@ESC

Europace (2021) 23, 21-28 SUPPLEMENT PAPER

European Society doi:10.1093/europace/euaa38?

of Cardiology

Both beat-to-beat changes in RR-interval
and left ventricular filling time determine
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Aims

Methods
and results

The irregular atrial electrical activity during atrial fibrillation (AF) is associated with a variable left ventricular (LV)
systolic function. The mechanisms determining LV function during AF remain incompletely understood. We aimed
at elucidating how changes in RR-interval and LV preload affect LV function during AF.

Beat-to-beat speckle-tracking echocardiography was performed in 10 persistent AF patients. We evaluated the re-
lation between longitudinal LV peak strain and preceding RR-interval during AF. We used the CircAdapt computa-
tional model to evaluate beat-to-beat preload and peak strain during AF for each patient by imposing the patient-
specific RR-interval sequences and a non-contractile atrial myocardium. Generic simulations with artificial RR-
interval sequences quantified the haemodynamic changes induced by sudden irregular beats. Clinical data and simu-
lations both showed a larger sensitivity of peak strain to changes in preceding RR-interval at slow heart rate (HR)
(cycle length, CL <750 ms) than at faster HR. Simulations explained this by a difference in preload of the current
beat. Generic simulations confirmed a larger sensitivity of peak strain to preceding RR-interval at fast HR (CL =
600 ms: A peak strain = 3.7% vs. 900 ms: A peak strain = 0.3%) as in the patients. They suggested that longer LV ac-
tivation with respect to preceding RR-interval is determinant for this sensitivity.

Conclusions During AF, longitudinal LV peak strain is highly variable, particularly at fast HR. Beat-to-beat changes in preload ex-
plain the differences in LV systolic function. Simulations revealed that a reduced diastolic LV filling time can explain
the increased variability at fast HR.

Keywords Atrial fibrillation e Speckle-tracking echocardiography e Left ventricular function e Computer
simulations ® Haemodynamics

Introduction remodelling of the atria, decreasing their active contribution to ven-

tricular filling,"? resulting in reduced left ventricular (LV) perfor-

Atrial fibrillation (AF) is a common sustained arrhythmia character- mance, fatigue, and reduced exercise tolerance.® However, the

ized by an irregular atrial electrical activity, generating irregular activa- relative effects of the reduced ‘atrial kick’ and the irregular ventricular

tions of the ventricle. AF is also characterized by mechanical activation on LV systolic pump function remains unclear and
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What’s new?

® In this article, we investigate how the irregularity of ventricular
rate during atrial fibrillation (AF) relates to beat-to-beat vari-
ability of left ventricular (LV) systolic function.

® Using a novel combined computational—linical approach, we
identify a larger sensitivity of LV peak strain to preceding RR-
interval at fast heart rates (HRs).

® We quantify how both beat-to-beat changes in RR-interval
and HR history influence the sensitivity of peak strain to sud-
den changes of RR-interval through preload changes.

® In silico analyses reveal that reduced diastolic LV filling time
explains this variability in LV function during AF.

therefore the determinants of LV systolic function during AF are in-
completely understood. Beat-to-beat variations in LV function have
been associated with changes in preload, interval force relation, or

d*® but their actual contributions to LV function in the con-

afterloa
text of AF remains unclear. Previously, Gosselink et al.® investigated
beat-to-beat systolic ventricular function during AF using nuclear
probe imaging and analysed the relationship between LV perfor-
mance and RR-interval. They concluded that beat-to-beat changes in
preload contributed to the variability of LV systolic function, with a
smaller influence after long preceding intervals compared to short
preceding intervals. However, the haemodynamic interactions re-
sponsible for these observations and the mechanisms modulating LV
function sensitivity to RR-interval remained unclear.

