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How to deliver personalized Cardiac Resynchronization Therapy through the precise measurement of the acute hemodynamic response: insights from the iSpot trial
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Introduction

New pacing technologies offer greater choice of left ventricular pacing sites and greater personalization of cardiac resynchronization therapy (CRT). The effects on cardiac function of novel pacing configurations are often compared using multi-beat averages of acute hemodynamic measurements. In this analysis of the iSpot trial we explore whether this is sufficient.

Methods

The iSpot trial was an international, prospective, acute hemodynamic trial that assessed seven CRT configurations: Standard CRT, Multispot (posterolateral vein), and Multivein (anterior and posterior vein) pacing. Invasive and non-invasive blood pressure, and LV dP/dtmax were recorded. Eight beats were recorded before and after an alternation from AAI to the tested pacing configuration and vice-versa. Eight alternations were performed for each configuration at each of the 5 AV delays.
Results
25 patients underwent the full protocol of 8 alternations. Only 4 (16%) patients had a statistically significant >3mmHg improvement over conventional CRT configuration (posterolateral vein, distal electrode). However, if only one alternation was analyzed (standard multi-beat averaging protocol), 15 (60%) patients falsely appeared to have a superior non-conventional configuration. Responses to pacing were significantly correlated between the different hemodynamic measures: invasive SBP versus non-invasive SBP r=0.82 (p<0.001); invasive SBP versus LV dP/dt r=0.57, r2=0.32 (p<0.001).
Conclusions
Current standard multi-beat acquisition protocols are unfortunately unable to prevent false impressions of optimality arising in individual patients. Personalization processes need to include distinct repeated transitions to the tested pacing configuration in addition to averaging multiple beats. The need is not only during research stages, but also during clinical implementation.
Keywords: Cardiac resynchronization, MultiVein, MultiSpot, Optimization, Heart failure.
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[bookmark: _GoBack]To advance on the mortality1 and symptomatic benefits2,3 of cardiac resynchronization therapy (CRT), current work is exploring personalization using targeting of left ventricular (LV) lead position, multipoint LV lead pacing and multisite pacing. Such personalization requires precise hemodynamic measurements. The protocol must have sufficient power, even with a sample size of n=1 patient. 
Typical augmentation of systolic blood pressure (SBP) with biventricular pacing (BVP) in left bundle branch block (LBBB) is ~6mmHg4, associated with ~20% mortality reduction. The measurement protocol for a potential advance on CRT should be able to detect an increment about half this size, i.e. 3mmHg, since it might provide a corresponding ~10% mortality reduction. This means the 95% confidence interval must be <±3mmHg. This is explained in more detail in Appendix A.
There are two approaches to achieving this in the face of unavoidable background biological fluctuations. Typically, multi-beat averaging is performed, eliminating high-frequency fluctuations such as pulsus alternans, but not slower background fluctuations. Handling the latter requires multiple repeated alternations. 

Our field does not yet accept that the planning and effort required to achieve this precision is necessary. We test this using the high precision data from the iSpot trial. This seven-center international study compared three forms of BVP: (a) Standard BVP, (b) MultiSpot (from a quadripolar lead in same vein), and (c) MultiVein (simultaneous pacing from two veins). The primary result5 was that MultiSpot pacing did not give significantly higher hemodynamic response than conventional BVP.

The iSpot protocol included both multi-beat averaging and multiple repeated alternations (Figure 1). 
In this analysis of the iSpot trial data, we study whether this time-consuming second feature is truly necessary.
Methods
[image: ]Study population

All participants gave written informed consent, which was approved by the local ethics committee. Patients with an indication for a CRT device were recruited. Inclusion criteria for the study were LBBB with QRS duration >120ms, LV ejection fraction ≤35%, sinus rhythm at the time of the procedure, New York Heart Association class II to IV, and optimal heart failure therapy for 3 months prior to the procedure. Exclusion criteria were recent myocardial infarction (<40 days) or coronary artery bypass graft surgery (<90 days); listed for, or post-heart transplant; continuous inotrope infusion; severe aortic stenosis; mechanical heart valves; or severe renal disease5.
Pacing protocol

