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Aims Autonomic nervous system activation plays an important role in the pathophysiology of atrial fibrillation (AF). It can be de-
termined using heart rate variability (HRV). We aimed to evaluate the feasibility of using photoplethysmography (PPG) re-
cordings for the assessment of the ultra-short-term HRV.

Methods TeleCheck-AF is a structured mobile health approach, comprising the on-demand use of a PPG-based smartphone appli-
and results cation prior to a scheduled teleconsultation to ensure comprehensive remote AF management. Participants with at least
one PPG recording in sinus rhythm were included to assess resting heart rate, root mean square of successive differences
(RMSSD), patient compliance and data consistency. In total, 855 patients [39.4% women] with 13 465 recordings were in-
cluded. Patient compliance was 95.2% (IQR 76.2—114.3%). Median heart rate per patient was 66.5 (IQR 60.0-74.0) b.p.m.,
median RMSSD per patient was 40 (IQR 33-50) ms and median recording consistency was +5.2 (IQR 3.8-7.0) b.p.m. and

+14.8 (IQR 9.3-21.1) ms, respectively. RMSSD was lower in men than women, in patients with CHA;D,-VA-Score 0, with a
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history of AF, and following ablation of AF. Older age and lower body mass index were associated with higher RMSSD.
The ultra-short-term HRV can be determined in 1-min PPG recordings with high user compliance and high inter-recording
consistency within a structured mobile health AF management approach. The strategy used in this study may also be feasible
for the management of other conditions in which the HRV plays a role for diagnostics and therapy.

Conclusion
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Background and objectives

Heart rate variability (HRV) displays the current function of the auto-
nomic nervous system. Assessment is not only non-invasive and low
in cost but can also be beneficial for the management of various dis-
eases.! One example is patients with atrial fibrillation (AF), as the car-
diac autonomic nervous system plays an important role in the
pathophysiology of AF.2 Moreover, various therapeutic approaches
for heart rate (HR) and/or rhythm control used in patients with AF
are known to also affect the autonomic nervous function.>*
However, as the HRV is mostly assessed using 24-h Holter monitor-
ing, usage has yet to be limited." Previous studies have demonstrated
the feasibility of deriving the HRV from shorter electrocardiogram
(ECG) recordings, such as 5-min recordings (referred to as short-term
HRV) or recordings of <5 min (referred to as ultra-short-term HRV).>¢
Parameters assessing the time domain of the HRV include the standard
deviation of the NN interval (SDNN), the pNN50 (percentage of

Remote monitoring ® Digital devices ® Photoplethysmography ® Heart rate variability ® Atrial fibrillation e

absolute differences in successive NN values > 50 ms), as well as the
root mean square of successive differences (RMSSD).” Since the
SDNN depends on the length of the recording and no correlation
has been demonstrated for the SDNN or pNN50 between 5-min re-
cordings and shorter durations (1 min or 10 s), while RMSSD, shows
a good correlation for these timeframes, the RMSSD is the recom-
mended parameter for assessing the ultra-short-term HRV in such
short recordings.”®

Several studies have evaluated the use of shorter HRV recordings
with durations of <5 min.*®~"" Such a short recording duration may
not only be advantageous for integration into daily clinical practice
but may also be more applicable with digital devices capable of provid-
ing these data.

Although beat-to-beat intervals to determine the HRV are tradition-
ally derived from ECG recordings, photoplethysmography (PPG)-based
monitoring using hand-held devices such as smartphones or smart-
watches is easily accessible and widely used in more and more patients

G20z AeN Z| uo Jasn AysiaAun JiesseH Aq L2601 L8/SE0KRIZ/UPIUS/E60 L 0 L/I0P/aIo1E-80UBAPE/YPIYS/WO9"dNOd1WSPED.//:SA)IY WOl PaPEOjUMOQ



Ultra-short-term HRV using a smartphone application

with AF. Current PPG algorithms can detect pulse-peaks of PPG wave-
forms for accurate HR and rhythm determination.”*"® Less studies
have focused on the feasibility and recording-recording consistency
of using PPG-derived pulse-peak intervals for the determination of
HRYV in patients within a structured mobile health (mHealth) approach.
One of these mHealth-based strategies is the TeleCheck-AF project,
which incorporates PPG-based monitoring of HR and rhythm monitor-
ing using a CE-marked app-based on-demand infrastructure combined
with teleconsultation to optimize remote management of AF.1718

This study aimed to evaluate the feasibility of using PPG recordings
collected within the structured mHealth approach TeleCheck-AF for
the analysis of the ultra-short-term HRV.