Here, we hypothesize that both AF-related beat-to-beat changes
in RR-interval and the average heart rate (HR) contribute to variabil-
ity in ventricular loading conditions, leading to variations in LV systolic
function. We imaged patients during AF episodes using speckle-
tracking echocardiography (STE) to assess longitudinal peak strain, as
a measure of LV function, and recorded the sequences of irregular
RR-intervals. Combining this with a computational approach, we
used the well-validated CircAdapt computer model of the heart and
circulation’™ to simulate ventricular function in these patients. Using
the ability offered by computer modelling to control potential deter-
minants of LV performance separately, we were able to pinpoint the
variations in haemodynamics and mechanical loading responsible for
the variability in peak strain and LV systolic function observed in these
patients. We investigated how AF-induced acute changes in RR-
intervals and average HR relate to beat-to-beat variability of LV sys-
tolic function, in terms of LV longitudinal peak strain.

Methods
Speckle-tracking echocardiography

Ten patients with persistent AF were recruited at the outpatient clinic of
the Cardiology department from Maastricht University Medical Center+
between April and May 2019. All patients underwent routine echocardi-
ography for standard clinical follow-up. Echocardiographic studies with
poor image quality or presence of regional wall motion abnormalities
were excluded. Speckle-tracking strain analysis was conducted offline by
one experienced observer, using dedicated vendor-independent soft-
ware (2D CPA; TomTec Imaging Systems, Unterschleissheim, Germany).

For each individual patient, peak strain was measured in 100 consecutive
cardiac cycles during breath hold. Measurements were performed in the
apical four-chamber view only. The cardiac cycles (RR-interval) were
manually defined based on the electrocardiogram recording. The regions
of interest were manually outlined by marking the endocardial and epicar-
dial borders in the LV end-systolic frame. The software automatically
tracks myocardial speckle patterns frame-by-frame during one cardiac cy-
cle. Suboptimal tracking was manually adjusted. Limited baseline charac-
teristics were retrospectively collected from the digital patient record
system.

Computer simulations of AF

In order to investigate the determinants of LV function during AF we
used the CircAdapt computer model of the heart and circulation, allow-
ing the simulation of beat-to-beat volumes and pressures in the cardiac
chambers as well as blood flow through the valves.”® We imposed the ir-
regular sequences of RR-intervals recorded in the patients to the model.
In order to model the mechanical remodelling of the atria in AF, we simu-
lated non-contractile atrial myocardium by setting atrial contractility to
zero in the model {this led to a left atrial volume of 102 mL in agreement
with the clinical data of our cohort [median left atrial volume 120 mL
(interquartile range 101-131)]}. This led to the loss of atrial mechanical
contribution to ventricular filling. For each virtual patient simulation, ven-
tricular myocardial contractility was reduced so that simulated mean
peak LV myofibre strain was in the range of measured peak longitudinal
LV strain measured in the patient. LV end-diastolic volume (EDV) was
quantified as measure of LV preload for each simulated cardiac cycle.

In addition to patient-specific simulations, generic simulations were
performed to isolate the effects of irregular RR-interval changes on ven-
tricular function by using artificial sequences of RR-intervals. The EDV
changes induced by a short or a long beat (RR-interval £ 100 ms) were
simulated for a range of cycle lengths (CLs) (from CL = 500 ms to CL =
1000 ms). The sequences of RR intervals simulated were: a series of beats
with constant RR-interval interrupted by a single beat that is 100 ms
shorter or longer, followed by several beats at the initial RR-interval.
Finally, we repeated these generic simulations with prolonged duration of
LV activation (increase of 10% of the initial RR-interval). More precisely,
active force development was prolonged, mimicking an increased dura-
tion of myocardial twitch at the tissue level. This reduced the time avail-
able for ventricular filling and allowed us to test the hypothesis that filling
time is the limiting factor explaining the large sensitivity of LV systolic
function to preceding RR-interval at high HR. The filling time was quanti-
fied as the duration of the mitral flow wave in each beat.

Statistical analysis

Continuous variables with normal distribution are expressed as mean £
standard deviation (SD), otherwise as median with interquartile range.
Categorical variables are presented as observed number with percentage.
Normally distributed data were compared using t-tests. Non-normally
distributed data were compared using the Mann—Whitney U-test.
Statistical significance was assumed when P < 0.05.

