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Abstract

Aims OptiVol fluid index was developed as a transthoracic impedance-based indicator of short-term risk for heart failure
hospitalization (HFH). OptiVol is calculated as the accumulating difference between daily impedance (measured impedance)
and long-term average impedance (reference impedance). Measured impedance alone was thought to have limited prognostic
utility; however, measured impedance has the advantage of being simple, direct, and possibly additive to OptiVol fluid index in
establishing long-term HFH risk. We tested the hypothesis that directly measured impedance has independent prognostic
value in predicting long-term HFH risk and that changes in measured impedance result in a change in predicted long-term
HFH risk.
Methods and results A retrospective analysis of 1719 patients studied in PARTNERS-HF, FAST, and RAFT studies was per-
formed. Baseline measured impedance was determined using daily values averaged over 1 month, from Month 6 to 7 post
implant; change in measured impedance was determined from values averaged over 1month, from Month 7 to 8 post implant
compared with baseline. The predictive value of baseline measured impedance for HFHs was assessed beginning 7 months
post implant. The predictive value of a change in measured impedance for a change in HFHs was assessed beginning 8 months
post implant. Baseline measured impedance successfully predicted HFHs. For example, 3 year HFH rate for low baseline
impedance < 70 Ω was 23%; for high baseline impedance ≥ 70 Ω was 15% (P < 0.001). Changes in measured impedance re-
sulted in changes in predicted HFHs. For example, when a baseline impedance of ≥70 fell during follow-up to <70 Ω, the sub-
sequent HFHs were 15% compared with 4% in patients with measured impedance that remained >70 Ω (P = 0.004). In
addition, when baseline measured impedance fell during follow-up by >1%, 2%, or 3%, subsequent HFHs increased to 13%,
17%, or 18%, respectively. Finally, the prognostic value of measured impedance was additive to the prognostic value of the
OptiVol fluid index.
Conclusions Direct measurements of intrathoracic impedance using an implanted device can be used to stratify patients at
varying risk of long-term HFH. These direct measurements of impedance have practical clinical appeal because they are simple,
continuous, and ambulatory.
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Introduction

The OptiVol fluid index was developed as a transthoracic
impedance-based indicator of short-term transient change
in risk for heart failure hospitalization (HFH).1–4 Temporal
changes in the OptiVol index are calculated by taking the
difference between the daily value of impedance (measured

impedance) and the long-term average value of impedance
(referred to as reference impedance) and accumulating these
differences to construct a fluid index (referred to as OptiVol
fluid index). As a result, OptiVol fluid index captures relative
and transient short deviations in impedance. As impedance
decreases and falls below the reference impedance, OptiVol
fluid index rises. A significant rise in OptiVol fluid index

OR IG INAL RESEARCH ART ICLE

© 2020 The Authors. ESC Heart Failure published by John Wiley & Sons Ltd on behalf of the European Society of Cardiology
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any me-
dium, provided the original work is properly cited and is not used for commercial purposes.

ESC HEART FAILURE
ESC Heart Failure 2020; 7: 3040–3048
Published online 13 August 2020 in Wiley Online Library (wileyonlinelibrary.com) DOI: 10.1002/ehf2.12930

https://orcid.org/0000-0001-7076-221X
mailto:zilem@musc.edu
http://creativecommons.org/licenses/by-nc/4.0/


(>60 Ω·days) was shown to precede an HFH event by 1–
3 weeks. Therefore, OptiVol fluid index was proposed to be
applicable in patients with known chronic heart failure
(CHF) to detect an acute conditional transient indication of in-
creased short-term risk above any baseline long-term
disease-attributable risk known to be present in CHF.