Methods
TeleCheck-AF project

The TeleCheck-AF project was an international multicentre project devel-
oped during the COVID-19 pandemic implementing an on-demand app-
based infrastructure for remote management of AF. Details and first results
have been previously described.’”~** In brief, this integrated infrastructure in-
cluded app-based on-demand HR and rhythm monitoring followed by a tele-
consultation to ensure comprehensive AF management using a PPG-based
smartphone application (FibriCheck®, Qompium NV, Hasselt, Belgium).
Patients were instructed to measure HR and heart rhythm at least three times
per day and in case of symptoms for seven consecutive days prior to telecon-
sultation, with each measure lasting 60 s. Patient data were collected using a
standardized electronic case report form distributed to all participating cen-
tres involved in the retrospective per-patient analysis of the TeleCheck-AF
cohort. Information on baseline clinical characteristics, including demograph-
ics and medical history, was extracted from patients’ electronic health records
at the initiation of app-based HR and rhythm monitoring. Retrospective data
collection from the participating TeleCheck-AF centres was conducted in ac-
cordance with the Declaration of Helsinki and was approved by the local eth-
ics committees of the participating centres.

Patient population

Patients > 18 years scheduled for teleconsultation in one of the 41 partici-
pating centres were managed within the TeleCheck-AF project between
April 2020 and July 2021. Ten of the participating centres included at least
25 patients and were included in this analysis: (1) Maastricht University
Medical Center +, Maastricht, the Netherlands; (2) Hannover Heart
Rhythm Center, Hannover, Germany; (3) Ziekenhuis Oost-Limburg,
Leuven, Belgium; (4) Medical University of Graz, Graz, Austria;
(5) University Hospital Cologne, Cologne, Germany; (6) Radboud
University Medical Center, Nijmegen, the Netherlands; (7) Rijnstate
Hospital, Arnhem, the Netherlands; (8) Medical University of Warsaw,
Warsaw, Poland; (9) Liverpool Heart and Chest Hospital, Liverpool,
United Kingdom; (10) King George Hospital, liford, United Kingdom.

Data collection

Patients with at least one PPG recording in sinus rhythm (SR) were included
and all recordings in SR were analyzed (Figure 7).

HR and HRV determination

HR and ultra-short-term HRV were automatically assessed for every 1-min
recording in SR and with sufficient quality. Categorisation of the signal qual-
ity as sufficient or insufficient, as well as rhythm evaluation of the recording
were performed automatically as described elsewhere.® Recordings evalu-
ated as sufficient quality were then used to calculate the HR and
ultra-short-term HRV.2® HRV was quantified as the RMSSD of the recorded
beat-to-beat intervals.*® To ensure adequate calculation of RMSSD,"”7
beat-to-beat intervals of ectopic beats within a recording were excluded
prior to assessment as these should not be considered for the computation
of the RMSSD according to the current HRV guidelines.” In more detail,
beats were detected automatically by identifying the inter beat intervals
that showed more than a relative 30% difference as compared to the

previously assumed normal inter beat interval. Such beats were then re-
moved before automatic evaluation of the RMSSD.

Patient adherence was defined as number of performed measurements
per number of expected measurements®® including all types of measure-
ments (e.g. SR, low quality, AF) over the prescription period (three at-
tempts per day for 7 days; n=21) and was calculated in percent per
patient. Recording consistency (standard deviation over all recordings with-
in each patient) was calculated for HR and HRV. Different subgroups were
analyzed for differences in HR and HRV.

