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A B S T R A C T

Monitoring of HF (heart failure) with intracardiac pressure, intrathoracic impedance and/or
natriuretic peptide levels has been advocated. We aimed to investigate possible differences in
the response patterns of each of these monitoring modalities during HF decompensation that may
have an impact on the potential for early therapeutic intervention. Six sheep were implanted with
a LAP (left atrial pressure) sensor and a CRT-D (cardiac resynchronization therapy defibrillator)
capable of monitoring impedance along six lead configuration vectors. An estimate of ALAP (LAP
from admittance) was determined by linear regression. HF was induced by rapid ventricular pacing
at 180 and 220 bpm (beats/min) for a week each, followed by a third week with daily pacing
suspensions for increasing durations (1–5 h). Incremental pacing induced progressively severe HF
reflected in increases in LAP (5.9 +− 0.4 to 24.5 +− 1.6 mmHg) and plasma atrial (20 +− 3 to 197
+− 36 pmol/l) and B-type natriuretic peptide (3.7 +− 0.7 to 32.7 +− 5.4 pmol/l) (all P < 0.001) levels.
All impedance vectors decreased in proportion to HF severity (all P < 0.001), with the LVring (left
ventricular)-case vector correlating best with LAP (r2 = 0.63, P < 0.001). Natriuretic peptides
closely paralleled rapid acute changes in LAP during alterations in pacing (P < 0.001), whereas
impedance changes were delayed relative to LAP. ALAP exhibited good agreement with LAP. In
summary, impedance measured with an LV lead correlates significantly with changes in LAP, but
exhibits a delayed response to acute alterations. Natriuretic peptides respond rapidly to acute
LAP changes. Direct LAP, impedance and natriuretic peptide measurements all show promise as
early indicators of worsening HF. ALAP provides an estimate of LAP that may be clinically useful.

INTRODUCTION

HF (heart failure) is one of the most common causes for
hospitalization in the western world and is associated

with high morbidity, mortality and economic costs
[1]. Despite treatment advances and more intensive
clinical monitoring, rehospitalization due to acute
decompensation of HF remains high, with pulmonary
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congestion being the most common precipitant for re-
admission [2]. It has been shown that haemodynamic
deterioration may precede the development of severe
symptoms of pulmonary congestion and acute HF
hospitalization by up to 2 weeks [3,4]. Early detection
of decompensation may provide an opportunity for a
therapeutic intervention that could prevent hospitaliz-
ation and potentially improve both quality of life and
survival. Clinical experience and recent studies evaluating
the use of standard clinical parameters such as weight
gain or symptoms demonstrate a lack of sensitivity in
detecting decompensation and thus a limited utility for
reducing hospitalization [5]. Incorporating implantable
sensors or biomarkers into the monitoring strategy
could potentially facilitate early detection of clinical
decompensation.

LAP (left atrial pressure) is a sensitive indicator
of heart function, and elevated LAP leads directly to
pulmonary congestion and oedema. Previous studies
using surrogate estimates for LAP derived from RV
(right ventricular) indices suggest there may be a role
for such haemodynamic monitoring in HF management
[4,6]. Indeed, recent work using directly measured
LAP found that a physician-directed patient self-
management therapeutic paradigm guided by daily LAP
measurements in ambulatory HF patients was associated
with improved clinical status and fewer hospitalizations
[7]. A growing number of HF patients are receiving
implantable CRT (cardiac resynchronization therapy)
devices with or without defibrillators [CRT-D (cardiac
resynchronization therapy defibrillator]. In addition to
acting as pacemakers and defibrillators, newer CRT-D
systems have the capability of measuring Z (intrathoracic
impedance), which can be used as an indicator of
fluid volume status. With worsening HF, increasing
intracardiac and intrathoracic fluid volumes results in
a fall in intrathoracic impedance. Initial attempts to
measure intrathoracic impedance using the RV lead
to detect pulmonary oedema in HF patients proved
feasible, but demonstrated suboptimal sensitivity and
specificity [4,8]. A recent study in dogs demonstrated
that intrathoracic impedance vectors derived from a LV
(left ventricular) lead are responsive to physiological
changes during HF and may provide opportunity
for improved sensitivity and specificity in detecting
increasing intracardiac and intrathoracic fluid volumes
[9]. Since acute changes in LAP are associated with
changes in intracardiac and ultimately intrathoracic fluid
volumes, there is potential for deriving an estimate of
LAP based on intrathoracic impedance measurements.

Plasma levels of the cardiac natriuretic peptides
[ANP and BNP (atrial and B-type natriuretic peptide),
respectively] reflect cardiac function and clinical status in
HF and have also been advocated for HF monitoring
[10,11]. Their role in both monitoring and guiding
therapy in HF is still the subject of some debate and of

ongoing study [12–14]. An improved understanding of
the dynamic relationship between LAP and circulating
levels of the natriuretic peptides is necessary to
fully implement serial ANP/BNP measurements in
management of HF.