At the time that the OptiVol fluid index was developed, it
was assumed that inter-patient variations in the value of
measured impedance would limit its prognostic utility and
its application for detecting short-term alterations in volume
status in individual subjects. However, it seemed plausible
that measured impedance, despite individual variability and
the effects of non-haemodynamic factors that could affect
measurements (such as lead and device placement and pa-
tient’s body build), might have long-term (months to years)
prognostic value in predicting HFHs. Measured impedance
has several advantages. It is a simple and direct measure-
ment. It may have a value additive to the OptiVol fluid index,
especially in establishing long-term risk for a patient. Changes
in measured impedance values over defined time periods
may signal a change in prognosis and long-term risk. Further-
more, a recently published study using directly measured
impedance demonstrated that this measurement technique
provided independent prognostic value in predicting
all-cause mortality.5

Therefore, the purpose of this analysis was to reevaluate
and examine the long-term prognostic utility of measured
impedance in predicting HFHs. Accordingly, data from 1719
patients studied in the PARTNERS-HF (Program to Access
and Review Trending Information and Evaluate Correlation
to Symptoms in Patients with Heart Failure), FAST (Fluid Ac-
cumulation Status Trial), and RAFT (Resynchronization-Defi-
brillation for Ambulatory Heart Failure Trial) studies were
examined to test the hypotheses that measured intratho-
racic impedance has independent prognostic value.6–8 Spe-
cifically, it was hypothesized that measured impedance
establishes and predicts long-term HFH risk; changes in
measured impedance result in a change in the long-term
predicted HFHs; and the prognostic value of measured im-
pedance is additive to the OptiVol fluid index in predicting
HFH risk.

Methods

Study patients

In this study, a retrospective analysis was performed using
the device and outcome data in the PARTNERS-HF, FAST,
and RAFT studies. The disposition of all patients is shown
on the consort diagram in Figure S1. Baseline patient charac-
teristics for 1719 patients included in the primary analysis are
shown in Table 1.

Intrathoracic impedance measurements

All implantable cardioverter defibrillator (ICD) and cardiac
resynchronization therapy defibrillator (CRT-D) devices mea-
sured intrathoracic impedance using the RV-coil to can vec-
tor. Baseline measured impedance was determined using
daily impedance values averaged from 6 through 7 months
post implant. The first 6 months of impedance data was ex-
cluded because intrathoracic impedance measured by the de-
vice is known to slowly change over this time as the device
pocket matures.3

Two analyses were performed (Figure 1A, B). In the pri-
mary analysis, HFH was evaluated from 7 months forward
(Figure 1A). HFHs were obtained from the study database. Pa-
tients were divided into three groups on the basis of 33rd and
66th percentile values for the distribution of the 1 month av-
erage baseline measured impedance values, as follows:

1 High impedance group (Group H): >74 Ω (highest ob-
served impedance: 100 Ω).

2 Medium impedance group (Group M): 68–74 Ω.
3 Low impedance group (Group L): <68 Ω (lowest observed

impedance: 38 Ω).

Furthermore, whether measured impedance provides an
incremental value to prediction of patient outcomes indepen-
dent of OptiVol threshold crossing was examined. ‘Threshold
crossing’ for OptiVol was defined as a reduction in intratho-
racic impedance from the patient’s own reference impedance
leading to a rise in the derived OptiVol fluid index above the
nominal threshold of 60 Ω·days during Months 6 and 7.

In the secondary analysis, whether changes in average im-
pedance over the next 1 month (i.e. 7 to 8 months after im-
plant) in each of three groups were associated with varying
HFH rates were examined (Figure 1B). For this secondary
analysis, patients in the low impedance group (based on
baseline impedance) who had no change in measured imped-
ance over 7–8 months (i.e. the measured impedance
remained <68 Ω) were graphed as ‘no change’ (i.e. started
in impedance < 68 Ω, stayed <68 Ω). Likewise, patients in
the low impedance group (based on baseline impedance)
who had an increase in measured impedance over 7–
8 months to values > 68 Ω were graphed as ‘increased’
(started <68 Ω, increased to >68 Ω). A similar labelling
scheme was used for patients in the medium impedance
group and high impedance group, by using their baseline 6–
7 month measured impedance values first followed by their
subsequent 7–8 month values.