The methods have been previously described5. In summary, patients underwent the hemodynamic study prior or at the time of a planned insertion of a CRT system. A coronary sinus venogram was performed to identify the target veins (anterior, posterior, and lateral). For LV stimulation, a quadripolar (Medtronic or equivalent), or a decapolar catheter was used. The LV lead was alternately positioned in the lateral, anterior, and posterior vein, along with an atrial and right ventricular (RV) lead. In total, seven pacing configurations were tested (Table 1). For each pacing configuration 5 different atrio-ventricular (AV) delays were tested. The AV delays tested were centered around the AV delay calculated as optimal using the CardioSyncTM formula6. One set of measurements were performed at this AV delay, and four further sets at delays of ±20 and ±40ms. For each patient a total of 35 different combinations of pacing configuration and AV delay were tested. The ventriculo-ventricular (VV) delay was kept constant at 0ms.
[bookmark: page7]Hemodynamic measurements

Non-invasive beat-by-beat blood pressure was obtained from a finger (BMEYE Nexfin system), and invasive blood pressure from the femoral artery and LV pressures. Maximal LV dP/dt was calculated from a high-fidelity solid-state pressure catheter (Millar, Houston, Texas, USA) placed in the LV via the retrograde aortic approach. These hemodynamic data were simultaneously acquired alongside ECG data using a 32-channel physiological recording system (Porti, TMSI, Twente, Netherlands) and recorded using customized software. The sampling rate of dp/dt measurements was 1000 Hz. Signals from all data acquisition channels were visualized throughout the procedure to ensure that good quality traces were recorded, but data analysis was automated and performed post-procedure.
Hemodynamic acquisition protocol

For each tested pacing configuration, a careful measurement was made of its hemodynamic difference from the reference pacing configuration. We have previously shown that when a pacing configuration is changed from a reference to a more favorable one, there is an increase in blood pressure which is most intense initially and then partly decays. We have established through simultaneous beat-by-beat doppler measurements, again with multiple replicates, that the reason for this partial decay is a peripheral vasodilatation rather than a decline in the stroke volume increment. There are therefore three reasons to favor a measurement window early after the transition:
1. The signal is largest at that time, thereby maximizing the signal to noise ratio that is crucial to precision of selecting the optimal pacing configuration.7
2. Separately, less time has passed and therefore less opportunity is permitted for unwanted but inevitable background processes to interfere with pressure. 
3. Finally, recording early means that more replicates can be achieved within a duration of time that is acceptable to the patient
The first reason increases the signal, the second decreases the noise and the third increases n. Since the formula for the uncertainty is signal÷(noise × √ n), all three influences combined in the same direction to strongly favor early rather than late measurement. 
[bookmark: page8]At least 8 beats of hemodynamic data were acquired during AAI pacing mode immediately prior to the transition to the tested pacing configuration and AV delay and immediately after. After at least 8 beats, AAI pacing was restored. This was repeated a further 3 times so that a total of 8 alternations between AAI pacing and the configuration under test were made (Figure 1). The 7 pacing configurations in table 1 were each tested at 5 AV delays, and each of these 35 testing processes involved the 8 alternations of at least 8+8 beats. For each patient we obtained a dataset of over 4,480 heart beats of hemodynamic information from which to estimate the optimal pacing mode (Figure 1). This involved a minimum of 45 minutes of data recording, in addition to the time taken to reposition leads and program AV delays. The pacing rate was kept constant at 100bpm throughout the alternations to reduce the time to complete the protocol. As the experimental protocol was prolonged, selecting a heart rate significantly above the intrinsic rate ensured that changes in the intrinsic heart rate would not cause breakthrough and require that the protocol was repeated. 
Analysis

The raw signals underwent fully blinded and automated off-line analysis using custom software to extract the SBP and maximum dP/dt from every beat. The beats at which the pacing configuration were changed were identified automatically by the software using a marker channel which was laid down at the time of data acquisition. This enabled a blinded analysis to minimize unintentional bias.