Using a validated pacing-induced HF model in
sheep, we compared for the first time the efficacy
of direct LAP, intrathoracic impedance and natriuretic
peptide measurements as early indicators of worsening
cardiac function and their ability to detect acute
changes. We investigated the hypothesis that intrathoracic
impedance signals derived from the LV lead of a CRT-D
device correlate with LAP and can indicate worsening
HF. Since natriuretic peptide levels are also known
to reflect changes in fluid volume status [5,10,11],
we compared the response patterns in intrathoracic
impedance measurements and in natriuretic peptide
levels with acute changes in LAP. We also explored
the feasibility of estimating LAP from intrathoracic
impedance measurements.

MATERIALS AND METHODS

Ethics
The study protocol was approved by the Animal Ethics
Committee of the University of Otago, Christchurch,
New Zealand.

Implantation procedure and devices
Six sheep were implanted via the right jugular vein with
an LAP sensor (HeartPODTM ISL) and three transvenous
bipolar pacing leads [RA (right atrial) – TendrilTM 1688T;
RV – RiataTM 1582; LV – QuickSiteTM 1056T]. The
three pacing leads were attached to a subcutaneously
implanted CRT-D (PromoteTM RF). The implant
procedures were all performed under general anaesthesia
(thiopentone for induction; halothane/nitrous oxide
inhalation for maintenance) using fluoroscopic guidance.
All implanted devices were manufactured by Cardiac
Rhythm Management Division, St Jude Medical (Sylmar,
CA, U.S.A.).

As described previously [15], the LAP sensor
was implanted into the left atrium by trans-septal
catheterization and provided direct LAP waveform
measurements, along with a corresponding far-field
intracardiac electrocardiogram. The LAP sensor was
attached to an implantable subcutaneous antenna coil
that communicated via telemetry the LAP data to a
handheld computer [PAMTM (Patient Advisor Module)].
The data stored on the handheld PAMTM was uploaded
on to a computer for further analysis. Implantation of
the HeartPOD allowed measurement of direct LAP
throughout the study without the need for long-term
or intermittent pulmonary artery catheterization (with
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associated increased risk of infection, bleeding and other
complications).

As reported previously [9], the CRT-D is capable of
acquiring continuous measurements of intrathoracic im-
pedance along six lead configuration vectors (LVring-case;
LVring–RVring; LVring–RAring; RVring-case; RAring-case; and
RVcoil-case) at a fixed measurement interval. Stored
measurements were automatically transferred through
wireless communication to a computer for further
analysis.

A polyethylene catheter (15 guage) was inserted
percutaneously into the left jugular vein for subsequent
blood sampling.

Study protocol
Following device implantation, the sheep were rested for
a 5–10-week period, while the impedance measurements
stabilized across all vectors (stabilization period). The
sheep then underwent a week of non-pacing baseline
recordings (baseline period: study day − 7 to day –1)
before initiation of 7 days of rapid RV pacing at 180
bpm (beats/min) (days 0–6) followed by 14 days at 220
bpm (days 7–20) to induce progressively severe HF
[16]. During the third week of pacing (days 14–18),
pacing at 220 bpm was suspended each day for increasing
lengths of time – starting from 1 h on the first day and
increasing sequentially to 5 h on the fifth day. Pacing was
permanently discontinued on day 21, and the sheep were
monitored for an additional 12 days (recovery period:
days 21–32).

Data acquisition and processing
Intrathoracic impedance data were automatically collec-
ted at hourly intervals throughout the study. Impedance
vectors were accepted for further analysis if there was
an absence of a lead disturbance artifact, which was
detected when there was a significant instability in
the impedance measurements (>80 �) between those
obtained at the onset of the protocol (baseline period) and
those obtained following the recovery period (beyond
day 32). Admittance was calculated as the reciprocal
of the measured intrathoracic impedance (admittance =
1/Z). The relationship between admittance and LAP was
evaluated using linear regression for each of the vectors.
The equation describing the line of best fit between
admittance and LAP was utilized to derive estimates of
LAP from admittance (ALAP). The relationship between
admittance and LAP was compared with the relationship
between natriuretic peptide levels and LAP.

LAP measurements were recorded in triplicate daily
throughout the study protocol and more frequently
(hourly for 6–10 h) on those days when the pacing
rate was altered. LAP was calculated by subtracting an
atmospheric reference pressure measured by an external
sensor located in the handheld PAMTM from the absolute

pressure measured directly from the sensor implanted
inside the left atrium.

Venous blood samples were drawn throughout the
study protocol (immediately after LAP measurements)
into EDTA-treated tubes on ice, centrifuged at 4 ◦C and
stored at − 80 ◦C before assay for plasma ANP and BNP
as described previously [16].

