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Background We developed and validated a heart failure (HF) risk score combining daily measurements of multiple device-derived
parameters.
Methods Heart failure patients from clinical studies with implantable devices were used to form two separate data sets. Daily

HF scores were estimated by combining changes in intra-thoracic impedance, atrial fibrillation (AF) burden, rapid rate
during AF, %CRT pacing, ventricular tachycardia, night heart rate, heart rate variability, and activity using a Bayesian
model. Simulated monthly follow-ups consisted of looking back at the maximum daily HF risk score in the preceding
30 days, categorizing the evaluation as high, medium, or low risk, and evaluating the occurrence of HF hospitalizations
in the next 30 days. We used an Anderson—Gill model to compare survival free from HF events in the next 30 days
based on risk groups.

Results The development data set consisted of 921 patients with 9790 patient-months of data and 91 months with HF hos-
pitalizations. The validation data set consisted of 1310 patients with 10 655 patient-months of data and 163 months
with HF hospitalizations. In the validation data set, 10% of monthly evaluations in 34% of the patients were in the high-
risk group. Monthly diagnostic evaluations in the high-risk group were 10 times (adjusted HR: 10.0; 95% Cl: 6.4—15.7,
P < 0.001) more likely to have an HF hospitalization (event rate of 6.8%) in the next 30 days compared with monthly
evaluations in the low-risk group (event rate of 0.6%).
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Background

Heart failure (HF) causes a significant economic burden, morbidity,
and mortality." The primary cause of HF hospitalization (HFH) is
volume overload which is treated using diuretic therapy.’
Further, ACE-inhibitors and -blockers are known to reduce mor-
tality in HF patients.' Implantable medical devices, such
as pacemakers, implantable cardioverter defibrillator (ICD), and
cardiac resynchronization therapy defibrillator (CRT-D), can
provide daily measurements of several ‘diagnostic’ parameters for
possible evaluation of the HF status in patients. Earlier studies
have shown that implantable device-measured ‘diagnostics’ such
as intra-thoracic impedance (IMP),” atrial fibrillation (AF) burden
and rate control information,® and night heart rate, heart rate
variability, and patient activity* can identify when patients are risk
for HF events and could potentially be used unilaterally or in a
combined fashion for informed patient management.”

In the past decade multiple studies have reported combining
implantable device diagnostics to identify patients at risk of HF
events and death.*”” The objective of this study was to develop
and validate a single-HF risk score derived by combining informa-
tion from multiple device diagnostic parameters in a Bayesian
Belief Network (BBN) framework to improve the ability to identify
when patients are at risk for HFH. Multiple physiological processes
interact in a complex manner during HF with a high degree of un-
certainty in the severity of the manifestation of the disease that
may or may not require hospitalization. The BBN approachs'9
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allows for uncertain reasoning to estimate the probability of an
HFH under a set of given diagnostic evidence. The BBN framework
has been applied to other bio-medical applications.’

Methods

Data set and event definitions

The development set included data available from the OFISSER"!
(n = 269), ltalian ClinicalService Project'® (n = 174), and CONNECT"
(n = 478) studies. The validation set included data available from the
PARTNERS-HF® (n = 650), FAST" (n = 134), PRECEDE-HF (n = 52),
and SENSE-HF'® (n = 474) studies. Patient data were included in the
data analysis cohorts if the patient had >90 days of device diagnostic
data that includes intra-thoracic impedance monitoring. Details for each
study and additional data inclusion criteria for this analysis are detailed in
the Appendix. The studies were divided into development and validation
data sets based on the chronological order in which data from the
studies were made accessible for this investigation. The method for com-
puting diagnostic information is the same in all the devices included for the
data analysis. HFHs were used as the endpointin the data analysis. Each car-
diovascular hospitalization was carefully adjudicated for signs and symp-
toms of HF which included the administration of iv. or oral diuretic
during the hospitalization. Since a dynamic risk score for HFH was the
focus of this study, death was not used as an endpoint in the data analysis.