The variability in beat-to-beat (hemodynamic) response and alternation-to-alternation (pacing configuration) response was calculated using a random-effects model for illustrative combinations of patient, pacing configuration, and AV delay. In this study, responses are expressed as percentages to allow comparison of the relative effect sizes between the SBP and maximum dP/dt changes. Computationally, this was achieved by log transforming the raw data, performing standard linear processing (as shown in Figure 1), and then exponentiating to obtain the percentage response.8 Where exemplar data is shown (Figure 4, 5), the raw data in the original units is presented. For simplicity, in this analysis of variability, we considered each AV delay as a separate experimental unit and did not interpolate an AV delay curve.

We investigated the effect of curtailing an acquisition protocol by simply analyzing only the first alternation from the many that we acquired as part of iSpot (multi-beat averaging). We analyzed the data under two different analytical protocols and compared their findings. Under the “single-alternation” analysis protocol, we analyzed only the first alternation (between one 8-beat average and another) and treated an improvement >3mmHg as significant. Under the “multiple repeated alternation” analysis protocol, the data from all eight repeated alternations were analyzed, and improvements >2.5% were considered significant if they passed Bennet’s Multiple Comparison test.

Summary statistics and group comparisons using ANOVA with Tukey’s Honest Significant Difference test were used where appropriate. All analyses were performed using the statistical environment ‘R’9 with the “lme4” and “ggplot2” packages.

Ethical approval and sponsorship

The study was approved by the relevant government authorities and the local ethical committees. All patients gave written informed consent before the start of the study. This study was sponsored by Bakken Research Center, Medtronic Maastricht, The Netherlands. Clinical trial registration number NCT01883141.

Results
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Participants and feasibility

31 patients were initially enrolled in the iSpot study. One patient did not meet the inclusion criteria (LVEF>35%). Another three patients were excluded at the time of procedure for electrical instability, intermittent RV capture, and failure to cannulate the lateral vein, respectively. A total of  27 patients had hemodynamic measurements, and all of their data was analyzed in this paper. Three did not have measurements in all the configurations required for the primary iSpot analysis and therefore could not be analyzed for the main iSpot primary end-point publication. Despite the complexity of the protocol, the multiple spaced repeated alternations were found to be feasible. Across the 27 patients, 175 out of the planned 189 (27×7) pacing configurations were tested (93%). Fourteen of the 189 configurations were not achieved due to difficult lead placement. In these 175 configurations, all planned 5 AV delays were tested in 171 (98%), and 4 AV delays were tested in the remaining 4 (2%). The mean procedure time from first incision to the end of the pacing protocol was 3.3 hours ± 45.7min. RV stimulation was via the apex in 18 patients and from the septum in 9 patients. Full baseline characteristics are available in the first publication.5
Are multiple spaced repeated alternations required?

Figure 2 shows the data acquired from multiple repetitions of the commonly performed acquisition protocol, that of averaging multiple beats compared to AAI pacing. In the top panel of Figure 2, the invasive hemodynamic effect of pacing (relative to AAI pacing) during the 7 different pacing configurations shows the greatest increase in SBP in the first configuration (BVP between the RV and distal LV electrode in the lateral branch of the coronary sinus (CS)). In contrast, the second panel shows a greater response in a different pacing configuration. Across all eight panels, there is a change in the pacing configuration that produces the greatest response.

Figure 3 shows all 8 sets of data on a single panel from a single patient (same as Figure 2). Viewing data from all repetitions together makes clear that there is a difference in response between BVP from the lateral vein (distal, mid, proximal and multisite) and from other sites (anterior, posterior, or multi-vein), with ANOVA p<0.0001. The same phenomenon is seen with other hemodynamic measures. An example for LV dp/dt is shown in Appendix B.

