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Abstract

Background: Implantable cardioverter defibrillators (ICDs) offer effective therapy for

the prevention of sudden cardiac death (SCD) due to ventricular arrhythmias. How-

ever, inappropriate shocks have detrimental effects on survival and quality of life.

The addition of hemodynamic monitoring may be useful in discriminating clinically

important ventricular arrhythmias.

Objective: In this study, we assess the ability of laser Doppler flowmetry to assess the

hemodynamic effect of paced atrial and ventricular arrhythmias using mean arterial

blood pressure as the reference.

Methods: In this acute human study in patients undergoing an elective electrophysio-

logical study, laser Doppler flowmetry, arterial blood pressure, and surface ECG were

acquired during high-rate atrial and ventricular pacing to simulate supraventricular

and ventricular tachycardias.

Results: Arterial blood pressure and laser Doppler flow signals correlated well during

atrial and ventricular pacing (rho = 0.694, p < .001). The hemodynamic impairment

detected by both methods was greater during ventricular pacing than atrial pacing (–

1.0% vs. 19.0%, p < .001). Laser Doppler flowmetry performed better than rate alone

to identify hemodynamic impairments.

Conclusion: In this acute study, laser Doppler flowmetry tissue perfusion served as a

good surrogate measure for arterial pressure, which could be incorporated into future

ICDs.
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1 INTRODUCTION

Sudden cardiac death (SCD) is a major healthcare problem, affecting

about 5million1 peopleworldwide each year. Implantable cardioverter

defibrillators (ICDs) can effectively treat ventricular arrhythmias and

prevent SCD.2–4 However, patients may receive inappropriate thera-

pies if a device falsely detects a ventricular arrhythmia, or unnecessary

therapies, if the ventricular arrhythmiamay have spontaneously termi-

nated without intervention and/or is hemodynamically tolerated. Such

inappropriate or unnecessary shocks are harmful, as they reduce the

quality of life and increase mortality.5–9 Even anti-tachycardia pacing

(ATP) is not benign andmay accelerate arrhythmias.10

Currently, arrhythmia detection by ICDs relies solely on electrical

signals of atrial or ventricular origin from their device leads. Whilst

various algorithms and enhanced device programming have improved

the detection of ventricular arrhythmias and reduced inappropriate

therapies,11–16 inappropriate shocks still occur. Prominent among the

causes of inappropriate shocks are rapidly conducted atrial fibrillation

and T-wave over-sensing.17–20

As current devices are unable to determine a patient’s hemo-

dynamic status during an arrhythmia, ICD programming guidelines

rely primarily on heart rate. The addition of an accurate hemody-

namic assessment to ICDs would enable these devices to provide

hemodynamic-guided therapies. This would mean that in the pres-

ence of a hemodynamically tolerated arrhythmia, therapies would

be deferred, and in hemodynamically compromising arrhythmias

(whether ventricular or supraventricular), therapies would be deliv-

ered to reduce the duration of hypoperfusion.

Laser Doppler flowmetry (LDF) is a well-established technology to

measure tissue perfusion. LDF is based on the principle of interference

of tissue incident laser light reflected from static tissue structure and

moving blood cells. The relative amount of Doppler-shifted photons,

and their mean Doppler shift, are directly related to the concen-

tration and velocity of red blood cells. The frequency analysis of

the temporal speckle pattern created by the time-varying interfer-

ence provides an estimate of blood flow and flow velocities.21 Laser

Doppler has been applied to assess blood flow and perfusion in several

manifestations of microvascular disease such as diabetes, peripheral

arterial occlusive disease, systemic autoimmune disease, etc.22–24 It

has been found to discriminate hemodynamically stable from unstable

ventricular arrhythmias in animal models.25–27 Recently, Keene et al.

tested an electrogram (EGM)-gated algorithm for the quantification

of electromechanical coupling using laser Doppler flowmeasurements

during ICD defibrillation threshold testing. This method was 100%

reliable in distinguishing loss of perfusion during ventricular fibrilla-

tion from sinus tachycardia, T-wave oversensing, and right ventricular

lead fractures.28 In the past, LDFwas restricted to external equipment

due to its size and energy requirements. Advances in microelectron-

ics in the past decade have reduced these, and with the simultaneous

increase in computational power, LDF can now be considered for

implantable cardiac devices.29,30 LDF sensors can be integrated into

the can or the header of an ICD. Integration of the LDF sensor into the

can requires the addition of an optical window into the ICD can, while

in the header the sensor can be embedded into the epoxy directly. In

both cases the LDF sensor will optically measure the perfusion of the

vasculature in the fibrous capsule surrounding the device.

We, therefore, assessed the ability of LDF to reliably discrimi-

nate hemodynamically tolerated arrhythmias from hemodynamically

compromising arrhythmias.