Diagnostic parameters

Implanted medical devices monitor several clinical diagnostic para-
meters that may include IMP, AF burden, ventricular rate during
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atrial fibrillation (VRAF), ventricular tachycardia (VT) episodes, patient
activity (ACT), day and night heart rate (NHR), and heart rate variabil-
ity (HRV) (Figure 1). These parameters are monitored continuously
and the device stores sample data points for each parameter daily.
IMP is a surrogate measure for blood volume or pulmonary capillary
wedge pressure, with an increase in fluid volume leading to a reduction
in IMP2. HRV is the standard deviation of 5 min median of atrial inter-
vals during a 24 h period, with reducing HRV implying increases in sym-
pathetic tone. NHR is the average heart rate between midnight and 4
am and is a measure for resting heart rate. ACT is the number of
minutes in a 24 h period the patient is active and is a surrogate of func-
tional capacity. AF burden is measured as total duration of fast atrial
rate during a 24 h period, with atrio-ventricular conduction ratio
>2:1. VRAF is the average ventricular rate during AF over a 24 h
period. The device also records the % of CRT pacing delivered in a
day, number of VT episodes and whether the patient received a defib-
rillation shock.

Combined diagnostics

Features were extracted from the diagnostics parameters to ascertain
an evidence level for each diagnostic parameter on a daily basis (Ap-
pendix). A higher value of OptiVol fluid index implied a higher level
of evidence for HF. Low or decreasing trend in ACT or HRV and
high or increasing trend in NHR were considered as evidence for
HF. If any two of the five arrhythmia/therapy related criteria were
met it identified a higher evidence level for worsening HF. Absolute
measurement thresholds used for the different diagnostic parameters
were determined in earlier studies.’~® The thresholds for the trend
indexes which look for sustained increases or decreases in the mea-
surements of NHR, ACT, and HRV were determined in the develop-
ment set data.

A BBN framework®’ was used to combine the evidence from each
diagnostic parameter (Figure 7). On any day a certain set of diagnostic
criteria is met which is categorized to different evidence levels as
shown in Appendix. The evidence level for each diagnostic parameter
is then used to generate the HF risk score for the day using a lookup
table defined by the BBN model using data from the development set.

Statistical analysis

Monthly evaluations were simulated every 30 days, similar to the evalu-
ation used in the PARTNERS-HF® study, beginning on the 60th day
from start of available diagnostic data. Each monthly evaluation
included: (i) a retrospective look at maximum value of the diagnostic
risk score in the last 30 days to ascertain the patient status into the
diagnostic evaluation groups, and (ii) a prospective assessment for
the first HFH in the next 30 days. A monthly evaluation was included
only if there was >30 days of device data and clinical follow-up follow-
ing the diagnostic evaluation, thus excluding deaths from the analysis.
The risk score was categorized into three diagnostic evaluation
groups: high, medium, and low. The first natural break after the top
10% of the risk score in the development set was chosen as the thresh-
old for the high group. The rest of the risk scores were divided into
two similar sized groups at a natural breakpoint with the HFH event
rate <0.5% in the low group in the development set. The high and
medium monthly diagnostic evaluation groups were compared with
the low group for time to first HFH in the next 30 days using the An-
derson—Gill model, an extension of the Cox proportional hazards
model that accounts for multiple evaluations in patients. The model
was adjusted for baseline variables (age, gender, NYHA, history of cor-
onary artery disease, Ml, AF, diabetes, and hypertension) and baseline

medications (ACE-I/ARB, diuretics, B-blockers, and anti-arrhythmic
drugs) in the validation data set.

