luigi Tavazzi. “The Effect of Cardiac Resynchronization on Morbidity and Mortality in Heart Failure.” New

England Journal of Medicine 352, no. 15 (2005): 1539-1549

[8] Auricchio, A, C Stellbrink, M Block, S Sack, J Vogt, P Bakker, H Klein, et al. “Effect of Pacing Chamber and
Atrioventricular Delay on Acute Systolic Function of Paced Patients with Congestive Heart Failure. The Pacing
Therapies for Congestive Heart Failure Study Group. The Guidant Congestive Heart Failure Research Group.”

Circulation 99, no. 23 (June 15, 1999): 2993-3001

[9] Kass, D A, C H Chen, C Curry, M Talbot, R Berger, B Fetics, and E Nevo. “Improved Left Ventricular Mechanics
from Acute VDD Pacing in Patients with Dilated Cardiomyopathy and Ventricular Conduction Delay.” Circulation

99, no. 12 (March 30, 1999): 1567-1573

[10] Sawhney, Navinder S, Alan D Waggoner, Sanjeev Garhwal, Mohit K Chawla, Judy Osborn, and Mitchell N Faddis.
“Randomized Prospective Trial of Atrioventricular Delay Programming for Cardiac Resynchronization Therapy.”

Heart Rhythm: The Official Journal of the Heart Rhythm Society 1, no. 5 (November 2004): 562567

[11] Porciani, Maria Cristina, Cristina Dondina, Roberto Macioce, Gabriele Demarchi, Paolo Pieragnoli, Nicola Musilli,

Andrea Colella, Giuseppe Ricciardi, Antonio Michelucci, and Luigi Padeletti. “Echocardiographic Examination of



Atrioventricular and Interventricular Delay Optimization in Cardiac Resynchronization Therapy.” The American

Journal of Cardiology 95, no. 9 (May 1, 2005): 1108-1110

[12] Whinnett, Zachary I, Justin E R Davies, Keith Willson, Anthony W Chow, Rodney A Foale, D Wyn Davies, Alun D
Hughes, Darrel P Francis, and Jamil Mayet. “Determination of Optimal Atrioventricular Delay for Cardiac
Resynchronization Therapy Using Acute Non-Invasive Blood Pressure.” Europace: European Pacing, Arrhythmias,
and Cardiac Electrophysiology: Journal of the Working Groups on Cardiac Pacing, Arrhythmias, and Cardiac

Cellular Electrophysiology of the European Society of Cardiology 8, no. 5 (May 2006): 358-366

[13] Jansen, Annemieke H M, Frank A Bracke, Jan M van Dantzig, Albert Meijer, Pepijn H van der Voort, Wilbert
Aarnoudse, Berry M van Gelder, and Kathinka H Peels. “Correlation of Echo-Doppler Optimization of
Atrioventricular Delay in Cardiac Resynchronization Therapy with Invasive Hemodynamics in Patients with Heart
Failure Secondary to Ischemic or Idiopathic Dilated Cardiomyopathy.” The American Journal of Cardiology 97, no.

4 (February 15, 2006): 552557

[14] Turcott, Robert G, Ronald M Witteles, Paul ] Wang, Randall H Vagelos, Michael B Fowler, and Euan A Ashley.
“Measurement Precision in the Optimization of Cardiac Resynchronization Therapy.” Circulation. Heart Failure 3,

no. 3 (May 2010): 395-404

[15] Whinnett, Zachary I, Justin E R Davies, Gemma Nott, Keith Willson, Charlotte H Manisty, Nicholas S Peters, Prapa
Kanagaratnam, et al. “Efficiency, Reproducibility and Agreement of Five Different Hemodynamic Measures for
Optimization of Cardiac Resynchronization Therapy.” International Journal of Cardiology 129, no. 2 (September

26, 2008): 216-226

[16] Manisty, Charlotte H, Ali Al-Hussaini, Beth Unsworth, Resham Baruah, Punam A Pabari, Jamil Mayet, Alun D
Hughes, Zachary I Whinnett, and Darrel P Francis. “The Acute Effects of Changes to AV Delay on BP and Stroke
Volume: Potential Implications for Design of Pacemaker Optimization Protocols.” Circulation. Arrhythmia and