2 METHODS

2.1 Patients

This was a single-center, acute hemodynamic study assessing the fea-

sibility of hemodynamic monitoring during simulated supraventricular

and ventricular tachycardias using a novel laser Doppler perfusion

monitor. The study was approved by the local medical ethics commit-

tee and the local regulatory body at the University Clinic Aachen. All

patients gave written informed consent. The study complied with the

Declaration of Helsinki.

Patients referred for a clinical electrophysiological study were

recruited. Inclusion criteria were an indication for an electrophysiolog-

ical study, and the patient’s willing to sign informed consent.

2.2 Monitoring

LDF perfusion monitoring, arterial blood pressure, surface electrocar-

diogram (ECG), and intracardiac electrograms (EGMs) obtained from

the electrophysiology (EP) catheters were monitored and recorded

throughout the study procedure.

Transcutaneous laser Doppler flow perfusion monitoring was per-

formed using a commercial system equipped with two channels

(PF5000, Perimed AB, Sweden). Two fiber optic probes were used

in the experiment to measure the tissue perfusion signal. The LDF

sensors were attached to the skin on the left forearm and/or on the

left high chest using double-sided adhesive tapes. The sensor position

was individually tailored to each patient to achieve good, stable, and

artifact-free perfusion signals.

Thearterial pressurewasmeasured froma femoral site using a three

French sheath (Abbott, USA). The pressure signal was appropriately

zeroed prior to the start of the data acquisition.

The analog perfusion signal, in addition to the arterial pressure and

surface and intra-cardiac EGMs were connected to the Prucka EP-lab

recording system (General Electrics, Boston, USA).

2.3 Pacing protocol

Supraventricular and ventricular tachycardias were simulated using

pacing. This was delivered by a Micropace stimulator (General

Electrics, Boston, USA) via a standard EP catheter at rates of 120, 140,

160, 180, and 200 bpm (if tolerated) to the high right atrium and right

ventricular apex. The pacing was preceded by one minute of baseline
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F IGURE 1 Experimental recording for ventricular stimulation at 180 bpm. Arterial blood pressure and laser Doppler perfusion signal show an
immediate decline following the start of the pacing intervention. For analysis of hemodynamic data, tissue perfusion signal, and arterial blood
pressure were averaged for the last 5 s before (baseline) and for the first 5 s from the onset of the pacing intervention. [Color figure can be viewed
at wileyonlinelibrary.com]

recording at the intrinsic heart rate. High-rate pacing was delivered

for 10–15 s during the ventricular stimulation protocol, and for 20–

30 s during the atrial stimulation protocol. Each pacing experimentwas

followed by a 1-min recovery period.

2.4 Data processing

All recorded data were exported in ASCII text format from the EP

laboratory system after the completion of the acute study. Prior to

data analysis, the exported data were visualized, visually checked, and

annotated by one of the researchers for all pacing interventions using

the libRASCH software.31 The annotated physiological signals were

then extracted and processed using customized software usingMatlab

(Mathworks Inc; Natick, Massachusetts, USA).

Arterial blood pressure and LDF tissue perfusion signals were aver-

aged over 5 s intervals. The last 5 s before the start of any pacing

intervention were considered baseline (Figure 1). We expected that

patients during the pacing intervention would demonstrate an initial

immediate change of arterial pressure and tissue perfusion, before

a baroreflex response would reduce or neutralize the pressure and

tissue perfusion effects.32 We therefore calculated and analyzed the

mean change in arterial pressure and tissue perfusion for the first 5 s

following the start of the pacing intervention (Figure 1).

Signals from the surface ECG, endocardial EGM, arterial blood pres-

sure, and laser Doppler perfusion were recorded on the Prucka EP-lab

recording system throughout the study. All physiological signals were

displayed on themain labmonitor andwere visible to the investigator.

Mean arterial pressure (MAP) change and mean perfusion change

was calculated as the difference between the respective baseline value

and the value averaged for the first 5 s from the onset of the pac-

ing intervention. Relative changes were calculated and analyzed to

account for differences between individual patients.

2.4.1 Statistical analysis

Patient characterization and hemodynamic data presentation are

descriptive. Continuous variables are presented as median ± stan-

dard deviation. For normally distributed data, the two-sided t-test was
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TABLE 1 Patient characteristics

Characteristic N= 15

Male 10 (66.7%)

Height 179.3 ± 9.1

Weight 88.9 ± 17.0

LVEF 51.8 ± 9.1

LV end diastolic diameter 50.0 ± 5.5

LA diameter 35.0 ± 1.4

Indications for EP Study

Ventricular arrhythmia 6 (40.9%)

AVNRT 4 (26.7%)

WPW 1 (7%)

SVT 4 (26.7%)

used, otherwise, the Mann–Whitney test was applied. All tests were

two-sided. Proportions were compared using the Fisher test.