A sensitivity and specificity analysis was performed for the combined
diagnostic score using the same monthly evaluation scheme. Sensitivity
(and specificity) is defined as the number of evaluations with score >
(or <) threshold and HFH (or no HFH) event in next 30 days divided
by the total number of evaluations with HFH (without HFH) in next
30 days. The sensitivity and specificity computations are adjusted for
multiple evaluations in patients using generalized estimating equation
(GEE) with an exchangeable correlation structure. All statistical ana-
lyses were performed using SAS version 9.2 (SAS Institute, Inc.,
Cary, NC, USA).

Results

The development data set consisted of 921 patients with an
average follow-up duration of 10.6 + 5.8 months with 28 deaths
and 68 patients (7.4%) with HFHs at a rate of 0.14 per patient
year. A total of 9790 patient-months of data was analysed of
which there were 91 months with HFHs providing an event rate
of 0.9%. The validation data set consisted of 1310 patients with

Table I Baseline demographics of patients in the
development and validation sets

Developmentset Validation set

(n=921) (n =1310)

Mean age (SD) 68 (11) 67 (11)
Male gender (%) 69 74
NYHA (%)

| 2 4

I 19 22

Il 76 70

\ 3 4
Ischaemic (%) 63 61
Myocardial infarction (%) 43 48
Hypertension (%) 70 62
Diabetes (%) 37 38
History of AF (%) 21 32
LVEF <35% (%) 96 92
Device type (%)

ICD 0 4

CRT-D 100 96
Baseline medications (%)
ACE/ARB 70 84
Beta-blockers 87 88
Diuretics 77 87
Digoxin 29 33
Aldosterone antagonist 26 22
AAD 18 22
Anti-platelet or 86 61

anticoagulant

Warfarin 33 25
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Table 2 Comparison of event rates between different evaluation groups within the development and validation sets

Data set Evaluation Evaluations Patients HF hospitalizations Hazard ratio P-value
groups® (%) (% of evaluations) (95% CI)
Development Low 4525 (46) 802 15 (0.3) Reference
(n=921) Medium 4018 (41) 833 47 (1.2) 3.7 (2.0, 6.7) <0.001
High 1247 (13) 405 29 (2.3) 6.2 (3.1,12.3) <0.001
Validation (n = 1310) Low 4838 (45) 1085 28 (0.6) Reference
Medium 4717 (44) 1142 60 (1.3) 2.1 (1.3, 3.4) 0.001
High 1100 (10) 446 75 (6.8) 10.0 (6.4, 15.7) <0.001

*The high group consisted of risk scores >20% and the low group consisted of risk scores <5%.

Adjusted Hazard Ratios

HF hospitalization in next 30 days
Fes

% monthly evaluations with

Medium vs Low: 2.1 (1.3, 3.4); P= 0.001
High vs Low: 10.0 (6.4, 15.7); P< 0.001

High risk

Medium risk

0 . ' ' . .
0 5 10 15 20 25 30

Koty Days after diagnostic evaluation
evaluations
at risk
Highrisk 1100 1085 1076 1063 1050 1040 1026
Medium risk 4717 4710 4700 4690 4684 4669 4658
Low risk 4838 4830 4825 4822 4818 4816 4811

Figure 2 Kaplan—Meier curves for time to first HF hospitalization
the validation set.

an average follow-up duration of 8.1 + 5.0 months with 33 deaths
and 110 patients (8.4%) with HFHSs at a rate of 0.22 per patient
year. A total of 10655 patient-months of data was analysed of
which there were 163 months with HFHs providing an event
rate of 1.5%. The baseline characteristics of the patients in the
study are shown in Table 1.