Statistics
LAP, natriuretic peptide and admittance results are
expressed as means +− S.E.M. Effect of pacing on these
variables was assessed using one-way repeated measures
ANOVA. Where significant differences were identified
by ANOVA, the level of significance between baseline
and the individual time points was determined by Fisher’s
protected least-significant difference tests. General linear
models (regression) were used to determine the strength
of the relationship between LAP and (i) admittance
derived from two representative intrathoracic impedance
vectors (LVring-case and RVcoil-case), (ii) ANP and (iii)
BNP. The models evaluated the relationships during
periods of time when LAP was changing gradually over
an extended term as well as rapidly over a short term.
The long-term analysis was performed using all of the
data from the entire study protocol, while the short-term
analysis used the data from the third week of pacing when
there were acute changes in LAP as pacing was suspended
for increasing durations of time. A value of P < 0.05
was considered statistically significant. P values were
corrected for multiple comparisons when appropriate.
Bland–Altman plots were used to analyse the agreement
of direct LAP measurements and ALAP estimated from
admittance.

RESULTS

Pacing-induced HF model
Incremental pacing induced progressively severe HF as
indicated by rises in LAP from a prepacing baseline of
5.9 +− 0.4 to 15.3 +− 1.0 mmHg following a week of pacing
at 180 bpm (P < 0.001) and to 24.5 +− 1.6 mmHg after a
second week pacing at 220 bpm (P < 0.001) (Figure 1).
LAP levels did not increase further during the third
week when pacing at 220 bpm was suspended daily
for 1–5 h. Figure 2 shows representative LAP waveform
data from one sheep with corresponding electrograms
during the various periods of the study protocol. Part
of the mechanism for producing an elevation in LAP
during rapid ventricular pacing appears to be cannon A-
waves that represent a simultaneous atrial and ventricular
contraction. An acute change in LAP from 24.7 to
14.5 mmHg following cessation of pacing during the
third week of pacing (days 14–18) with the disappearance
of cannon A-waves occurring within 3 min of pacing
discontinuation is shown (Figures 2C and 2D). The
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Figure 1 LAP, natriuretic peptide and LVring-case and RVcoil-case admittance vector responses in six sheep during acute
and chronic changes in pacing
Values shown are means +− S.E.M.

permanent termination of pacing (day 21) resulted in the
gradual reduction of LAP to pre-pacing baseline levels
over the subsequent 4 days (Figure 1).

Intrathoracic impedance vectors
Impedance measured across all six lead configuration
vectors tended to decrease with the onset and increasing
severity of HF and then return towards baseline values
on cessation of pacing. Sample raw data from one sheep
are shown in Figure 3.

Linear regression analysis between admittance and
LAP across all sheep for the entire study duration
demonstrated that vectors that utilized the LVring

electrode (LVring-case, r2 = 0.63; LVring–RVring, r2 = 0.52
and LVring–RAring, r2 = 0.50) had the strongest correlation
with LAP, vectors that utilized the RV electrodes (RVring-
case, r2 = 0.50 and RVcoil-case, r2 = 0.50) had a somewhat
reduced correlation, and vectors that utilized the
RAring electrode (RAring-case, r2 = 0.33) had the weakest
correlation. The LVring-case vector and the RVcoil-case
vector were selected to represent intrathoracic impedance
for further analysis. Results for the LVring-case vector
are available for n = 5 (data from one sheep excluded
due to late instability in impedance measurements),
while results for RVcoil-case are available for all six
sheep.
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Figure 2 Sample data from one sheep showing LAP waveforms and intracardiac electrogram during the various phases of
the pacing protocol

Figure 3 Sample data from one sheep showing intrathoracic impedance trends for the six vectors in response to sequential
right ventricular pacing

Long-term trend analysis
Figure 1 shows the trends in LAP, admittance and
natriuretic peptide levels over the entire study protocol
averaged over all sheep. Rises in LAP in response
to incremental pacing were mirrored by LVring-case
admittance, which rose significantly from a pre-pacing
baseline of 2.8 +− 0.19 (1000/�) to 3.22 +− 0.17 (1000/�)
(15.0 %; P < 0.001) following 1 week of pacing at 180 bpm
and to 3.54 +− 0.17 (1000/�) (26.4 %; P < 0.001) after
a further week of pacing at 220 bpm. The RVcoil-case
admittance also changed significantly across all pacing
periods, increasing from a baseline of 15.97 +− 0.42
(1000/�) to 17.41 +− 0.60 (1000/�) (9.0 %, 180 bpm;
P < 0.05) and to 19.18 +− 0.64 (1000/�) (20.1 %, 220 bpm;
P < 0.001). Similar to LAP, admittance levels for both

the LVring-case and the RVcoil-case vectors were sustained
during the third week of pacing. On permanent cessation
of pacing, both LVring-case and RVcoil-case admittance
returned to pre-pacing baseline levels by 1 week (day 28),
a response also similar to, but somewhat slower than, that
of LAP.