Electrophysiology 5, no. 1 (February 2012): 122—-130

[17] Whinnett, Z I, J E R Davies, K Willson, C H Manisty, A W Chow, R A Foale, D Wyn Davies, A D Hughes, ] Mayet,

and D P Francis. “Haemodynamic Effects of Changes in Atrioventricular and Interventricular Delay in Cardiac



Resynchronisation Therapy Show a Consistent Pattern: Analysis of Shape, Magnitude and Relative Importance of

Atrioventricular and Interventricular Delay.” Heart 92, no. 11 (November 2006): 1628-1634

[18] Penaz, J. “Photoelectric Measurement of Blood Pressure, Volume and Flow in the Finger.” In Digest of the 10th

International Conference on Medical and Biological Engineering, 104—104, 1973

[19] Petersen, M E, T R Williams, and R Sutton. “A Comparison of Non-Invasive Continuous Finger Blood Pressure
Measurement (Finapres) with Intra-Arterial Pressure during Prolonged Head-up Tilt.” European Heart Journal 16,

no. 11 (November 1995): 1641-1654

[20] Jellema, W T, B P Imholz, J van Goudoever, K H Wesseling, and J J van Lieshout. “Finger Arterial versus
Intrabrachial Pressure and Continuous Cardiac Output during Head-up Tilt Testing in Healthy Subjects.” Clinical

Science (London, England: 1979) 91, no. 2 (August 1996): 193-200

[21] Davies, L C, D Francis, P Jurdk, T Kara, M Piepoli, and A J Coats. “Reproducibility of Methods for Assessing
Baroreflex Sensitivity in Normal Controls and in Patients with Chronic Heart Failure.” Clinical Science (London,

England: 1979) 97, no. 4 (October 1999): 515-522

[22] Davies, L C, D P Francis, P Ponikowski, M F Piepoli, and A J Coats. “Relation of Heart Rate and Blood Pressure
Turbulence Following Premature Ventricular Complexes to Baroreflex Sensitivity in Chronic Congestive Heart

Failure.” The American Journal of Cardiology 87, no. 6 (March 15, 2001): 737-742

[23] Davies, L Ceri, Darrel P Francis, Keith Willson, Adam C Scott, Massimo Piepoli, and Andrew J S Coats. “Abnormal
Temporal Dynamics of Blood Pressure and RR Interval Regulation in Patients with Chronic Heart Failure:

Relationship to Baroreflex Sensitivity.” International Journal of Cardiology 86, no. 1 (November 2002): 107-114

[24] Francis, Darrel P, Keith Willson, Panagiota Georgiadou, Roland Wensel, L Ceri Davies, Andrew Coats, and Massimo
Piepoli. “Physiological Basis of Fractal Complexity Properties of Heart Rate Variability in Man.” The Journal of

Physiology 542, no. Pt 2 (July 15, 2002): 619-629

[25] Davos, Constantinos H, Periklis A Davlouros, Roland Wensel, Darrel Francis, L Ceri Davies, Philip J Kilner, Andrew
J S Coats, Massimo Piepoli, and Michael A Gatzoulis. “Global Impairment of Cardiac Autonomic Nervous Activity

Late after Repair of Tetralogy of Fallot.” Circulation 106, no. 12 Suppl 1 (September 24, 2002): 169-75



[26] Davos, Constantinos H, Darrel P Francis, Marjolein F E Leenarts, Sing-Chien Yap, Wei Li, Periklis A Davlouros,
Roland Wensel, et al. “Global Impairment of Cardiac Autonomic Nervous Activity Late after the Fontan Operation.”