Results

Study population

We examined 10 patients with persistent AF and the baseline charac-
teristics are shown in Table 1. Mean age of the patients was 72 years
(£ 9) and seven patients were men (70%). Majority of these patients
were diagnosed with coronary artery disease (70%) and half of the
patients had hypertension. All patients were adequately treated with
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Table |
analysed

Baseline characteristics of the 10 AF patients

Baseline characteristic Total (n = 10)

Male 7 (70%)
Age (years) 719
BMI (kg/m?) 29+4
History
Hypertension 5 (50%)
Diabetes mellitus 2 (20%)
Coronary artery disease 7 (70%)
PCI 7 (70%)
CABG 0 (0%)
Cerebrovascular accident 1(10%)
TIA 1(10%)
Medication
Betablocker 7 (70%)
Verapamil/diltiazem 0 (0%)
Anti-coagulants 10 (100%)
NOAC 7 (70%)
Acenocoumarol 3 (30%)
Echocardiography
Left atrial volume (mL) 120 (101-131)
Left atrial volume index (mL/m?) 60 (50-77)
LVEDD (mm) 54+8
IVSD (mm) 101
PWD (mm) 9£1
LVEF (%) (Teichholtz method) 44 (38-62)
Septal E/e’ 9.0+£31
Lateral E/e/ 71124

BMI, body mass index; CABG, coronary artery bypass grafting; IVSD, interventric-
ular septum diameter during diastole; LVEDD, left ventricular end-diastolic diam-
eter; LVEF, left ventricular ejection fraction; NOAC, non-vitamin-K-antagonist
oral anti-coagulant; PCl, percutaneous coronary intervention; PWD, posterior
wall diameter during diastole; TIA, transient ischaemic attack.

anti-coagulants and seven patients (70%) were treated with beta-
blockers. Overall, routine echocardiographic measurements show a
trend towards reduced LV ejection fraction [44% (38—62)] and an en-
larged left atrial volume index [60 mL/m? (50-77)].

Peak strain exhibits a large sensitivity to
a change of preceding RR-interval at high

average heart rate
Figure 1A shows the clinical data obtained from STE in all ten patients
during AF. The sensitivity of longitudinal LV peak strain to changes in
preceding RR-interval was more pronounced at fast HR (CL <
750ms) than at CL >750ms. There was considerable variability in
the range of CL spanned by the individual patients, with some
patients having only RR-intervals >750ms (e.g. patients 6, 7, or 8) and
others only RR-intervals <750ms (e.g. patients 2, 5, 9, or 10)
(Figure 1A).

By introducing the patient-specific sequences of RR-intervals and a
mechanically remodelled atrial myocardium, the computer model
was able to reproduce the relation between LV peak strain and

preceding RR-interval for each patient (Supplementary material on-
line, ST7). Figure 1B highlights the clinical and simulated data for two
distinct patients, spanning different RR-interval ranges. Patient 8 had a
relatively high average HR (CL = 570 + 217 ms) and exhibited a large
sensitivity of LV peak strain to preceding RR-interval both in the
model and the patient data (Figure 1B, top). Patient 9 had a low aver-
age HR (CL = 970 £ 388 ms) and showed less dependence of longitu-
dinal peak strain to preceding RR-interval, as simulated with the
model (Figure 1B, bottom). Interestingly, the LV and left atrial tissue
properties in these simulations were the same for both patients,
demonstrating that the exact same contractile and passive tissue
function may translate in different average LV peak strain (Patient 8:
—8.3% vs. Patient 9: —13.9%) and beat-to-beat variability of LV peak
strain (SD Patient 8 =1.2%, SD Patient 9 =0.36%), depending on
where in the range of HR the heart is operating.

Ventricular failure was simulated by a reduction in myocardial con-
tractility in LV, septal and right ventricular walls. This led to a lower
overall peak strain and a loss of peak strain sensitivity to preceding
RR-interval at short RR-intervals (Supplementary material online, S2).