Distinction between the impacts of multi-beat averaging versus multiple spaced repetitions

[bookmark: page11]Between one transition of pacing configuration and replication of the same transition a few minutes later, the observed hemodynamic response was not always the same. There are two possible causes for this variation. First, because there is beat-to-beat variability, no two measurements of a change will be identical. Second, due to an inevitable subtle difference in physiological state, there could be a genuine difference between the hemodynamic impact of one replicate of a transition and another. These two sources are distinct, as is illustrated in Figures 4 and 5. In Figure 4, the left panel shows one transition with blood pressure manifesting beat-to-beat variability. The right panel shows four such transitions. Even with averaging multiple beats in the immediate pre- and post-transition periods, there are still differences in the size of the response observed during the transition. 
Performing multiple spaced repeated alternations avoids false positives
We investigated the effect of curtailing an acquisition protocol by simply analyzing only the first alternation from the many that we acquired as part of iSpot as compared to analyzing all 8 repeated alternations. Two patients were excluded (Patients 5 and 11) because they did not have useable data for the reference (conventional BVP) pacing configuration. A further three patients did not have usable non-invasive data (Patients 10, 16, 17).

We found that under the single-alternation protocol, 38/140 (27%) of the pacing configurations across all patients met the criteria for improvement in invasive SBP. In contrast, under the multiple-alternation protocol, only 10/140 (7.1%) met the criteria for improvement.

Treating the patient as the analytical unit, with the single alternation protocol 15/25 (60%) patients met the criteria for improvement. Conversely, with the multiple repeated alternation protocol only 4/25 (16%) patients met the criteria for improvement with invasive SBP measurements.

A similar pattern was seen in the non-invasive SBP data. Under the single-alternation protocol, 50/122 (41%) of the pacing configurations across all patients showed a 3mmHg improvement in non-invasive SBP. However, under the multiple repeated alternation protocol, only 6/122 (4.9%) were statistically significant with non-invasive SBP measurements.

Which measure to use: Invasive blood-pressure, non-invasive beat-to-beat blood pressure, maximum LV dP/dt?

The relationship between invasive SBP, non-invasive SBP, and LV dP/dt max is shown in Figure 6. The percentage hemodynamic benefit for each pacing configuration at each tested AV delay showed significant correlation between all three response measures. There was a strong correlation between assessment by invasive and non-invasive systolic blood pressure (rho = 0.82, p<0.001, Figure 6) and a weaker correlation between maximum LV dP/dt and invasive blood pressure (rho=0.57, p<0.001, Figure 6).

For all three hemodynamic measures, the noise, quantified as percentage error in the quantifications of response, declined progressively as more alternations were analyzed (Figure 7). Invasive SBP showed smaller such noise than non-invasive blood pressure (p<0.0001) and LV dP/dt (p<0.0001).
Discussion
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Personalized medicine, such as the selection of ideal pacemaker settings or lead configurations for a particular patient, relies on measurements precise enough to distinguish small differences despite inevitable spontaneous biological variability.
Our analysis shows that multi-beat averaging is not enough to prevent the false appearance of differences between alternative settings or configurations. If a protocol uses only one transition per pacing configuration (e.g. AAI to the tested pacing configuration), even if multiple beats are averaged, it will tend to find apparent differences even when in reality there are none. Implementing multiple discrete replicates substantially improves precision. 
The variation in hemodynamic increments between the reference state and a tested state, from one testing to another of that same tested state, may occur due to several potential mechanisms. Each AV delay, such as +20ms, has its haemodynamic increment from the reference setting measured from several repetitions of the step change from reference to +20ms. The various repetitions showed slightly different increments, and our protocol was to take the arithmetic mean of these as our estimate of the true increment. There are several potential mechanisms for the differences between these repeated measurements. 
One cause of variation is respiration. Respiration contributes in two ways. First, there is a low frequency fluctuation in the BP in synchrony with the respiratory cycle. Second, the pulse pressure varies in synchrony with the respiratory cycle. For this reason, our previous work has identified the statistical advantage of sampling over one respiratory cycle.10 
However, aside from respiration, any conscious individual has multiple interacting biological processes that cause small variations in BP occurring at different frequencies. Because it is not possible to track the underlying processes comprehensively, they must be handled statistically as though they are random.
One final theoretical possibility is a carry-over effect from the previous tested configuration. For example, after a series of alternations from reference to +20ms, it is conceivable that further such alternations all produce a consistent pressure increment, whereas on the first such alternation, the increment is different because the recent history of AV delays is different. However, our experience in previous work is that when repeated alternations are performed between reference and a particular tested setting, the increments continue to be variable between the replicate alternations, rather than settling down to a stereotyped value. This suggests to us that the dominant source of the variability is inherent biological variability rather than a carry-over effect.10
Comparison to previous studies
Acute hemodynamic measurements conveniently give highly reproducible quantifications of comparative efficacy between different pacing configurations. While it is long-term effects that are the only important outcome, it would be too expensive, slow and inefficient to conduct long-term trials to test personalization, as each patient could only have one pacing configuration tested. The iSpot trial indicated no significant overall improvement in acute hemodynamics from changing away from conventional BVP, within the same CS branch or different CS branches.5
Previous studies suggested improvements with MultiSpot pacing11,12 and alternative site pacing13,14. One explanation for this divergence in conclusions is the multiple spaced repeated alternations performed in the iSpot trial in addition to the usual multi-beat averaging. Studies of new pacing configurations such as multipolar, alternative-site or multi-site LV pacing15 have often used less elaborate measurement protocols16. Studies almost always perform only one of each alternation, because it has not been known whether the extra effort of replicates is worthwhile. 