A comparable overall trend was observed for plasma
natriuretic peptide levels over the course of the study as
LAP varied following alterations in pacing (Figure 1).
In response to progressively increasing LAP, there were
approx. 10-fold elevations in plasma natriuretic peptide
levels, with BNP increasing from a prepacing baseline
concentration of 3.7 +− 0.7 pmol/l (13.2 +− 2 pg/ml) to
18.4 +− 2.4 pmol/l (64 +− 8 pg/ml) (180 bpm; P < 0.001)
after 1 week and to 32.7 +− 5.4 pmol/l (113 +− 19 pg/ml)
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Table 1 Summary of the general linear model results
correlating LAP with plasma ANP and BNP, and LV and RV
admittance vectors
NS, not significant.

Long-term analysis Short-term analysis
Parameter Entire protocol Third week of pacing

Plasma ANP P = 0.003 P < 0.001
Plasma BNP NS (P = 0.084) P < 0.001
LVring-case admittance P < 0.001 P < 0.001
RVcoil-case admittance P < 0.001 NS

(220 bpm; P < 0.001) following 2 weeks of pacing.
Similarly, ANP rose from a baseline of 20 +− 3 to 142 +−
17 pmol/l (180 bpm; P < 0.001) and to 197 +− 36 pmol/l
(220 bpm; P < 0.001). During the third week of pacing,
natriuretic peptide levels were also maintained. The
permanent termination of pacing (day 21) resulted in
a rapid decline in plasma ANP and BNP to baseline
levels within 2 days, a shorter duration compared with
LAP. The trend data also demonstrated the presence
of an ‘overshoot’ in ANP and BNP levels upon the
initiation of rapid pacing (day 0) and upon increasing the
pacing rate to 220 bpm (day 7). The latter overshoot for
ANP was apparent for less than a day, while for BNP, it
extended to 3 days before declining.

Analyses across the entire study protocol using all time
points revealed that LAP correlated significantly with
LVring-case admittance, RVcoil-case admittance and ANP
(Table 1). A similar trend was evident for BNP (Table 1),
but it is likely that the differences in responses during the
first 220-bpm pacing week between LAP (steady rise) and
BNP (3-day overshoot and decline) negatively affected
the relationship.

Short-term trend analysis
During the third week of pacing (days 14–18), acute
interruptions in pacing for increasing durations of
time (1–5 h sequentially over the 5 days) induced rapid
falls (within an hour) in LAP averaging 9.1 +− 0.1
mmHg (P < 0.001) (Figure 4). Recommencement of
pacing on each day restored LAP promptly to levels
observed prior to pacing termination. Changes in plasma
natriuretic peptide concentrations over this 5-day period
largely paralleled those of LAP, with ANP and BNP
falling on average by 137 +− 8 and 20.9 +− 1.5 pmol/l,
respectively (both P < 0.001), following disruption of
pacing. However, pacing resumption resulted in a striking
peak and ‘overshoot’ in the first hour followed by a re-
establishment of ANP and BNP at levels observed prior
to pacing cessation.

LVring-case admittance also showed significant changes
across this week (P < 0.001), decreasing with pacing
suspension and rising on pacing resumption (Figure 4).
However, the rate and relative magnitude of changes in

admittance were markedly less than those observed for
LAP, ANP and BNP. In contrast, RVcoil-case admittance
showed no significant changes (falls or rises) across this
off/on pacing week (Figure 4).

Analyses limited to the third week of pacing showed
that LAP correlated well with LVring-case admittance,
BNP and ANP, but not with RVcoil-case admittance
(Table 1).

Estimated ALAP
Figure 5 shows the relationship between admittance
and LAP for the LVring-case and RVcoil-case impedance
vectors. For both vectors, the relationship of admittance
to LAP displays a hysteresis (retardation of response)
both as LAP rises and falls. Of note, data recorded while
pacing is on generally falls to the left of (above) the line
of best fit, whereas data recorded when pacing is off falls
to the right of (below) the line of best fit. Despite the
hysteresis and clear separation of data from the ‘pacing-
on’ phases relative to ‘pacing-off’ phases, linear regression
still resulted in a positive correlation of admittance to
LAP with r2 values of 0.63 and 0.50 for LVring-case and
RVcoil-case vectors, respectively.

To assess the degree to which a simple linear model
may be used to derive estimates of LAP from admittance,
the equations describing the line of best fit were then
used to calculate ALAP (Figure 5). Bland–Altman plots
(Figure 6) were used to assess the agreement between
LAP and ALAP. For LVring-case and RVcoil-case vectors,
2 S.D. of the error between ALAP and LAP equated to
8.3 and 9.6 mmHg, respectively. Results for other vectors
(results not shown) were as follows: LVring-RAring = 8.7
mmHg, LVring–RVring = 9.2 mmHg, RAring-case = 10.3
mmHg and RVring-case = 9.9 mmHg.