Four additional analyses were performed: 70 Ω partition
value, per cent change from baseline, return to baseline after
a decrease, and combined HFH plus all-cause mortality end-
point. A threshold of 70 Ω (<70 vs. ≥70 Ω) was examined
as both a baseline value and a change from baseline (no
change or increase vs. decrease) using the same primary
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and secondary analysis time frame as above. A per cent
change from baseline, normalized to the baseline value, was
performed for 1%, 2%, 3%, 4%, and 5% increase or decrease
using the same primary and secondary analysis time frame as
above. The effects on patient outcomes after a patient with a
decrease in impedance of 2% or 3% fromMonth 6 to Month 7
‘returned to the baseline’ value, no matter when this return
occurred after Month 7, was examined. Outcomes in patients
with impedance recovering back to Month 6 baseline were
compared with those of patients in whom impedance did
not return to baseline at any time during the follow-up. A

combined endpoint of HFHs and all-cause mortality was ex-
amined using all of the analytic methods described above;
these data are presented in Figure A1.

Data analysis

The F-test for continuous variables (mean ± SD) and χ2 test for
categorical variables were used to examine the differences in
baseline characteristics among groups. Kaplan–Meier survival
analysis and Cox proportional hazards regression were used

Table 1 Demographic data for three baseline impedance groups

Low impedance (n = 535) Medium impedance (n = 577) High impedance (n = 607) Total (n = 1719) P-value

Mean age (SD) 70 (10) 67 (10) 65 (9) 67 (10) <0.001
Male gender 410 (77%) 439 (76%) 466 (77%) 1315 (77%) 0.958
NYHA <0.001

I 1 (0%) 6 (1%) 2 (0%) 9 (1%)
II 249 (47%) 324 (56%) 410 (68%) 983 (57%)
III 271 (51%) 236 (41%) 191 (31%) 698 (41%)
IV 14 (3%) 11 (2%) 4 (1%) 29 (2%)

Ischaemic 371 (69%) 377 (65%) 342 (56%) 1090 (63%) <0.001
Myocardial infarction 302 (56%) 313 (54%) 297 (49%) 912 (53%) 0.031
Hypertension 342 (64%) 321 (56%) 297 (49%) 960 (56%) <0.001
Diabetes 229 (45%) 210 (39%) 202 (35%) 641 (39%) 0.006
Device type <0.001

ICD 77 (14%) 84 (15%) 141 (23%) 302 (18%)
CRT-D 458 (86%) 493 (85%) 466 (77%) 1417 (82%)

Baseline medications
ACE/ARB 441 (82%) 456 (79%) 490 (81%) 1387 (81%) 0.357
Beta-blockers 483 (90%) 520 (90%) 557 (92%) 1560 (91%) 0.562
Diuretics 451 (84%) 463 (80%) 505 (83%) 1419 (83%) 0.179
Digoxin 219 (41%) 156 (27%) 194 (32%) 569 (33%) <0.001
AAD 103 (19%) 72 (12%) 91 (15%) 266 (15%) 0.007
Warfarin 154 (31%) 156 (31%) 190 (38%) 500 (31%) 0.151

AAD, anti-arrhythmic drug; ACE, angiotensin-converting enzyme; ARB, angiotensin receptor-blocker; CRT-D, cardiac resynchronization
therapy defibrillator; ICD, implantable cardioverter defibrillator.

FIGURE 1 Experimental design: (A) Experimental design for the primary heart failure hospitalization (HFH) analysis; see text for details. (B) Experimen-
tal design for the secondary heart failure hospitalization (HFH) analysis; see text for details.

3042 M.R. Zile et al.

ESC Heart Failure 2020; 7: 3040–3048
DOI: 10.1002/ehf2.12930



for time-to-event analysis, with the starting date of follow-up
after the observation period (7 months after implantation for
the primary analysis and 8 months after implantation for the
secondary analysis). Hazard ratios (HRs) and 95% confidence
intervals (95% CI) for HFHs were adjusted for all the variables
that are different between three impedance categories
outlined in Table 1. These included adjustments for age,
New York Heart Association (NYHA) class, ischaemic cardiomy-
opathy, hypertension, myocardial infarction (MI), diabetes,
type of device, and use of digoxin and anti-arrhythmic drugs.
All analyses were performed using statistical software from
SAS, Inc. (Version 9.4, Cary NC, USA).