Beat-to-beat changes in RR-interval con-
tribute to changes in LV systolic function
through changes in preload

Figure 2 highlights the preload differences in different groups of beats
from Patient 8 (Figure 2A). The red and light green groups exhibited
similar preceding RR-intervals (411 + 115 ms vs. 417 + 8ms, P=0.67,
U-test) but significant differences in peak strain (—5.6+0.81% vs.
—7.8+0.67, P=0.009, U-test). The group with high absolute peak
strain (red) showed significantly larger preload (defined as LVEDV) in
the current beat, in which the strain was measured (196 £ 3.9 mL vs.
208+4mL, P=0.01, U-test) (Figure 2B), in agreement with the
Frank—Starling law of the myocardium by which an increased preload
leads to larger force generation. The green and purple groups exhib-
ited differences in preceding RR-interval but no difference in peak
strains. In this case, the current preload difference between the
groups was not significant (209 £3mL vs. 207+ 3, P=0.9, t-test)
(Figure 2B).

In order to investigate how cardiomyocyte sensitivity to preload
(i.e. the cellular basis of the Frank—Starling mechanism) may affect this
relationship, we made use of the control offered by the computer
model to directly vary the sensitivity of the length-dependent activa-
tion (LDA). Results showed that LDA modulated the sensitivity of
peak strain to preceding RR-interval, with an increased LDA sensitiv-
ity leading to a higher variability in peak strain, both at short and long
CL (Supplementary material online, $3, Figures $3.1). On the contrary,
a reduced LDA sensitivity led to a reduction of peak strain sensitivity
to preceding RR-interval, and a reduction in average peak strain
(Supplementary material online, $3, Figures $3.2).

Average heart rate also influences the
sensitivity of peak strain to changes in
preceding RR-interval, through diastolic
LV filling time

We made use of the ability offered by computer modelling to investi-
gate the effect of irregular beats (long or short) on ventricular hae-
modynamic parameters at various average HR independently from
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Clinical data

10 patients during atrial fibrillation
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any other confounding factor (from 500ms to 1100 ms). As de-
scribed in the Methods section, the average HR, or CL, refers to the
RR-interval of the initial series of beats that were simulated prior to
the abrupt RR-interval change (with no other prior history of RR-
interval changes). We quantified the preload (EDV) of the beat fol-
lowing this sudden RR-interval change. Figure 3A (green) illustrates

the changes in EDV observed after a short beat (100 ms reduction
compared to the initial RR-interval) for various values of average HR.
At a CL >750ms, a sudden short beat led to little variation in EDV
(AEDV < -2.5%). On the contrary, at a CL <750 ms, changes were
more pronounced (AEDV = —18mL at CL = 500ms). This is
highlighted by the LV volume traces in the two situations in Figure 3B.
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Qualitatively similar findings were also observed when decreasing the
RR-interval by 10% of the initial beat duration (instead of 100 ms) to
avoid the influence of RR-interval duration (Supplementary material
online, $4). In terms of peak strain, this translated in a larger sensitivity
at CL = 600 ms (A peak strain = 3.7%) than at CL = 900 ms (A peak
strain = 0.3%). In addition, these simulations revealed that LV systolic
function was most compromised at CL <750 ms because of insuffi-
cient diastolic LV filling time to allow the passive filling wave to finish.
Indeed, Figure 3B displays the truncated mitral flow pattern observed
at a CL of 600 ms, compared to the complete flow pattern observed
at CL = 900 ms. The difference in filling time between the initial beats
and the beat following the abrupt change in RR-interval was 106 ms
at CL = 600 ms (vs. 2ms at CL = 900 ms), illustrating the overall re-
duction of LV filling time at fast HRs. At slow HR, filling time reserve
is long enough to prevent large variability in LV systolic function.
Prolonging LV activation duration in the computer model allowed
us to control LV ejection time and therefore LV diastolic filling time.
With a prolonged LV activation duration (Figure 3A, red), the limiting
effect on LV systolic function shifted to longer CL, and the same pre-
load change occurred at a longer CL (normal systolic duration:
AEDV = —5mL for CL = 700 ms vs. prolonged LV activation: AEDV
= —5mL for CL = 900 ms). This was illustrated by a longer duration
of aortic flow (i.e. prolonged ejection time) (Figure 3C). These results
indicate that the more severe changes in preload following a short
beat at fast average HR were explained by a prolonged ejection time,

limiting LV diastolic filling time. This was also in agreement with the
simulations performed with a reduced length-sensitivity of activation
duration, showing a reduced sensitivity of peak strain to RR-interval
changes (Supplementary material online, $3).