Statistical analysis

Normal distribution was tested by applying the Shapiro-Wilk test.
Categorical variables are presented as numbers (%). Continuous data are
presented as median and interquartile range (IQR). As data did not follow
a normal distribution, the non-parametric Mann—Whitney U test was used
for between-group comparisons. Correlation analysis was done using
Spearman test and spearman correlation coefficient (rs).

Data merging was performed using Python (NumPy, version 1.19.5,
Python Software Foundation, version 3.8.6). Statistical analysis was per-
formed using SPSS (Version 29, IBM, Armonk, NY, USA). P-values < 0.05
were considered statistically significant.

Results

Patient characteristics

In total, 855 patients (39.4% women) were included in the analysis.
Median age was 63 (IQR 56-70) years. Baseline characteristics are
shown in Table 1.

Most patients had a history of AF (86.4%), and most of these patients
also had a history of AF ablation (59.4%). Detailed arrhythmia-related
patient characteristics are shown in Table 2.

Patient adherence

The total number of recordings in SR included in the analysis was
13 465. Median number of all recordings per patient was 20 (IQR
16-24) in total and 16 (IQR 11-20) in SR. Median patient adherence
was 95.2% (IQR 76.2-114.3%), and the adherence was high among all
age groups (Figure 2). Only patients aged <30 years were shown to exhibit
a median adherence below 90% [median adherence 85.7% (IQR 54.8—
95.2%; n=17)]. Women had a better adherence than men [women:
100% (IQR 81.0-123.8%); men: 95.2% (IQR 71.4-109.5%); P < 0.001].

Resting HR

Median resting HR was 66.5 (IQR 60.0-74.0) b.p.m. Median recording
consistency within the prescription period was +5.2 (IQR 3.8-7.0)
b.p.m. Women had a significantly higher HR than men. Patients with
a history of AF were shown to have a significantly lower HR than pa-
tients without a history of AF. HR was significantly higher in patients
with history of AF ablation than in patients without AF ablation.
Patients prescribed with beta-blocker (BB) and/or antiarrhythmic drugs
(AADs) were shown to have a lower HR in comparison to patients not
prescribed with BB and/or AADs. Moreover, patients with higher
thromboembolic risk (defined as CHA,;DS,-VA-score >2 points)
were shown to have a lower HR compared with patients with low
thromboembolic risk (defined as CHA,DS,-VA-score =0 points).
Details are depicted in Figure 3.

Older age was significantly associated with lower HR (P < 0.001;
rs =—0.186). No association was found between HR and body mass
index (BMI) (P=0.290, rs = 0.037).

Ultra-short-term HRV

Median RMSSD was 39.9 (IQR 33.0-50.1) ms. Median recording con-
sistency within the prescription period was +14.8 (IQR 9.3-21.1) ms.
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Study flowchart

Figure 1 Study flowchart for the analysis of recordings. HR, heart rate; RMSSD, root mean square differences.

Table 1 Baseline characteristics

Table 2 Arrhythmia-related patient characteristics

Parameter Patients included
(n=855)
Female (n, %) 337 (394)
Age (years) (median, IQR) 63 (56-70)
Heart failure (n, %) 92 (10.8)
Coronary artery disease (n, %) 109 (12.7)
Hypertension (n, %) 403 (47.1)
Diabetes mellitus (n, %) 69 (8.1)
Chronic obstructive pulmonary disease (n, %) 39 (4.6)
Chronic kidney disease (n, %) 38 (44)

Body mass index (kg/mz) (median, IQR) 26.8 (24.4-29.7)

IQR, interquartile range.

Women had a significantly higher HRV than men. Patients with a his-
tory of AF had a significantly lower HRV than patients without a his-
tory of AF. No differences were found regarding the use of BB and/or
AADs. Results remained consistent in only those patients with a
history of AF. Patients with higher thromboembolic risk (defined as
CHA;,DS,-VA-score > 2) were shown to have a higher HRV com-
pared with patients with low thromboembolic risk (defined as
CHA,DS,-VA-score =0). Furthermore, patients with a history of
AF ablation were shown to have a lower HRV than patients
with a history of AF and no such procedure. Details are depicted in
Figure 4.