Results

Patient demographics

Demographic data for the entire cohort of 1719 patients and
the cohort divided into tertiles are shown in Table 1. The Cox
regression analyses described subsequently were used to ad-
just for all differences in baseline factors.

Measured impedance vs. heart failure
hospitalization (primary analysis)

The Kaplan–Meier estimate of HFH rate in the low impedance
group patients was 20% at 3 years of follow-up (Figure 2);
HFH rate in the medium impedance group was 21%, but both
were significantly higher than 13% HFHs in the high

impedance group patients. The overall P-value for the
Kaplan–Meier plot with three groups is 0.002 (log rank test).
The pairwise P-values were low vs. high P < 0.001, and me-
dium vs. high P = 0.015 (Figure 2). When adjusted for age,
NYHA, ischaemic cardiomyopathy, hypertension, MI, diabe-
tes, type of device, and use of digoxin and anti-arrhythmic
drugs, the HR for low vs. high was 1.47 (95% CI: 1.01, 2.14,
P = 0.044), HR for medium vs. high was 1.35 (95% CI: 0.94,
1.93, P = 0.107), and the HR for low vs. medium was 1.09
(95% CI: 0.77, 1.55, P = 0.616). In addition, a partition thresh-
old of 70 Ω (≥70 vs. <70 Ω) demonstrated that there was a
significant difference in HFHs at 36 months (23% < 70 Ω,
15% ≥ 70 Ω, P < 0.001) (Figure 3).

The observation period over which the baseline direct
measurement of impedance was obtained was 1 month from
Month 6 to 7 post implant. In addition, as an exploratory
analysis, shorter observation periods were examined to de-
termine whether observation periods of 1 week and 1 day
would also be sufficient to predict HFHs (Table 2). This explor-
atory analysis was done only for the primary analysis and with
and without adjustment for age, NYHA class, ischaemic car-
diomyopathy, hypertension, MI, diabetes, type of device,
and use of digoxin and anti-arrhythmic drugs. This analysis
of HFHs started the day after the end of the period for calcu-
lating average impedance. For example, the ‘1 day average’ is
the impedance value 1 day after initial 6months post implant
(i.e. Day 183); HFH analysis started at Day 184 post implant.
Similarly, the ‘1 week average’ is the average impedance from
Day 183 to Day 189 post implant; HFH analysis started at Day
190 post implant. For all observation periods—1 month,
1 week, and 1 day—baseline measured impedance predicted
HFHs (refer to Table 2 for unadjusted and adjusted HRs).

FIGURE 2 Kaplan–Meier estimate of the primary heart failure hospitalization (HFH) analysis. Patients were divided into tertiles on the basis of average
baseline measured impedance: group low measured impedance ≤ 68 Ω, group medium 68–74 Ω, group high ≥ 74 Ω. HFH occurrence data at
36 months in low (20.4%) and middle (21.0%) were statistically different vs. high (13.4%, P = 0.002).
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Incremental value of measured impedance to
OptiVol threshold crossings

The predictive discrimination for HFHs provided by the base-
line (6–7 months) measured impedance in the primary analy-
sis was present in patients who did not have an OptiVol fluid
index threshold crossing during 6–7 months after implanta-
tion and but not present in those who did. Results were sim-
ilar if OptiVol crossings during the first 7 months after
implantation were used.

Change in measured impedance vs. heart failure
hospitalization (secondary analysis)

Change based on changes in tertile-derived thresholds
In the high impedance group (>74 Ω), when there was a de-
crease in measured impedance during the 7–8 months after
implantation period, the subsequent HFHs were not signifi-
cantly changed compared with that of patients who did not
change (5% vs. 4% HFHs at 6 months). Adjusted HR was
0.95 (95% CI: 0.34, 2.68, P = 0.927). However, using a

partition value of >70 Ω at baseline when there was a de-
crease in measured impedance during the 7–8 months after
implantation period to <70 Ω, the subsequent HFHs were
significantly higher compared with that of patients who did
not change (15% vs. 4% HFHs at 6months, P = 0.004). The ad-
justed HR for >70 Ω group at baseline vs. change to <70 Ω
was 2.17 (95% CI: 1.04, 4.54, P = 0.040).