Discussion

In this article, we used for the first time a combination of echocardio-
graphic imaging and computer simulations to investigate the determi-
nants of beat-to-beat systolic ventricular function during AF, where
ventricular RR-interval is highly variable. Both patient and simulation
data showed that LV peak strain is related to and improves with pre-
ceding RR-interval. However, this relationship is characterized by
more variability in LV peak strain at fast HR (CL < 750 ms) than at
slower HR. More pronounced beat-to-beat differences in preload
could explain the larger variability of LV peak strain at fast HR. In silico
experiments also revealed that LV systolic function is most compro-
mised at CL <750 ms because of an insufficient reserve capacity of LV
diastolic filling time, preventing the passive filling wave to be finished.
Simulations also showed that this limiting effect on LV systolic func-
tion shifts to longer preceding RR-intervals when the duration of ven-
tricular activation is prolonged, highlighting that LV diastolic filling
time modulates the sensitivity of LV peak strain to sudden changes of
RR-interval.
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During atrial fibrillation

Irregular sequences of RR-intervals

Range of fast heart rates Range of slow heart rate

Clinical data
Large sensitivity of peak strain to changes in
@ preceding RR-interval
Beat-to-beat RR-interval changes
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and
more stable ventricular function

Figure 4 Mechanistic hypothesis of how both beat-to-beat changes in RR-interval and diastolic LV filling time affect ventricular function during
atrial fibrillation, based on a clinical-computational approach, and its potential clinical implications. LV, left ventricle.

Longitudinal peak strain is more
sensitive to changes in preceding
RR-interval at fast HR during AF

First, our computer model, informed by the patient-specific sequence
of RR-intervals, was able to accurately reproduce the peak strain—
preceding RR-interval relationship in AF patients, suggesting that the
model captures the underlying haemodynamic mechanisms. Our
combined clinical-computational approach highlighted that longitudi-
nal peak strain is sensitive to changes in preceding RR-intervals, with
this sensitivity being more pronounced at fast HR. This corroborates
a previous study® investigating the relationship between LV function
and RR-interval.

We were able to simulate the characteristic relationship between
LV peak strain and preceding RR-interval observed in the patients by
only imposing the patient-specific irregular RR-interval sequence and
mechanically remodelled atria to the model. This suggests that the ir-
regularity of RR-interval is a key determinant in the beat-to-beat var-
iations observed in systolic ventricular function. Moreover, the LV
and left atrial tissue properties in these simulations were the same for
both patients, which exhibited very different sensitivities of LV peak
strain to a sudden change in RR-interval, suggesting that myocardial
tissue properties are not the sole determinant of LV function during
AF. Clinically, this suggests that two patients exhibiting very different
peak strain measurements may nonetheless have the same underlying
tissue properties.

Interestingly, less variability was observed in the simulation data
compared to the clinical data. Among other factors, this can be
explained by the absence of measurement noise in the computer

model. The absence of measurement noise in the model simulations
also reinforces the fact that the peak strain variations observed in the
patients are due to haemodynamic interactions, because they are
reproduced rather well by the model. Beat-by-beat regulation of the
autonomic nervous system may be another factor present in the
patients that subsequently affects RR-intervals and contractility, as
well as their variability. Finally, although the clinical measurements
were obtained during breath hold, variability in the measurements
due to movement and respiration artefacts may be present in the
clinical data, contrary to the simulations. In their study, Gosselink et
al.® also noticed an influence of the pre-preceding RR-interval on the
variability in peak strain. In our work, pre-preceding RR-interval did
not exhibit such a relationship (not shown). This may be due to differ-
ences in LV function measurement (LV peak strain vs. nuclear probe
imaging), patient characteristics, or sequences of RR intervals mea-
sured in the patients.