DISCUSSION

Reducing the burden of HF hospitalizations remains
a critical problem for chronic HF patients and the
physicians who manage them. Improved strategies for
haemodynamic and fluid volume monitoring, combined
with earlier intervention in response to increasing filling
pressures and fluid volumes, are needed to avoid and to
interrupt the development of acute decompensation in
chronic HF. The present study examined the relationship
between intrathoracic impedance signals derived from a
CRT-D device and direct LAP measurements acquired
with a permanently implantable LAP monitor over
acute and chronic alterations in HF severity. The study
also compared the response patterns in intrathoracic
impedance and in natriuretic peptide levels with changes
in LAP. We found that LAP increased over several weeks
into the range expected to produce pulmonary congestion
in response to rapid ventricular pacing [16]. Changes in
ANP and BNP concentrations, as well as the rapidity of
the response, generally mirrored those of LAP across all
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Figure 4 Expanded view of LAP, natriuretic peptide and LVring-case and RVcoil-case admittance vector responses in six
sheep during acute on/off changes in pacing
Pacing was turned off for a 1-h period on day 14, increasing incrementally each day to a 5-h period on day 18. Values shown are means +− S.E.M.

phases of the study. All six impedance vectors decreased
in response to rapid ventricular pacing, with vectors
utilizing the LV lead exhibiting the best correlation
with LAP (r2 = 0.63) and vectors utilizing the RV lead
demonstrating a somewhat reduced correlation with LAP
(r2 = 0.50). This is the first study to assess the feasibility
of estimating LAP from intrathoracic admittance (ALAP),
with results demonstrating a close relationship between
the two variables (LAP and ALAP).

Intrathoracic impedance
The long-term trends seen in the present study with
intrathoracic impedance decreasing in response to rapid
ventricular pacing are consistent with earlier studies

[4,8,9]. Similar to our findings, prior work in a canine
model of pacing-induced HF [9], where HF progression
was monitored with either an LAP pressure sensor
or LVEDV (LV end-diastolic volume) measurements
via echocardiography, demonstrated that intrathoracic
impedance using the LVring-case vector had the fastest
and largest change in response to HF severity and
increasing LAP. This earlier study additionally found that
LVring-case impedance measurements had a statistically
significant inverse correlation with LVEDV, while
impedance using the RVring-case and RVcoil-case vectors
did not correlate with LVEDV. These results indicate that
LVring-case impedance measurements may reflect not only
LAP, but also LVEDV.
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Figure 5 Linear regression of HeartPODTM ISL LAP
recordings compared with PromoteTM RF CRT-D admittance
for (A) the LVring-case and (B) RVcoil-case impedance
vectors
Data points are from across the experimental phases of the study as follows: �,
baseline (no pacing); �, pacing (180 bpm); �, pacing (220 bpm); ×, pacing
off (1–5 h) during on/off week; �, recovery (no pacing). Estimated LAP from
impedance (A LAP) is calculated from the admittance using the slope and intercept
of the linear regression equation.

The present study expands on the prior work by also
examining the short-term trends seen in intrathoracic
impedance in response to acute changes in LAP and
by comparing the response pattern to that seen with
the natriuretic peptides. We found that the LVring-case
impedance vector also had the best correlation with LAP
over short-term durations when abrupt changes in pacing
were being performed, but unlike the natriuretic peptides,
there was a delay (several hours to 1 day) in the response
resulting in a hysteresis-type pattern on the correlation
plots, as well as a blunting of the response relative to
ANP and BNP. In contrast, the RVcoil-case vector showed
no immediate change within a period of 1–5 h to acute
changes of LAP, but did ultimately return to baseline
over a longer time interval once pacing was terminated
permanently.

Figure 6 Bland–Altman plots for estimated ALAP compared
with LAP measured directly by the HeartPODTM ISL for (A)
LVring-case and (B) RVcoil-case vectors
LVring-case, 402 data points from five individual sheep; and RVcoil-case, 485
data points from six individual sheep each shown by different symbols. Broken
lines show the +− 2 S.D. of the difference between the two methods which were
8.3 mmHg for LVring-case and 9.6 mmHg for RVcoil-case vectors.

Mechanistic hypothesis for hysteresis
The hysteresis seen between admittance (1/Z) and LAP
may be a consequence of admittance reflecting a volume
measurement rather than a direct pressure measurement.
Changes in fluid volume distribution occur more
gradually relative to changes in intracardiac pressure,
which may rapidly develop with acute alterations in
venous capacitance (preload), vascular tone (afterload),
contractility, valvular function and/or rhythm. In the
present physiological study, it was noted that part
of the mechanism for producing acute changes in
LAP was the occurrence and disappearance of cannon
A-waves with the initiation and termination of rapid
ventricular pacing. When rapid pacing was sustained,
LAP continued to climb with intracardiac fluid volume,
and ultimately fluid volumes within the intrathoracic
space were gradually increasing, which resulted in a
strong correlation with LAP over a long-term time
interval. When rapid ventricular pacing was abruptly
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stopped, there was an immediate disappearance of cannon
A-waves, but intracardiac and intrathoracic fluid volumes
did not instantly decrease, but instead, gradually declined
with a lag relative to LAP. The present study suggests
that the admittance measurements derived from the
implanted CRT-D device more likely reflect intracardiac
and intrathoracic fluid volumes rather than LAP. The
proposed mechanistic hypothesis is further supported
by an earlier study performed using a canine model of
pacing-induced HF where LVEDV exhibited a delayed
response to rapid RV pacing in comparison with the
response seen in pulmonary capillary wedge pressure
[17].