In the medium impedance group, when there was an in-
crease in measured impedance or there was no change in
the measured impedance during the 7–8 months after im-
plantation period, the subsequent HFHs were not different
(6% vs. 5%, P = 0.516). When there was a decrease in mea-
sured impedance during the 7–8 months after implantation
period, the subsequent HFHs increased to 12%, P = 0.175.
These changes resulted in HRs after adjustment for covariates
of age, NYHA, ischaemic cardiomyopathy, hypertension, MI,
diabetes, type of device, and use of digoxin and
anti-arrhythmic drugs for groups medium at baseline lo Low
at follow-up (M.L) vs. medium to medium (M.M) (HR 1.71
[0.76, 3.87], P = 0.195), M.L vs. medium to high (M.H) (HR
1.27 [0.45, 3.54], P = 0.652) and M.M vs. M.H (HR 0.74
[0.36, 1.54], P = 0.419).

FIGURE 3 Kaplan–Meier estimate of the primary heart failure hospitalization (HFH) analysis with patients were divided into two groups
impedance < 70 Ω vs. ≥70 Ω. HFH data at 36 months: <70 = 22.7%, ≥70 = 15.3% were statistically different between groups P < 0.001.

Table 2 Hazard ratios for heart failure hospitalization predicted by baseline impedance < 70 measured over variable time periods

Unadjusted HR (95% CI, P-value) Adjusted HRa (95% CI, P-value)

1 month average 1.63 (1.23, 2.16)
P ≤ 0.001

1.40 (1.04, 1.88)
P = 0.028

1 week average 1.53 (1.16, 2.01)
P = 0.003

1.29 (0.96, 1.73)
P = 0.089

1 day average 1.56 (1.19, 2.05)
P = 0.001

1.33 (0.99, 1.78)
P = 0.056

HR, hazard ratio.
aAdjusted for age, New York Heart Association class, ischaemic cardiomyopathy, hypertension, myocardial infarction, diabetes, type of de-
vice, and use of digoxin and anti-arrhythmic drugs.
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In the low impedance group, when there was an increase
in measured impedance or there was no change in the mea-
sured impedance during the 7–8 months after implantation
period, the subsequent HFHs were not different (6% vs. 8%,
P = 0.221). The adjusted HR was 1.63 (95% CI: 0.59, 4.56,
P = 0.349). In addition, using a partition value of <70 Ω at
baseline when there was an increase in measured impedance
during the 7–8 months after implantation period to >70 Ω,
the subsequent HFHs were not statistically different com-
pared with those of patients who did not change (5% vs.
7% HFHs, P = 0.440). The adjusted HR for <70 Ω group at
baseline vs. change to >70 Ω was 1.47 (95% CI: 0.64, 3.41,
P = 0.364).

Change based on % changes from baseline thresholds
When a change in impedance from baseline is considered, a
% change independent of the baseline value itself was exam-
ined. In patients with 1%, 2%, 3%, 4%, or 5% increase in im-
pedance from baseline, there were no significant changes in
subsequent HFHs compared with those of patients who did
not change (Table 3). By contrast, however, in patients with

1%, 2%, 3%, 4%, or 5% decrease in impedance from baseline,
there were significant increases in subsequent HFHs com-
pared with those of patients who did not change (Table 3).
In addition, HFH rate was examined in patients who had a de-
crease in impedance from baseline (>3% or > 2%) during
Months 7 through 8 post implant and in whom the imped-
ance recovered to the baseline value after Month 8 irrespec-
tive of when this recovery occurred; HFHs in these patients
significantly decreased compared with those of patients in
whom impedance did not return to baseline at any time dur-
ing follow-up (12% vs. 25%, HR 3.32 [1.70–6.45], P < 0.001)
(Table 4).