In patients with history of AF, contrary to previous studies, older age
correlated with higher HRV (P < 0.001; rs = 0.183). A higher BMI was
associated with a lower HRV (P=0.015; rs = -0.92).

Discussion

The aim of this study was to evaluate the feasibility of using PPG record-
ings assessed within a structured mHealth strategy for analysis of the
ultra-short-term HRV.

Parameter Patients included
(n=855)
History of AF (n, %) 739 (86.4)
History of Aflut (n, %) 190 (22.2)
History of AT (n, %) 59 (6.9)
History of SVT (n, %) 91 (10.6)
History of cardioversion (n, %) 294 (34.4)
History of AF ablation (n, %) 508 (59.4)
o Cryo-PVI 230 (45.3)
o RF-PVI 257 (50. 6)
o Hybrid ablation or minimal invasive surgery 3 (2.6
o Redo PVI 28 (5. 6)
Medication (n, %)
@Oral anticoagulation 628 (73.5)
@Beta-blocker 464 (54.3)
@Antiarrhythmic drugs 308 (36)
Thromboembolic risk (n, %)
@CHA,DS,-VA-Score =0 222 (26.0)
@CHA,DS,-VA-Score =1 232 (27.1)
@CHA;DS,-VA-Score > 2 367 (42. 9)
@Unknown 34 (4.0

AF, atrial fibrillation; Aflut, atrial flutter; AT, atrial tachycardia; SVT, supraventricular
tachycardia; Cryo-PVI, cryoballoon pulmonary vein isolation; RF-PVI, radiofrequency
pulmonary vein isolation.

The main results of this analysis demonstrate that (1) PPG data re-
corded within an mHealth telemedicine infrastructure allow analysis
of the ultra-short-term HRV and (2) high patient adherence and high
inter-recording consistency. Therefore, using PPG recordings assessed
within a digital health framework for analysis of the ultra-short-term
HRV is feasible.

Median adherence in this analysis was good with 95.2% (IQR 76.2—
114.3%). In line with findings of another sub-analysis of the
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Figure 2 Patient age depicted in groups (A) and patient adherence by age group (B).

TeleCheck-AF study, older age was associated with higher adherence.?®

Notably, patients < 30 years in this analysis were the only group with a
median adherence below 90%.

In this sub-analysis of the multicentered TeleCheck-AF project, HR
as well as ultra-short-term HRV were assessed.

In a previous analysis, HR assessment using a PPG-based smartphone
application in patients with a history of AF has been shown to be accur-
ate in 93.8% of recordings with a tendency for underestimation of the
HR in AF, especially during tachycardic episodes.*’ Median HR in this
analysis was 66.5 (IQR 60.0-74.0) and, thus, in normal range with
high inter-recording consistency [+5.2 (IQR 3.8-7.0) b.p.m.] and in
line with other studies evaluating the inter- and intraindividual variability
in daily resting HR:>° As in previous analyses, women were shown to
have a higher HR than men,*® older patients had a lower HR than
younger pa‘cients,31 and patients prescribed with beta-blockers or
AADs had a lower HR than others.*?

Thus, as results of the evaluation of the HR are in line with previous
analyses, data used in this analysis are sufficient for further analysis of
the ultra-short-term HRV.

Short-term HRV

Previous studies have evaluated the feasibility and reliability of
PPG-based HRV assessment using handheld devices.>**33* However,
evaluation of these aspects has mostly been performed in healthy indi-
viduals and athletes.>®3*3* Data regarding patients with cardiac dis-
eases are scarce.

Median RMSSD in this cohort was 39.9 ms (IQR 33.0-50.1) ms with high
median inter-recording consistency +14.8 (IQR 9.3-21.1) ms. This
RMSSD is lower than the mean RMSSD stated in a previous analysis asses-
sing the RMSSD using PPG-based recordings (69 + 37 ms).® However, as-
sessment of the RMSSD in the other analysis was performed in healthy
individuals using the app for evaluating the HRV after sport activities®—
therefore not displaying the patient cohort examined in this study.
Another analysis evaluating the HRV derived PPG-data recorded using a
smartwatch in patients after ST-elevation myocardial infarction and ischae-
mic stroke showed a short-term HRV of 30.3 (IQR 24.1-41.7) ms and,
thus, in line with the lower ultra-short-term HRV assessed in this analysis.35

Therefore, a lower RMSSD in the cohort displayed in this analysis is
expected and consistent with previous studies, likely resulting from al-
tered parasympathetic and sympathetic characteristics in patients with
pre-existing cardiac conditions.