The event rates, expressed as a percentage of monthly evalua-
tions that were followed by an HFH in the next 30 days, for the
low, medium, and high evaluation groups in the development and
the validation data sets are presented in Table 2. The hazard
ratios for the comparison of the event rates in the medium and
high groups with respect to the low group are also shown in
Table 2. Figure 2 shows the Kaplan—Meier plot for time to first

after monthly diagnostic evaluation for the different risk score groups for

HFH in the 30 days following monthly diagnostic evaluation in
the validation data set. In the validation data set, a total of 163
monthly evaluations (1.5%) were followed by an HFH in the
next 30 days. Of the 1100 monthly evaluations when the risk
score was in the high group, 75 (6.8%) were followed by an
HFH in the next 30 days. The risk score was in the ‘high’ group
in at least one monthly evaluation in 446 patients (34%).
Monthly diagnostic evaluations with a risk score in the ‘high’
group were 10 times (HR: 10.0; 95% ClI: 6.4-15.7, P < 0.001)
more likely to have an HFH in the next 30 days compared with
monthly evaluations with a risk score in the ‘low’ group. Results
are similar if the model is adjusted for the presence of HFH in
the last 30 days (HR: 8.2; 95% ClI: 5.1-13.1, P < 0.001).
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the ‘low’, ‘medium’, and ‘high’ groups in the validation data set.

Figure 3 shows the event rates for individual diagnostic evidence : stratifying patients at risk for HFHs, the combined risk score improves
levels described in Appendix and the combined risk score for the val-  ©  the ability to identify when patients are at a higher than normal risk
idation set. While each of the diagnostic element has the capability of : and when patients are at lower than normal risk for HFHs.



Development and validation of an integrated diagnostic algorithm

2477

The number of times each of the individual diagnostic criteria was
triggered as per cent of monthly evaluations with a risk score in the
different risk score groups in the validation set is shown in Figure 4A.
Each diagnostic parameter exceeded threshold significant propor-
tion of times when the risk score is in the ‘high’ group with
reduced patient activity (evidence level 2 in Appendix) and high
OptiVol Fluid Index (evidence level 3 and 4 in Appendix) exceeding
threshold most often. Figure 4B shows the number of diagnostic par-
ameter that were triggered at the same time when the risk score
was in the ‘low’, ‘medium’, and ‘high’ groups in the validation data
set. The evidence level criteria for the trigger of the diagnostic para-
meters for Figure 4B were same as that used in Figure 4A. When the
risk score was in the ‘low’ group, very often none of the diagnostic
parameters triggered a high-evidence level, whereas three different
diagnostic parameters triggered a high-evidence level most often
when the risk score was in the ‘high’ group.

The 25-percentile, median, and 75-percentile of the risk score
distribution in the validation set were 3.8, 5.5, and 11.5%, respect-
ively. The receiver operating characteristic (ROC) curve, plotting
the GEE estimates of sensitivity and specificity, for the validation
set is shown in Figure 5. Evaluations done every 30 days in the
monthly evaluation scheme contribute one data point for the sen-
sitivity and specificity calculations. In the validation set, the thresh-
old between the ‘low’ and ‘medium’ risk groups (score of 5%) had
a sensitivity and specificity of 82.8 and 45.8%, respectively, and the
threshold between the ‘medium-’" and ‘high’-risk groups (score of
20%) had a sensitivity of 46.0%, i.e. 46% of the months with
HFHs were preceded by a ‘high’-risk score, and specificity of
90.2%, i.e. 10% of the months with no HFHs were also preceded
by a ‘high’-risk score. At an HF risk score of 10% the sensitivity
and specificity was 68.7 and 71.6%, respectively.

When monthly evaluations were in ‘low’-risk group, <0.6% had
HFHs in the next 30 days, i.e. a negative predictive value of 99.4%

100

-
1— ——
-~

80 1

60

Sensitivity

40

20

0 T T T T
0 20 40 80 80 100
Specificity

Figure 5 Receiver operating characteristics curve plotting the
sensitivity vs. specificity in a 30-day evaluation framework for
the validation set.

for the ‘low’-risk group. A high negative predictive value suggests
that monthly evaluations with ‘low’ risk can be used to triage for
patients who are at lower than average risk for HF requiring hos-
pitalization. A very high-risk group, i.e. a group with high positive
predictive value, can be formed for risk scores >40% that
occurs in 2% of all monthly evaluations with 14.2% having HFHs
in next 30 days. Similarly, another very high-risk group would be
evaluations with a risk score in ‘high’ group for >14 of 30 days,
which happens in 3% of the evaluations with 11.9% having HFHs
in the next 30 days. The average number of days the risk was
‘high’ in the 30 days prior to months with HFH was 7 + 11 days.