Discussion

The ability to accurately identify patients at risk for HFHs and
identify a change in that risk profile remains a challenge in pa-
tients with CHF. Data from the current analysis suggest that
directly measured intrathoracic impedance provided data
that can be used to risk stratify patients with existing ICDs
or CRT-D devices. For example, CHF patients with a directly
measured baseline impedance < 70 Ω had a significantly
higher long-term HFH risk than CHF patients with a baseline
impedance of >70 Ω. The prognostic value of measured im-
pedance to predict long-term HFH risk is additive to the
OptiVol fluid index. The prognostic accuracy is present
whether impedance was averaged over 1 month, 1 week, or
1 day. Changes in directly measured impedance over time re-
sulted in a change in the long-term predicted mortality. For
example, when measured impedance decreased from base-
line values, HFH rate increased subsequent to this change.
Later, when these decreases in impedance increased back
to baseline levels, HFH rate declined subsequent to this re-
covery in measured impedance. Thus, risk assessed by di-
rectly measured impedance varies over time, and changes
in impedance predict changes in risk. These measurements
of impedance have practical clinical appeal because they are
simple, continuous, and ambulatory.

Impedance in previous studies

Previous studies demonstrated that OptiVol fluid index cross-
ing above a threshold value was associated with increased
short-term risk of HFHs.1–4,6–9 Patients with an OptiVol cross-
ing were shown to be at a higher risk of an HFH event within
2–4 weeks than were patients with no OptiVol crossings. The
current study demonstrated that baseline directly measured
impedance, in both the absence and presence of an OptiVol
fluid index crossing, can predict long-term risk HFH events
over 2–3 years.

Previously, several prospective studies have examined the
utility of OptiVol fluid index in the management of patients

Table 3 Relationship between % change in impedance from base-
line vs. heart failure hospitalization

% change n # HFHs (%)
Adj. HRa

(95% CI)
Adj. P-
value

Increase > 1%b 0.057
No 962 (57%)113 (11.7%)
Yes 722 (43%) 70 (9.7%) 0.74 (0.55–1.01)

Increase > 2% 0.913
No 1343 (80%)143 (10.6%)
Yes 341 (20%) 40 (11.7%)0.98 (0.68–1.41)

Increase > 3% 0.210
No 1467 (87%)150 (10.2%)
Yes 217 (13%) 33 (15.2%)1.30 (0.86–1.94)

Increase > 4% 0.333
No 1542 (92%)161 (10.4%)
Yes 142 (8%) 22 (12.0%)1.27 (0.79–2.04)

Increase > 5% 0.096
No 1608 (95%)169 (10.5%)
Yes 76 (5%) 14 (18.4%)1.63 (0.92–2.90)

Decrease > 1% 0.016
No 1155 (69%)114 (9.9%)
Yes 529 (31%) 69 (13.0%)1.46 (1.07–1.98)

Decrease > 2% <0.001
No 1430 (85%)139 (9.7%)
Yes 254 (15%) 44 (17.3%)2.09 (1.48–2.96)

Decrease > 3% 0.001
No 1529 (91%)155 (10.1%)
Yes 155 (9%) 28 (18.1%)1.96 (1.29–2.95)

Decrease > 4% 0.004
No 1589 (94%)165 (10.4%)
Yes 95 (6%) 18 (18.9%)2.05 (1.26–3.35)

Decrease > 5% <0.001
No 1630 (97%)169 (10.4%)
Yes 54 (3%) 14 (25.9%)3.01 (1.74–5.20)

aAdjusted for the first month impedance, age, New York Heart As-
sociation class, ischaemic cardiomyopathy, hypertension, myocar-
dial infarction, diabetes, type of device, and use of digoxin and
anti-arrhythmic drugs.

bFor an increase > 1% (yes), the comparison group is increase ≤ 1%
(no); all subsequent analyses use the same method.
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with CHF, specifically its utility in affecting the rate of
HFHs.10–14 The results of these studies have been disappoint-
ing. OptiVol fluid index has been shown to reflect elevated
filling pressures and volume status. However, when used as
a single sensor-based metric, the use of the OptiVol fluid in-
dex to alter management did not decrease the number or
rate of HFHs. These negative findings may have been related
to the study design, difficulty in interpreting OptiVol fluid in-
dex, lack of a clear management plan, difficulties in
implementing the management plan, or multiple other exper-
imental factors. These negative previous studies have re-
sulted a change in the direction of utilization of
sensor-based metrics from a single metric to an integrated
multisensor, multimetric, algorithmic approach.6,15–19 Given
the predictive characteristics of directly measured impedance
values and its demonstrated utility in identifying heart failure
with reduced ejection fraction (HFrEF) patients at risk for
HFHs and all-cause mortality, it appears reasonable to add
this metric as one measurement intrinsic to this integrative
algorithmic approach.