The hysteresis described in the present ovine study
is similar to the pattern expected to occur in patients
with functional MR (mitral valve regurgitation) [18].
In these patients, an acute change in afterload and/or
papillary muscle perfusion may produce an acute episode
of MR, which will result in an immediate increase in LAP
followed by a gradual and delayed increase in intracardiac
and intrathoracic fluid volumes if the MR persists. Having
the ability to detect an immediate increase in LAP with
an implantable LAP sensor offers an advantage for earlier
intervention in comparison with a CRT-D device that
has the potential to detect via admittance measurements
a subsequent rise in intracardiac and intrathoracic fluid
volumes.

LAP estimation
Despite the presence of a hysteresis-type pattern on
the correlation plots between admittance and LAP, the
present study also demonstrates that a relatively accurate
estimate of LAP may be derived from intrathoracic
impedance (ALAP) with use of a linear model. Bland–
Altman plots of the difference between ALAP and direct
LAP measurements shows that, for all six vectors, there
was a relatively good agreement between LAP values
measured by the two methods. Bland–Altman analysis
determined that 95 % confidence limits for the mean
difference between the two methods (2 S.D.) for all six
vectors were in the range of 8.3–10.3 mmHg, which,
of note, is in a similar range for the accuracy reported
for other implantable haemodynamic monitors [19,20].
Hence, ALAP, even when using a linear model, provides
a good estimate of LAP that may be clinically useful in
providing an early warning of HF deterioration.

Limitations
As seen in the present study, one limitation of the
intrathoracic impedance measurements derived from a
CRT-D device is that a variable amount of time is
required for the impedance signals to stabilize during the
system maturation period after implantation. In addition,
shifts in intrathoracic impedance measurements may
also transpire in response to changes occurring at the
electrode/tissue interface and/or as a consequence of a

mechanical failure of the implanted lead. Intrathoracic
impedance measurements are also prone to change as a
result of non-cardiac events, such as pneumonia, pleural
effusion, pneumothorax and device pocket infection.
Impedance measurements potentially may become more
reliable when a longer period of time is allocated
for system maturation and when utilizing vectors that
employ the LVring electrode.

Natriuretic peptides
In agreement with previous work using our ovine pacing
model of HF [16], the present study demonstrates that
plasma concentrations of both ANP and BNP correlate
well overall with changes in pacing rate and LAP. Our
current data additionally shows an especially strong
relationship during the third week of the study when
acute alterations in pacing were conducted. During this
period, hormone levels fell and rose within the first hour
of pacing adjustment (Figure 4), tightly reflecting changes
in LAP. This suggests that the natriuretic peptides may
be excellent markers of acute changes in LAP as may be
seen with acute decompensation to raised pressures or
following rapid unloading of filling pressures that would
be seen with aggressive diuretic therapy.

Although both ANP and BNP are known to reflect
the degree of atrial and ventricular wall stress [11],
they both also serve as a compensatory hormonal
mechanism during HF and, as demonstrated in the
present study, may have a natural tendency to ‘overshoot’
in response to acute changes in LAP and haemodynamics
when rapid ventricular pacing was abruptly changed.
Although the reasons for the observed overshoot are
unclear, it may reflect the rapid release of both ANP
and BNP from storage in atrial granules, resulting in
some depletion of stored peptide, followed by a new
steady state of production/release in response to changed
haemodynamic stimuli over subsequent hours. ANP
correlated with LAP across all time points of the study
and had a faster response with a shorter-lived overshoot in
response to acute changes in pacing in comparison with
BNP. Nonetheless, BNP and the N-terminal pro-BNP,
in particular, have been advocated for HF monitoring
(by virtue of their predominantly ventricular origin and
slower clearance rate from plasma), with their potential
utility for guiding therapy first reported a decade ago
[10]. Our findings indicate that changes in both ANP and
BNP appear to be excellent markers of concordant shifts
in LAP, particularly under pathophysiological conditions
characterized by chronic volume and cardiac overload,
and also have an ability to respond rapidly to acute (over
hours) rises and falls in LAP.