Discussion

The study presented the development and validation of a novel
dynamic HF risk score derived from combining diagnostic para-
meters monitored in implantable devices. Patients who achieve a
high-risk state on any day in the last 30 days are 10 times more
likely to be hospitalized for HF in the next 30 days compared
with patients who had a low risk on each of the last 30 days.
Several HF risk scores have recently been developed and vali-
dated."®”"” Most of these risk scores identified a static risk at base-
line or in an in-hospital setting, i.e. identify which patient is at
risk for the development of HF or mortality. The dynamic HF
risk score developed in this study, can identify when a high-risk
patient is at higher risk of an HFH in an ambulatory setting, thus
providing incremental information beyond what is provided by a
static risk score. The dynamic HF risk score is time-varying and
the same patient may be at high and low risk at different periods
of time depending on the status of continuously monitored
diagnostic parameters in the implanted device.

Management based on a dynamic risk score is similar in
approach to recently reported intra-cardiac pressure’®?! or
intra-thoracic impedance measurements.”'""1* The key differ-
ence is incorporation of the multiple diagnostic parameters to
form a combined diagnostic with the intention of improving the
overall accuracy of the diagnostic. Long-term ambulatory monitor-
ing using implantable devices featuring remote access and wireless
alerting capabilities enables the dynamic assessment of the HF
status, thus providing the opportunity to optimize treatment strat-
egies for HF in a timely fashion. Like any diagnostic (weight, tem-
perature, ECG, etc.), diagnostic information must be coupled
with appropriate clinical actions in order to improve outcomes
in HF patients.”’ Whether therapeutic interventions based on
the dynamic HF risk score is safe and effective in improving out-
comes in HF patients need prospective evaluation. Several rando-
mized controlled studies for management of HF patients based on
diagnostic information have yielded inconsistent results.”°~2

Each of the diagnostic parameters in implantable devices corres-
pond to one or more of the basic HF assessment metrics such as
fluid status, functional capacity, resting tachycardia, autonomic
balance, arrhythmia, and non-adherence. Combining multiple para-
meters into a single-risk score makes it a simple to use triaging
scheme indicating when a patient needs more attention in an am-
bulatory setting. A transition to high-risk state can proactively ini-
tiate collection of more clinical and symptomatic information over
the telephone or in person to facilitate a diagnostic decision.
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Further, having information regarding which device parameters
caused transition to high-risk state may lead to more clarity on
treatment options. For example, a high-risk score caused by de-
crease in intra-thoracic impedance as well as new onset AF with
poor rate control at the same time may indicate a very specific
treatment plan: acute control of the fluid status, if necessitated
by additional evidence, followed by improved chronic management
of heart rate, once euvolaemia is achieved, to prevent future
occurrences. A clinical action may not always need a medication
adjustment; it can also be counselling for non-adherence or decid-
ing to monitor the patient more often in the clinic.

The PARTNERS-HF® study used a heuristic method for combin-
ing multiple diagnostic variables. The chosen diagnostic criteria were
optimized for simplicity of a quick visual review of each diagnostic
variable. The BBN approach also combines multiple diagnostic para-
meters, but it does so in a more rigorous decision-making frame-
work that mimics clinical decision-making with elements of
uncertain reasoning, causal relationships, and differential reasoning
in the same framework. The BBN approach generates a single-risk
score that can be used for initial triage without having to go
through each diagnostic variable, thus improving the simplicity.
The risk score is a continuous number allowing for the choice of
flexible thresholds for obtaining optimal performance. Further,
feature set definition for individual diagnostic variables can be
improved without compromising the simplicity, e.g. relative change
in activity, NHR, and HRV can be incorporated in addition to abso-
lute thresholds. Finally, more diagnostic variables with orthogonal in-
formation, e.g. biomarkers, intra-cardiac pressures, can be easily
added into the framework without needing data from all the vari-
ables in the same study to create a revised framework.