MAP and tissue perfusion were analyzed as a percentage change

from the intrinsic rate for each patient. For correlation analysis ofMAP

and LDF perfusion, a linear regression model with and without off-

set was used, with no further covariates added, and all data points

wereequallyweighted.Regressiondata arevisualizedas “scatter plots”

and Bland–Altman plots. A p-value of p ≤ .05 was considered statisti-

cally significant. Analysis and visualizations were performed using the

statistical environment “R” Version 4.0.33

3 RESULTS

Fifteen patients were enrolled into this study, and all completed the

study protocol, without any adverse event. Patients were referred

for: ventricular arrhythmia,7 atrio-ventricular nodal re-entrant tachy-

cardia (AVNRT),4 Wolff-Parkinson-White,1 and supra-ventricular

tachycardias.4 Themean left ventricular ejection fraction was 52± 9.1

%. Three patients had a reduced systolic function andwereNYHAclass

II with a mean ejection fraction of 37 ± 1.5 %. Baseline characteristics

are summarized in Table 1.

3.1 Hemodynamic results

Of the 15 patients studied, two data sets could not be used for the

following reasons: one data set was corrupted on the recording sys-

tem, and the second data set had no pressure information recorded.

The analysis performed and presented here is therefore based on 13

complete data sets.

High-rate atrial stimulation with proper AV conduction was

obtained in 11 patients at 120 bpm, 10 patients at 140 bpm, eight

patients at 160 bpm, six patients at 180 bpm, and finally, two patients

at 200 bpm. Pacing-induced AV nodal block limited the measurements

performed at higher atrial pacing rates. High-rate ventricular stimu-

lation was obtained in all 13 patients up to 180 bpm, and only nine

patients at 200 bpm due to hemodynamic intolerance in the remaining

four.

3.2 Correlation %LDF vs. %MAP

There was a significant correlation (rho = 0.694, p < .001) between

the percentage change in LDF (%ΔLDF) and the percentage change in

MAP (%ΔMAP). The regression coefficient was 1.12 ± 0.08 (p < .001),

that is, the relative change in LDF perfusion was numerically similar to

the relative change in MAP. Individually, both the atrial and ventric-

ular stimulation showed a significant correlation (Figure 2) between

%ΔLDF and %ΔMAP (atrial: rho = 0.644, p < .001; ventricular: rho =

0.642, p< .001). The individual regression coefficientswere atrial: 0.99

± 0.13, p < .001 and ventricular: 1.21± 0.13, p < .001. Overall, regres-

sion for ventricular stimulation was steeper, suggesting %ΔLDF to be

more sensitive to %ΔMAP.

Bland–Altman plots confirmed the linear relationship between

%ΔLDF and %ΔMAP. There was no significant bias (0.54 ± 1.47

p< .001, Figure 3).

3.3 Relationship between %ΔLDF and %ΔMAP
against pacing rate

Overall, there was a significant correlation between both the %ΔLDF
and %ΔMAP with a change in heart rate (Figure 4). %ΔLDF decreased

4.81 ± 0.95 % per 10 bpm rate increase (p < .001), and %ΔMAP

decreased 3.29± 0.48% (p< .001).

For atrial stimulation, %ΔLDF decreased by 4.86 ± 1.30 % per

10 bpm rate increase (p < .001) and %ΔMAP decreased by 3.81 ±

0.73 % per 10 bpm rate increase (p < .001). For ventricular stimula-

tion, %ΔLDF decreased by 4.33± 1.29% per 10 bpm rate increase (p=

.001) and%ΔMAPdecreasedby2.36±0.48%per10bpmrate increase

(p< .001)

In contrast to the ventricular stimulation experiments, atrial stim-

ulation showed an initial improvement of hemodynamics at 120 and

140 bpm, before declining at higher rates.

We assessed the ability of heart rate and LDF perfusion to pre-

dict hemodynamic deteriorations for both atrial and ventricular pacing.

At predefined levels of arterial pressure drops, we calculated the

area under the curve (AUC) for heart rate and LDF to be able to

detect hemodynamic compromise (Figure 5). LDF perfusion was supe-

rior to heart rate to predict hemodynamic deterioration for atrial and

ventricular pacing.

4 DISCUSSION

We found that changes in MAP, induced by atrial and ventricular pac-

ing, are reflected by changes in LDF tissue perfusion. Relative LDF

changes can therefore serve as a valid surrogate parameter for blood

pressure and can be compared to a stored value during normal rhythm.