As found in previous studies*®*” women had a higher HRV than men
indicating a higher vagal tone in female patients.

Notably, in contrast to previous studies, older patients in this analysis
were shown to have a higher RMSSD than younger patients. This

finding contradicts existing literature, in which a decrease in RMSSD
with increasing age is well documented,®*® reflecting the known reduc-
tion in autonomic function with increasing age.>* A potential explanation
for this difference may be that, unlike in many previous studies where
younger patients were normally healthy individuals, younger patients in
this cohort were not healthy but had relevant comorbidities. These co-
morbidities may have not only led to development of AF but also caused
relevant impairment of the autonomic nervous system leading to a rele-
vant shift in the difference of the RMSSD for age in this analysis.

Participants with a history of AF in this analysis were shown to have a
lower RMSSD than patients without a history of AF. Moreover, patients
after ablation for AF were shown to have a lower RMSSD than patients
with a history of AF without such a procedure.

Previous studies have shown that pulmonary vein isolation using
thermal ablation energy such as radiofrequency or cryoballoon ablation
results in relevant changes of the HRV as confirmed in our analysis.*
These changes are independent of the thermal source used* and cor-
relate with short- and long-term ablation success*! . Thus, further stud-
ies may be required to determine if the approach analyzed in this study
is feasible to ensure AF ablation success.

The use of beta-blockers is associated with an increase in the vagal
modulated RMSSD displaying the improvement in parasympathetic
tone.*> Current data evaluating the effect of AADs on the short-term
HRYV are scarce. In this analysis, no difference in RMSSD was seen for
patients with beta-blockers and/or AADs compared with patients with-
out one of these medications. However, as mentioned previously, most
patients prescribed with beta-blockers in this patient cohort suffered
from AF. Therefore, a potential increase in the short-term HRV due
to the use of beta-blockers may have interfered with a lower HRV in
patients with a history of AF, also shown in this study.

Clinical implementation

Data from this analysis show that assessment of the ultra-short-term
HRV using PPG-based handheld devices in this mHealth telemedicine
setting is feasible with high patient adherence and inter-recording con-
sistency. Therefore, it may be helpful to further optimize the manage-
ment of patients with AF. This on-demand mHealth approach is a useful
tool allowing not only comprehensive management for AF but also
structured assessment of ultra-short-term HRV. The approach is
aligned with the principles of integrated care and has the potential to
improve health outcomes, optimize care processes and enhance pa-
tient engagement.

Integration of such an approach into routine care could be beneficial
for patients with a history of AF to monitor therapy effectiveness e.g.
after initiation of new medications or post-ablation.
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Figure 3 Differences in HR by subgroups. AAD, antiarrhythmic drugs; AF, patients with history of atrial fibrillation; BB, beta-blocker; PVI, pulmonary
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Figure 4 Differences in RMSSD by subgroups. AAD, antiarrhythmic drugs; AF, atrial fibrillation; BB, beta-blocker; PVI, pulmonary vein isolation;

RMSSD, root mean square differences.

Moreover, implementation of this method into routine care could en-
hance self-management of patients, optimize follow-up workflows and
provide detailed knowledge about treatment responses about the HRV.

Nevertheless, several practical considerations must be considered be-
fore implementation into daily clinical practice. Patient digital literacy
plays an important role and should be addressed prior to clinical integra-
tion. Physicians should, on the one hand, identify patients with limited
digital literacy. However, this aspect is not always age-dependent, as older

patients with adequate clinical literacy have been shown to demonstrate
good compliance with mHealth approaches, as shown previously.