The absolute risk of an HFH in a 30-day period following a
monthly evaluation with a high-risk state was only 6.8%. Thus, a
high-risk state should not be used unilaterally to make treatment
decisions as it may lead to over-reaction as it happened in the
DOT-HF s'cudy.25 The absolute risk is low primarily because of
the low rate of HFHSs in this ambulatory monthly evaluation frame-
work (overall event rate of 1.5%), the denominator being all
monthly evaluations in all patients. When the event rate is
higher, for example, in evaluating readmissions for HF,%® the abso-
lute risk is also higher. The absolute risk for events with milder
symptoms of HF not requiring hospitalization will be higher. The
HF risk score categorizes the baseline risk of 1.5% into three
groups, one with a higher risk (6.8%) and one with a lower risk
(0.6%), with the middle group being similar to the overall risk of
1.5%. Although the absolute risk is low, the relative risk between
the high- and low-risk groups is high. Thus, the risk score can be
used as a tool to triage patients who may need more attention
(e.g. more frequent follow-up). Randomized control studies of in-
tensive follow-up-based HF management have yielded varying
results;”>** however, a risk score-based follow-up may improve
the efficiency of disease management programmes by spending
more resources on patients in a high-risk state and fewer resources
on patients in a low-risk state.

Limitations

The retrospective analysis was done by pooling data from multiple
studies in order to increase the sample size for the development

and validation sets. With the exception of the FAST study,
most of the data included in the study was from within the first
year of the device life, thus the results may not reflect the perform-
ance of the risk score during the later years of the device life. Serial
assessment of clinical diagnostic data related to HF, such as weight,
blood-pressure, and BNP, was not performed in a consistent
manner in all the studies. Thus, comparison of the dynamic risk
score to previously described clinical risk scores could not be per-
formed, and the adjustment for other clinical variables in the stat-
istical analysis was limited to baseline history collected in the
studies. The incremental value of an HF risk score over clinical
diagnostic measurements cannot be established in this data set. It
is hypothesized that the dynamic assessment of an HF risk score
provides an ambulatory triage mechanism to indicate when to
gather additional clinical information to evaluate the patient
status in a timely manner to improve the efficacy of disease man-
agement programmes.

Conclusions

We developed and validated a method for combining multiple
device-derived diagnostic parameters into a single-dynamic HF
risk score which may be evaluated in an ambulatory setting to
triage patients at a higher risk for HF events in the next 30 days.
Future studies are needed to prospectively evaluate whether
timely clinical actions initiated by the stratification of HF patients
using the HF risk score on a regular basis can reduce HFHs.

Acknowledgements

The authors would like to thank all investigators in the studies
included in this data analysis. The authors would also like to
thank Douglas Hettrick and Eduardo Warman for their intellectual
contributions in the development of the risk score.

Funding

M.C. salary is supported by the National Institute for Health Research
Biomedical Research Unit at the Royal Brompton Hospital, London.
Funding to pay the Open Access publication charges for this article
was provided by Medtronic Inc.