By increasing the number of beats, and of alternations, researchers can design their protocol to deliver any desired precision. Our 8+8 beats, and eight alternations, deliver precision under 2% within an acceptable time (Figure 7). Hemodynamic measurements have consistently been found to improve when BVP is applied to patients with LBBB and heart failure. These acute improvements were found to translate into improvements in exercise capacity and in subsequent large randomized trials, reductions in heart failure hospitalizations and mortality. Interestingly, in the Care HF study, the treatment group experienced a sustained improvement in SBP of 6mmHg (p<0.001) after 18 months.1
Therefore, acute hemodynamic measurements have the potential to be a useful tool for assessing whether a new pacing intervention improves acute cardiac function and what the magnitude of the improvement is, so that investigators can decide whether a particular intervention is promising enough to be tested in larger outcome trials. This is the main utility which we are investigating in this paper. It is possible that research efforts could have been more appropriately focused if smaller experiments had been performed using high precision hemodynamic measurements with other pacing innervations, for example BVP in patients with narrow QRS. In addition to the research application, there is emerging data that hemodynamic measurements can be used to guide pacing interventions.17
Limitations

This was an acute hemodynamic study. While it is established that conventional CRT improves both short-term hemodynamics and long-term outcomes, a direct link is less well established. The present study indicates that there is no acute hemodynamic signal to suggest that one configuration would have a different long-term clinical benefit than another. However, Multispot pacing may be of value in cases of phrenic nerve capture or LV lead dislodgement.
Whilst multiple AV delays were tested, because of time limitations, only a single VV delay was used (0ms). It is not known if altering the VV delay would allow alternative pacing configurations to differentially improve hemodynamics, although our previous work suggests that the impact sometimes described as that of VV delay turns out to be an occult consequence of unnoticed but inevitable changes in AV delay.18 Testing was not in randomized order and was not blinded, leading to potential performance bias. This may be mitigated by the large amount of data collected per patient, and the automated analysis.
Pacing was performed at 100 bpm rather than just above resting rate. The reason for this is three-fold. Firstly, we wanted to standardize the results between patients, so a rate higher than typical intrinsic rates was used. Secondly, using a rate of 100 bpm as compared to say 60 bpm, reduces the time taken by 40%. Finally, at higher heart rates, the magnitude of changes is larger, increasing the signal-to-noise ratio. Nevertheless, it must be recognized that the magnitudes of differences observed at this elevated heart rate, are likely to be larger than those in day-to-day life. The reason to choose this artificially magnified response is solely to make it easier to discern differences between configurations during a realistic protocol duration, in the same way that a magnifying glass might be used to artificially increase the visibility of a small object.  