Both acute beat-to-beat changes in
RR-interval, as well as RR-interval
history, are determinants of the
variations in LV systolic function

Computer simulations showed that the large peak strain sensitivity
observed at fast HR was driven by preload differences. Beats with
higher peak strain were associated with a larger preload in the cur-
rent beat. This was in agreement with the Frank—Starling law of the

myocardium and was previously proposed as potential mechanism
behind variable LV function in AF.6"°
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This beat-to-beat sensitivity was larger at fast HR. This was hypoth-
"2 \where it was suggested that cardiac index
was inversely correlated with the RR variability produced by short
cycles but not with the SD of all RR-intervals. Our in silico experi-

esized in earlier studies

ments, allowing a perfect control of the RR-interval sequence, con-
firmed this hypothesis. We showed that at short CL, the change of
EDV following a short beat was more pronounced, suggesting that
not only the beat-to-beat change in RR-interval but also where in the
range of RR-interval this change happens is important. Our simula-
tions showed that this could be explained by the relative prolonged
ventricular activation duration, leaving less time for passive filling. The
truncated mitral flow patterns observed at short initial RR-intervals
reveal that the reduction in diastolic LV filling reserve explains the
sensitivity of peak strain to RR-interval changes. Figure 4 summarizes
the proposed mechanisms leading to LV systolic function variability
during AF.

Altogether, our findings suggest two levels at which beat-to-beat
RR-interval changes related to AF rhythm may influence LV systolic
function: an acute sensitivity of LV function to beat-to-beat changes
in RR-interval, as well as a modulation of this sensitivity by the history
of RR-intervals determining the range of RR-interval in which the pa-
tient operates.

Potential clinical implications and future
work

These findings may impact the way strain is clinically measured in
patients in AF. Indeed, our results showed a large variability in peak
strain at short CL (<750 ms in our cohort). This implies that measur-
ing peak strain at longer CL may reduce the variability in peak strain
and lead to a more robust measurement of LV systolic function. At
the same time, however, this comes with practical limitations, as it is
clinically challenging to induce longer CL in patients in which these
CL ranges are never reached. Whether this shows that applying rate
control medication before the echocardiographic measurement, or
analysing beats with longer RR-intervals is a better approach to de-
termine LV function in AF patients remains to be determined. Our
results also suggest that the effect of variations in cardiac loading dif-
fers depending on the HR history, with a larger sensitivity of cardiac
function at fast HR. In these cases, the reduced LV diastolic time may
impair proper filling of the LV therefore leading to ventricular dys-
function. This may be a potential mechanism underlying the adverse
cardiovascular outcomes observed in AF patients with fast HRs."?
Moreover, clinical data showed that some patients exhibited a large
sensitivity of peak strain, even at long CL. Our results showed that
this might be explained by a reduced sensitivity of LDA in these
patients. Peak strain variability during AF may therefore contain diag-
nostic information on the sensitivity of the myocardium to preload
(Frank=Starling reserve) and more research is needed to investigate
this diagnostic potential.

In this study, atrial and ventricular volumes were not fitted for
each patient, to limit the degree of freedom introduced in the model,
and focus on the influence of irregularity in RR-intervals only. Future
work may focus on developing personalized models, including fitting
the geometry of each patient. Finally, in future studies, modelling of
additional AF dynamics (e.g. flutters, allowing the propagation of

some atrial contractions towards the ventricle) may be implemented
to explore the effects of other AF-induced changes on ventricular
function and haemodynamics. The coupling of this model to electro-
physiological models will also allow to link AF-induced changes in cal-
cium handling to the haemodynamic mechanisms mentioned in this
study.

Conclusions

Using a combined clinical-computational approach, we investigated
the determinants of beat-to-beat systolic LV function in AF. We
showed a larger sensitivity of peak strain to preceding RR-interval at
fast HR. Differences in preload of the current beat could explain the
beat-to-beat variations in peak strain. In addition, in silico experiments
suggested that a reduced capacity of LV diastolic filling time at fast HR
could explain this larger sensitivity at overall faster HR. Our results
provide insight in the dynamic haemodynamic interactions in AF, sug-
gesting that the effect of cardiac loading may vary depending on both
acute beat-to-beat changes in RR-interval, as well as the average HR
preceding these changes. This may have impact on measurement of
LV peak strain in AF and management of AF patients.
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