In contrast with the strong relationship between
ANP/BNP and LAP demonstrated in the present study,
correlations between filling pressures and plasma BNP
levels observed in the ICU (intensive care unit) setting
have been modest at best [21]. There are a number of
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differences between our study and those set in the ICU,
where investigations performed in the latter have been
largely cross-sectional, and observations made at one
or two time points in small- to moderate-size cohorts
of subjects with advanced cardiac dysfunction. Subjects
in these studies generally exhibited filling pressures
that were either high normal or elevated, and few or
no subjects had normal or low filling pressures. In
the experimental model described in the current study,
however, multiple time points were examined under a
variety of conditions associated with filling pressures
across a wide range from normal to severely elevated.
In addition, in this model, there was no confounding
from other factors such as diuretic or vasodilator therapy
to complicate the relationship between the natriuretic
peptides and LAP.

Conclusions
In conclusion, the present study assessed head-to-
head comparisons of direct LAP measurements with
multivector intrathoracic impedance and plasma natri-
uretic peptide levels. All three strategies generally track
onset and recovery from HF. LAP has the required
accuracy and response pattern to acute physiological
changes that make it a suitable parameter for dynamically
adjusting daily prescriptions in ambulatory HF patients
based on a physician-directed patient self-management
therapeutic paradigm. Intrathoracic impedance may
be utilized to derive estimates of LAP and to
detect trends that may be indicative of a change in
clinical status. However, because of the inability of
intrathoracic impedance measurements to acutely track
rapid physiological changes and limited specificity, ALAP

may not be an optimal parameter for dynamically
adjusting daily prescriptions. Natriuretic peptides closely
track acute alterations in LAP and may be utilized
for guiding HF therapy, but because the current assay
technology requires a visit to the clinic, natriuretic
peptides cannot be used for altering daily prescriptions
using a physician-directed patient self-management
therapeutic paradigm. All three strategies show promise
for improved monitoring of HF and early detection of
decompensation, either alone or in combination.

AUTHOR CONTRIBUTION

Miriam Rademaker was in charge of the concep-
tion/design, data acquisition/analysis, statistical analysis
and manuscript generation. Christopher Charles was
responsible for the research conception/design, data
analysis, statistical analysis and manuscript generation.
Iain Melton was in charge of the research concep-
tion/design, surgical instrumentation and pre-submission
manuscript review. Mark Richards was responsible for
the research design and pre-submission manuscript
review. Christopher Frampton undertook the statistical

analysis. Jeff Siou and Fujian Qu were responsible for data
acquisition/analysis. Neal Eigler and Richard Troughton
were in charge of the research conception/design and
pre-submission manuscript review. Dan Gutfinger was
also responsible for the research conception/design and
manuscript generation.

ACKNOWLEDGEMENTS

We are grateful to the staff of the Christchurch School of
Medicine Animal Laboratory for animal care and to the
staff of the Christchurch Cardioendocrine Laboratory
for assistance with hormone assays.

FUNDING

The work was supported in part by St Jude Medical Inc.,
and by the Health Research Council of New Zealand
[grant number 09/306].

REFERENCES

1 American Heart Association Statistics Committee and
Stroke Statistics Subcommittee (2008) Heart disease and
stroke statistics-2008 update: a report from the American
Heart Association Statistics Committee and Stroke
Statistics Subcommittee. Circulation 117, e25–e146

2 Fonarow, G. C., Adams, Jr, K. F., Abraham, W. T., Yancy,
C. W. and Boscardin, W. J. and ADHERE Scientific
Advisory Committee, Study Group and Investigators
(2005) Risk stratification for in-hospital mortality in
acutely decompensated heart failure: classification and
regression tree analysis. J. Am. Med. Assoc. 293,
572–580

3 Gheorghiade, M. and Pang, P. S. (2009) Acute heart failure
syndromes. J. Am. Coll. Cardiol. 53, 557–573

4 Yu, C. M., Wang, L., Chau, E., Chan, R. H., Kong, S. L.,
Tang, M. O., Christensen, J., Stadler, R. W. and Lau, C. P.
(2005) Intrathoracic impedance monitoring in patients with
heart failure: correlation with fluid status and feasibility of
early warning preceding hospitalization. Circulation 112,
841–848

5 Lewin, J., Ledwidge, M., O’Loughlin, C., McNally, C. and
McDonald, K. (2005) Clinical deterioration in established
heart failure: what is the value of BNP and weight gain in
aiding diagnosis? Eur. J. Heart Failure 7, 953–957

6 Bennett, T., Kjellstrom, B., Taepke, R. and Ryden, L. (2005)
Development of implantable devices for continuous
ambulatory monitoring of central hemodynamic values in
heart failure patients. Pacing Clin. Electrophysiol. 28,
573–584

7 Ritzema, J., Troughton, R., Melton, I., Crozier, I.,
Doughty, R., Krum, H., Walton, A., Adamson, P., Kar, S.,
Shah, P. K. et al. (2010) Physician-directed patient
self-management of left atrial pressure in advance chronic
heart failure. Circulation 121, 1086–1095