Precision medicine and trial design

Most clinical studies aim to demonstrate a treatment effect comparing a treatment cohort with a no-treatment cohort. Such parallel group trials (such as CARE-HF), which have advanced the management of large segments of the heart failure population, can only ascertain the difference between treatments averaged over all patients.1 Even single-crossover design is not sufficient to confirm whether an individual patient’s apparent effect is genuine or simply chance.19,20 With therapies such as CRT, because repeated cross-over is straightforward, there is an opportunity to determine an individual patient’s response as precisely as time and resources permit.

Conclusion
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Personalization of pacing configurations requires precision measurements because of natural biological variability. Multi-beat averaging is the conventional approach of tackling this. Nevertheless, false positive appearances of optimality can easily still occur when there is no real difference. A key step to avoid false positive detection of differences is the addition of multiple spaced repeated alternations to the hemodynamic protocol, even when the protocol includes multi-beat averaging. By personalizing CRT and avoiding false positive detection, this would give patients the greatest benefit from pacing.
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Figure 1

Sketch of four alternations from a total of eight performed to test each AV delay in each pacing configuration. For each alternation, the hemodynamic response is calculated as the 8 beats after the transition minus the eight beats before (reversed for the reverse transitions such as alternation 2 and alternation 4).

If the 8 panels were data from 8 different patients, one might be tempted to conclude that the optimal LV pacing site is highly variable and patient-specific. However, this figure is just one patient assessed 8 times. The multi-beat averaging has not given protection against natural variability. Only reviewing multiple spaced repeated alternations together (the 8 panels) makes this clear.

Figure 2

Each panel shows the acute increment in systolic blood pressure for a single patient on initiation of biventricular pacing from a baseline of AAI pacing. The value for each configuration compares an 8-beat average during biventricular pacing versus an 8-beat average during AAI. 
SBP – Systolic Blood pressure
Figure 3

The data from the 8 panels from a single patient of Figure 2 are now displayed together in a single panel. Each black data point represents the relative change in invasive systolic blood pressure calculated from a single transition between an 8-beat average at the AAI reference and an 8-beat average at the tested pacing configuration. The red dot and lines show the mean and 95% confidence interval for the multiple spaced repeated alternations of these multi-beat averaged increments. In this patient, the first four configurations displayed are not significantly different from each other (ANOVA p=0.8) but the next three show a lower response (ANOVA p=0.006 for comparison of lateral vs other veins).

Figure 4. The testing of biventricular pacing from the posterior vein at the optimal AV delay.
The left panel shows the 8-beat average before the transition, and the rise in pressure to the 8-beat average after the transition. The right panel shows 4 repetitions of this process, which were performed spaced out in time, but are overlaid to allow comparison. Even the multi-beat averaging has not prevented the four repeated alternations showing such variability.

Figure 5. Multiple spaced repeated alternations substantially improve upon conventional multi-beat averaging. Data from a single patient to demonstrate the greatest benefit from pacing is obtained by averaging more beats

and performing multiple repeated alternations. Even if more and more beats are averaged before and after the moment of alternation, only the impact of simple beat-to-beat variability (orange) is reduced, but the imprecision caused by having sampled only one physiological state remains (middle column). Only by performing multiple repeated alternations can the responses be observed in a multiplicity of those subtly different physiological states, and their variability thereby quenched (right column). Consequently, recording longer beat sequences before and after the transition cannot deal with this issue; rather, it is necessary to carry out the transition multiple times to reduce variation.

SD – Standard Deviation

Figure 6.

Relationship between the hemodynamic benefit for each combination of patient, pacing configuration, and AV delay as assessed by the three hemodynamic measures (invasive SBP, non-invasive SBP, and LV dP/dt max).

LV – Left Ventricle		SBP – Systolic Blood Pressure

Figure 7

As the number of repeated alternations performed increases, the standard error (i.e. the uncertainty) of the hemodynamic benefit decreases. Invasive SBP has the lowest uncertainty.

LV – Left Ventricle	SBP – Systolic Blood Pressure
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