In addition to the patient’s literacy, it is equally important that physi-
cians themselves have sufficient digital literacy, as this is crucial not only
for understanding but for adequately interpreting digital health data.
Therefore, education and training are of relevance—not only for pa-
tients but also for physicians—to maximize the potential benefits of
such an mHealth approach.
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Another important aspect includes cost and time-related factors,
such as costs for device acquisition, the need for adequate data manage-
ment infrastructure to minimize time needed as well as adequate soft-
ware integration into existing electronic health record systems.
However, these costs could be beneficial by providing long-term ben-
efits like improved patient outcomes and more efficient resource util-
isation. Finally, integration into existing clinical workflows is crucial to
minimize the additional time burden of physicians. This would require
interoperability with existing clinical systems, user-friendly dashboards
for clinicians and, most importantly, (semi-)automated data analysis to
reduce the workload for the responding physician.

As the HRV is not only relevant in patients with a history of AF but in
various other conditions, implementation of a structured digital health
framework may also be beneficial in other cohorts. This may include pa-
tients with heart failure. It is known that the HRV is markedly reduced in
these patients and an increase in HRV is associated with improvement of
the LVEF.** Therefore, the HRV can be used as an independent predict-
or for LVEF improvement and, hence, as an early indicator of response to
treatment.** In patients with chronic heart failure, a reduced short-term
HRV has been shown to be a strong predictor for sudden cardiac death.*
Authors conclude that the HRV may be beneficial to identify patients who
would benefit from an implantable cardioverter defibrillator.*

However, evaluation of the HRV is not only limited to cardiac dis-
eases but is of relevance in many other disciplines. To name some ex-
amples, low HRV was eg. associated with different psychiatric
conditions such as schizophrenia, depression and anxiety.‘“”18 In pa-
tients who suffered from a stroke, a reduced HV was affiliated with
the severity of stroke, as well as with complications and mortality.*’
In patients with neurologic disorders, a reduced HRV was associated
with cognitive impairment in patients with dementia. Moreover, in pa-
tients with epilepsy, an increase in HRV was seen shortly before the be-
ginning of a seizure®® and HRV helped to identify patients in pre-ictal
states.®>°

Further studies are needed to assess the use of the mHealth-based
method used in this study in these other patient cohorts.

Implications for future research may include evaluation of the long-
term use of such an approach to predict clinical outcomes and therapy
success. Moreover, patient centred outcome such as quality of life and
treatment adherence should be addressed in future studies to assess
and enhance patient satisfaction together with clinical relevance for
PPG-based HRV assessment in daily clinical practice. Finally, this
structured mHealth approach needs to be assessed in broader patient
cohorts, including those with other cardiovascular diseases, comorbid-
ities and non-cardiac conditions.

Limitations

This study has several limitations. The TeleCheck-AF project included
patients who were willing and able to use the mHealth tool provided.
Therefore, the infrastructure analyzed in this study may only be useful
for a selected number of patients. Moreover, as digital literacy might be
more common in younger than in older patients, more younger pa-
tients than normally present in studies analyzing patients for remote
monitoring of AF may have been included in this analysis. As a result,
data may not be generalisable for all patients eligible for remote AF
management. Nevertheless, previous data have shown that older age
is a predictor for optimal adherence and motivation in patients analyzed
during TeleCheck-AF.*8

Patient adherence in this study was high. Nonetheless, as these were
only selected measurements three times a day and in case of symptoms,
there is a relevant gap of data that may have led to results not displaying
the real-world data.

Although several studies have evaluated the use of ultra-short-term
HRYV recordings, most of them were conducted using ECG recordings.

Data validating ultra-short-term HRV recordings using PPG are sparse.
Therefore, the results should be interpreted with caution.

Finally, analysis revealed a relevant number of outliers. To ensure ad-
equate calculation and to limit outliers, RR intervals of ectopic beats
within a recording were excluded prior to assessment. However, out-
liers still existed and could have influenced the results.

Conclusions

PPG data recorded within a structured mHealth approach for remote
management of AF allow analysis of the ultra-short-term HRV. Next to
patients using this mHealth approach for remote management of AF, a
structured digital health framework for assessment of the
ultra-short-term HRV may also be feasible for management of other
health conditions in which the ultra-short-term HRV plays an important
role for diagnostics and therapy.
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