Circulation 108 Suppl 1 (September 9, 2003): 11180—185

[27] R Core Team (2013). R: A Language and Environment for Statistical Computing. Vienna, Austria: R Foundation for

Statistical Computing. ISBN 3-900051-07-0

[28] Stanton, T., N. M. Hawkins, K. J. Hogg, N. E.R. Goodfield, M. C. Petrie, and J. J.V. McMurray. “How Should We

Optimize Cardiac Resynchronization Therapy?” European Heart Journal 29, no. 20 (May 13, 2008): 2458-2472

[29] Auger, Dominique, Ulas Hoke, Jeroen J Bax, Eric Boersma, and Victoria Delgado. “Effect of Atrioventricular and
Ventriculoventricular Delay Optimization on Clinical and Echocardiographic Outcomes of Patients Treated with

Cardiac Resynchronization Therapy: A Meta-Analysis.” American Heart Journal 166, no. 1 (July 2013): 20-29

Appendix

#HHH##HH#HIA R code to implement to parabola-and-plateau optimisation process #####HiH#H#
## load dataset and assign names to columns

data <- read.table("XXX.txt")

colnames(data) <- ¢("delay","deltaBP")

## extract tested delays and calculate mean relative SBP for each tested delay
unique.delay <- unique(data$delay)

means <- rep(NA,length(unique.delay))

for (i in l:length(unique.delay))

{

means[i] <- mean(subset(data,data§delay==unique.delay[i])$deltaBP)

}

## run a loop to find the parabola and plateau regions for all tested delays



quadr.coeff <- rep(NA,length(unique.delay)) # empty vector to store the quadratic coeff.
RSS <- rep(NA,length(unique.delay)) # empty vector to store RSS

for (i in (1:length(unique.delay))){

parabola.subset <- subset(data,data$delay<=unique.delay[length(unique.delay)+1-i])
parabola.fit <- Im(deltaBP ~ delay + I(delay”2), data = parabola.subset)

parabola.RSS <- sum(parabola.fit$residuals”2)

plateau.subset <- subset(data,data$delay>unique.delay[length(unique.delay)+1-i])
plateau.constant <- tail(parabola.fit$fitted.values, n=1) #means[length(unique.delay)-1]
plateau.RSS <- sum((plateau.subset$deltaBP - plateau.constant)"2)

RSSJi] <- parabola.RSS + plateau.RSS

quadr.coeff[i] <- parabola.fit$coefficients[3]

}

## create a dataframe with RSS and quadratic coeff. for each tested delay
unique.delay.last.first <- rep(NA,length(unique.delay))

for (i in (1:length(unique.delay))){

unique.delay.last.first[i] <- unique.delay[length(unique.delay)+1-i]

}

RSS.quadr.coeff <- data.frame(quadr.coeff, RSS, unique.delay.last.first)

RSS.quadr.coeff.pos.quadr.coeff <- subset(RSS.quadr.coeff, quadr.coeff <= 0)

## determine which delay minimises the RSS

pos.opt.delay <- which.min(RSS.quadr.coeff.pos.quadr.coeffSRSS)

beg.plateau <- RSS.quadr.coeff.pos.quadr.coeff$unique.delay.last.first[pos.opt.delay]
i <- which (unique.delay.last.first == beg.plateau)

parabola.subset <- subset(data,data$delay<=unique.delay[length(unique.delay)+1-i])

## fit a quadratic curve to the parabolic region of the dataset,



## perform predictions according to the fit, and calculate the RSS of the

## parabolic region and the plateau region together

parabola.fit <- Im(deltaBP ~ delay + I(delay”2), data = parabola.subset)

parabola.pred.delay <- seq(min(parabola.subset$delay), max(parabola.subset$delay), 1)
parabola.predictions <- predict(parabola.fit,newdata = data.frame(delay = parabola.pred.delay))
plateau.subset <- subset(data, data$delay > unique.delay[length(unique.delay)+1-i])
plateau.constant <- tail(parabola.fit$fitted.values, n=1)

parabola.RSS <- sum(parabola.fit$residuals”2)

plateau.RSS <- sum((plateau.subset$deltaBP - plateau.constant)"2)

RSS.min <- parabola.RSS + plateau.RSS

## plot the data with the fitted values according to the algorithm

plot(x = data$delay, y = data$deltaBP, xlab ="AV delay (ms)",
ylab=expression(SBP[rel]~(mmHg)),

main = "AV optimisation dataset ",

pch = 18, col = "blue", xaxt="n"

axis(1, at=unique.delay)

points(x = unique.delay, y = means, col = "red", pch = 15)

lines(x = c(parabola.pred.delay, plateau.subset$delay),

y = c(parabola.predictions, rep(as.numeric(plateau.constant), length(plateau.subset$delay))),

—_n

col ="green", Iwd = 2)