Conflict of interest: Dr Cowie: research grants from Medtronic, and
honoraria from Medtronic, St Jude Medical and Boston Scientific.
Dr Sarkar and Ms Koehler are employees of Medtronic. Dr Whellan:
research grants from Medtronic and consultant for Medtronic.
Dr Crossley: consultant for Medtronic, Boston Scientific, and
Cardiac Control systems; lecturing income from Medtronic, Boston
Scientific and Sanofi; research support from Medtronic, Boston Scien-
tific and St Jude Medical. Dr Tang: Consultant for Medtronic, received
honoraria from Medtronic. Dr Abraham: consulting fees from Medtro-
nic, St Jude Medical, Biotronik, CardioMEMS, and Novartis. Dr Sharma:
employee of Medtronic. Dr Santini: consultant for Medtronic. V.S, S.S.,
and JK. have paid from Medtronic, Inc., for stock/stock options.
W.HW.T.: consultant for St Jude Medical and employed for Clevland
Clinic. W.H.W.T.: grants from National Institutes of Health and Abbott
Laboratories. J.K.: patents (planned, pending, or issued) from Medtro-
nic. G.C.: granted from Medtronic and received payment for lectures
including service on speakers bureaus from Medtronic. M.C.: consult-
ant for Medtronic and received payments for lectures including
service on speakers bureaus from Medtronic.



Development and validation of an integrated diagnostic algorithm

2479

Appendix

Details of studies included in data analysis

Development data set
Study
Design
Centres
Main inclusion

Main exclusion

Inclusion for
analysis

Access to data

Audible or
remote care
alerts

OFISSER
Observational
Multiple, USA

CRT-D device for 6
months

None

First 269 patients
enrolled in study

Italian ClinicalService
Observational

Multiple, Italy
CRT-D device
None

OptiVol alerts turned OFF

CONNECT
Randomized
Multiple, USA

CRT or ICD device

Permanent AF

chronic warfarin

Life expectancy <15 months
CRT-D device

Control arm

Yes

Validation data set
Study
Design
Centres

Main inclusion

Main exclusion

Inclusion for
analysis

Access to data

Audible or
remote care
alerts

PARTNERS-HF
Observational
Multiple, USA
CRT-D device

Permanent AF
CAl

Heart transplant
Renal disease

OptiVol diagnostics

Yes
No

FAST
Observational
Multiple, USA

CRT-D device or

ICD device with EF <35% and
NYHA class Ill or IV

Heart transplant

Severe chronic obstructive
pulmonary disease

PAH

Life expectancy <6 months

None

No
No

PRECEDE-HF
Randomized
Multiple, USA

CRT-D or ICD device with HF
event in last 12 months

Heart transplant
CAl or Ml
Renal insufficiency

Control arm

No
No

SENSE-HF
Observational
Multiple, Europe, Asia

CRT-D or ICD device with
HF event in last 12 months

Heart transplant

Severe chronic obstructive
pulmonary disease

PAH

Renal insufficiency

First phase data (first 6 months)

No
No

PAH, pulmonary arterial hypertension; CAl, coronary artery intervention; MI, myocardial infarction.

Criteria for individual diagnostic parameters used to categorize the parameters into different evidence levels

Diagnostic parameter
OptiVol

Night heart rate (NHR)

Patient activity (ACT)

Diagnostic criteria
Fluid index >100

60< Fluid index <100
30< Fluid index <60
0< Fluid index <30
Data not available

AvgNHR >85 b.p.m. OR AvgNHR <55 b.p.m.
NHRtrendIindex*>NHR trend threshold
If condition for evidence level 2 not met

Data not available
AvgACT <60 min

ACTtrendIndex*>ACT trend threshold
If condition for evidence level 2 not met

Data not available

Evidence level

4
3

2
1
1
2
2
1
1
2
2
1
1
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Heart rate variability (HRV)

Arrhythmia/pacing combination

AvgHRV <60 ms

HRYV trend index*>HRYV trend threshold
If condition for evidence level 2 not met
Data not available

VTepisodes >5 OR

Shock = “True’ OR

AF burden >1 h/day OR
MeanVRAF >90 b.p.m. AND AF >6 h/day OR

%Ventricular pacing <90% AND CRT device

Two or more of the above 5 arrhythmia conditions met

No condition met OR data not available -1

= A NN

*Trend index is computed as a running cumulative sum of the difference between short- and long-term averages over a 14-day period. Trend Index is compared with thresholds
which are related to the value of the long-term average.
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