The LDF sensor can be miniaturized and incorporated into future

ICDs to be used in conjunction with current arrhythmia detection
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F IGURE 2 Correlation of tissue perfusion and arterial pressure for atrial and ventricular stimulation experiments. Data are displayed for all
patients and all pacing frequencies. [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 3 Bland–Altman Plot for atrial and ventricular simulation experiments. Data are displayed for all patients and all pacing frequencies.
[Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 4 Correlation of tissue perfusion andmean arterial pressure and the effect of heart rate for atrial and ventricular stimulation. Tissue
perfusion andmean arterial pressure data are aggregated per heart rate. [Color figure can be viewed at wileyonlinelibrary.com]

algorithms. This would potentially allow hemodynamically tolerated

tachyarrhythmias to be monitored for longer, without the need for

aggressive therapies.

We found good agreement between changes in tissue perfusion and

blood pressure: the fall of theMAP is immediately followed by a reduc-

tion in tissue perfusion. To compensate for the sudden drop in central

blood pressure and prevent collapse, there is an immediate physio-

logical response of arteriolar vasoconstriction, resulting in reduced

perfusion pressure. The vasoconstriction may amplify the direct blood

pressure-related effects on tissue perfusion.

The hemodynamic decrement at faster pacing rates was similar for

tissue perfusion andMAP. This is because, at faster rates, vasoconstric-

tion cannot sufficiently compensate for the impaired cardiac output

that results from the unphysiological contraction pattern during ven-

tricular tachycardia.34 Our data correlate well with clinical findings

that ventricular tachycardia up to 140 bpm is usually well tolerated,

and in many cases, not noticed by patients. Trying to keep the rate of

ventricular tachycardia low is one of the objectives of antiarrhythmic

medication, along with avoiding syncope and increasing the likelihood

of successful ATP termination.

To demonstrate that LDF was not simply responding to heart rate

changes, we performed two further experiments. First, we examined

the effects of higher-rate atrial pacing on blood pressure and LDF per-

fusion. Then, we assessed the ability of heart rate and LDF to predict

the relative change in blood pressure.

During higher-rate atrial pacing, blood pressure on average

increased by 10.3% at 120 bpm. This was reflected by a similar relative

increase in LDF perfusion. At even higher heart rates, both LDF and

MAP similarly decreased. The hemodynamic decrement at elevated

atrial pacing rates (perfusion/heart rate) was considerably less than

during ventricular pacing. These results of atrial pacing represent the

expectedphysiological reactionof sympathetically driven chronotropy.

The increased heart rate and the associated increase in cardiac output

initially cause an elevated MAP and increase in tissue perfusion.

Further increasing the heart rate ultimately leads to a shortening of

the diastolic phase, and consequently, a reduction in stroke volume.

This explains the observed reduction in blood pressure at higher atrial

rates.

When we compared the ability of LDF and heart rate to predict the

relative changes in blood pressure, LDF outperformed heart rate.

In our study, tissue perfusion could detect the different hemody-

namic effects of atrial and ventricular stimulation as reliably asMAP. In

fact, LDF perfusion is better at detecting relevant changes inMAP than

heart rate alone. Although ICD algorithms provide an estimate of the

probability for the presence of ventricular tachycardias or supraven-

tricular tachycardias based on rate, intra-cardiac conduction timing,

and EGM patterns, none of these criteria reflect hemodynamic status.

LDF tissue perfusion measurements appear to be a valid estimate of

the hemodynamic state.

4.1 Limitations

The clinical study was performed in a supine position at rest, and

the length of the individual studies performed was short. Different

activity levels, aswell as autonomic control, will affect tissue perfusion,

however, this could not be addressed in the current study. Most

patients enrolled had a near-normal ejection fraction, and therefore,

these results do not extend to an ICD population. Further research

is required to confirm these findings in patients with a severe left
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F IGURE 5 Accuracy for both atrial and ventricular stimulation experiments to detect drops in mean arterial pressure based on heart rate and
LDF perfusion data. [Color figure can be viewed at wileyonlinelibrary.com]

ventricular systolic impairment that is more representative of an ICD

target population.

In this study, we used tissue perfusion values just prior to the

start of the pacing protocol as reference. For real-life applications, an

appropriate reference valuewill need to be determined. Laser Doppler

is also known to be sensitive to motion artifacts. As we performed

measurements at rest, in a supine position, extra care was taken to

minimize artifactswhenapplying the sensor. Therefore, advancedalgo-

rithmsmay be needed to obtain valid and robustmeasurements during

motion, if incorporated into future ICDs. We also continuously moni-

tored LDF tissue perfusion, which is impractical for its use in ICDs, due

to its high-power consumption and drain on battery life.

5 CONCLUSION

LDF perfusion measurements correlate with MAP during paced

supraventricular and ventricular tachycardia. In our small dataset, LDF

perfusion identified hemodynamic compromise better than the pacing

rate alone. Incorporating an LDF sensor into ICDsmayallowus tomove

away from classifying supraventricular tachycardias as inappropriate

and incorporating them into necessary and unnecessary therapies

based on hemodynamic status. These findings raise the possibility that

future integration of LDF in ICDs may allow hemodynamic-guided

therapies.
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