Application to multiple sensor metric algorithms

Directly measured impedance has been incorporated into at
least two CHF management multisensor, multimetric algo-
rithms (Heart Logic and Triage HF15–19). Software and hard-
ware platforms have allowed integration of metrics related
to heart rate (HR), HR variability, rhythm, heart sounds, posi-
tion, activity, and respiration together with impedance into a
risk algorithm that predicts HFHs with increasing accuracy.
These algorithms have been shown to have good accuracy
in predicting risk for HFHs, but none have yet been tested
in a randomized clinical trial as methods of facilitating change
in management strategies to reduce HFHs. These prospective

trials are currently being designed and performed. However,
what already seems clear is that the accuracy and utility of
a multisensor, multimetric algorithm will exceed a single sen-
sor or metric and that impedance will remain a pivotal com-
ponent of this algorithm.

Study limitations

The changes in directly measured impedance that occurred in
the subjects studied cannot be related in a cause-and-effect
manner to any changes in management. The three studies
used in our analyses (PARTNERS-HF, FAST, and RAFT) were
not designed in a manner that would allow prospective eval-
uation of change in management vs. change in impedance
and then the determination of causality.6–8 In addition, the
relationship between change in impedance vs. change in rate
of HFHs cannot be related to change in management. How-
ever, these data do support the need for examining the use
of directly measured impedance in the management of pa-
tients with HFrEF.

Clinical implications

The direct measurement of impedance has several aspects
that make it clinically advantageous. It is simple and requires
no mathematical modelling. It provides capability for use as a
remote and continuous assessment of volume status. It is a
measurement that can be made using a permanently im-
plantable device.

One advantage of measured impedance is that a zone of
‘normal’ measured impedance can be established. For exam-
ple, a persistently low impedance, below this normal mea-
sured impedance range, may signify an elevated risk, owing
to chronic elevations in filling pressure and hypervolaemia.
Under these circumstances, the low impedance measure-
ment may serve as an indication to increase or add new
guideline-directed medical therapy. By contrast, the OptiVol
fluid index may be less sensitive to situations in which the pa-
tient is chronically volume overloaded with a stable but low
measured impedance. Measured impedance can be a more
sensitive than OptiVol for detecting changes in patient status
under these circumstances. Furthermore, because imped-
ance provides orthogonal information not captured by
OptiVol in certain situations, it may also be added to existing
device diagnostics-based models to enhance their overall
performance.15–20

Conclusions

Directly measured intrathoracic impedance, measured using
an implantable device, provides data that can be used to

Table 4 Resultant change in heart failure hospitalizations after im-
pedance returned to baseline values

n= 154 patients with >3% ↓ in impedance measured as (Month 2
� Month 1)/Month 1

% change > 3% n # HFHs (%) HR (95% CI) P-value

Return to baseline 0.006
No 48 (31%) 12 (25.0%) 3.14 (1.40–7.07)
Yes 106 (69%) 13 (12.3%)

n= 154 patients with >3% ↓ in impedance measured as (Month 2
� Month 1)/Month 1

%
change > 3%

n # HFHs
(%)

HR (95% CI) P-value

Return to
baseline

<0.001

No 64
(25%)

16
(25.0%)

3.32 (1.70–
6.45)

Yes 189
(75%)

22
(11.6%)
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identify long-term risk stratification in patients with HFrEF.
Specifically, baseline measured impedance predicts HFHs.
Changes from baseline measured impedance result in a
change in the predicted long-term HFH risk. The prognostic
value of directly measured impedance is additive to the
impedance-dependent fluid index. Thus, measured imped-
ance can support risk stratification in CHF patients as a
stand-alone metric or as a component to multimetric integra-
tive approaches.
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