8 Wang, L., Lahtinen, S., Lentz, L., Rakow, N., Kaszas, C.,
Ruetz, L., Stylos, L. and Olson, W. H (2005) Feasibility of
using an implantable system to measure thoracic
congestion in an ambulatory chronic heart failure canine
model. Pacing Clin. Electrophysiol. 28, 404–411

9 Khoury, D. S., Naware, M., Siou, J., Blomqvist, A.,
Mathuria, N. S., Wang, J., Shih, H. T., Nagueh, S. F. and
Panescu, D. (2009) Ambulatory monitoring of congestive
heart failure by multiple bioelectric impedance vectors.
J. Am. Coll. Cardiol. 53, 1075–1081

C© The Authors Journal compilation C© 2011 Biochemical Society



Improved monitoring of heart failure 217

10 Troughton, R. W., Frampton, C. M., Yandle, T. G.,
Espiner, E. A., Nicholls, M. G. and Richards, A. M (2000)
Treatment of heart failure guided by plasma aminoterminal
brain natriuretic peptide (N-BNP) concentrations. Lancet
355, 1126–1130

11 Rademaker, M. T. and Richards, A. M. (2005) Cardiac
natriuretic peptides for cardiac health. Clin. Sci. 108, 23–36

12 Jourdain, P., Jondeau, G., Funck, F., Gueffet, P., Le
Helloco, A., Donal, E., Aupetit, J. F., Aumont, M. C.,
Galinier, M., Eicher, J. C. et al. (2007) Plasma brain
natriuretic peptide-guided therapy to improve outcome in
heart failure. The STARS-BNP multicenter study. J. Am.
Coll. Cardiol. 49, 1733–1739

13 Lainchbury, J. G., Troughton, R. W., Frampton, C. M.,
Yandle, T. G., Hamid, A., Nicholls, M. G. and Richards, A.
M. (2006) NTproBNP-guided drug treatment for chronic
heart failure: design and methods in the
‘BATTLESCARRED’ trial. Eur. J. Heart Failure 8,
532–538

14 Shah, M. R., Claise, K. A., Bowers, M. T., Bhapkar, M.,
Little, J., Nohria, A., Gaulden, L. H., McKee, V. K.,
Cozart, K. L., Mancinelli, K. L. et al. (2005) Testing new
targets of therapy in advanced heart failure: the design and
rationale of the strategies for tailoring advanced heart
failure regimens in the outpatient setting: brain natriuretic
peptide versus the clinical congestion score (STARBRITE)
trial. Am. Heart J. 150, 893–898

15 Ritzema, J., Melton, I. C., Richards, A. M., Crozier, I. G.,
Frampton, C., Doughty, R. N., Whiting, J., Kar, S., Eigler,
N., Krum, H. et al. (2007) Direct left atrial pressure
monitoring in ambulatory heart failure patients: initial
experience with a new permanent implantable device.
Circulation 116, 2952–2959

16 Rademaker, M. T., Charles, C. J., Espiner, E. A., Frampton,
C. M., Nicholls, M. G. and Richards, A. M. (1996)
Natriuretic peptide responses to acute and chronic
ventricular pacing in sheep. Am. J. Physiol. 270,
H594–H602

17 Tabata, T., Grimm, R. A., Bauer, F. J., Fukamachi, K.,
Takagaki, M., Ochiai, Y., Mazgalev, T. N., Wilkoff, B. L.,
McCarthy, P. M. and Thomas, J. D. (2005)
Giant flow reversal in pulmonary venous flow as a
possible mechanism for asynchronous pacing-
induced heart failure. J. Am. Soc. Echocardiogr. 18,
722–728

18 Levine, R. A. and Schwammenthal, E. (2005) Ischemic
mitral regurgitation on the threshold of a solution:
from paradoxes to unifying concepts. Circulation 112,
745–758

19 Megalski, A., Adamson, P., Gadler, F., Boehm, M.,
Steinhaus, D., Reynolds, D., Vlach, K., Linde, C., Cremers,
B., Sparks, B. and Bennett, T. (2002) Continuous
ambulatory right heart pressure measurements with an
implantable hemodynamic monitor: a multicenter,
12-month follow-up study of patients with chronic heart
failure. J. Card. Failure 8, 63–70

20 Hoppe, U. C., Vanderheyden, M., Sievert, H., Brandt, M.
C., Tobar, R., Wijns, W. and Rozenman, Y. (2009) Chronic
monitoring of pulmonary artery pressure in patients with
severe heart failure: multicentre experience of monitoring
pulmonary artery pressure by implantable device
responding to ultrasonic signal (PAPIRUS) II study. Heart
95, 1091–1097

21 McLean, A. S. and Huang, S. J. (2005) The application of
B-type natriuretic peptide measurement in the intensive
care unit. Curr. Opin. Crit. Care 11, 406–412

Received 22 July 2010/15 September 2010; accepted 17 September 2010
Published as Immediate Publication 17 September 2010, doi:10.1042/CS20100388

C© The Authors Journal compilation C© 2011 Biochemical Society


