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in relation to physiologic changes
occurring during CHF, induced in
dogs by rapid RV pacing.

Methods

Animal preparation. The study
protocol was approved by the
animal care and use committees
of Methodist Hospital Research
Institute and St. Jude Medical.
Fifteen adult mongrel dogs were
studied (weight 35 to 40 kg).
Before any experimental manip-

lation, each dog was pre-anesthetized by an intramuscular
njection of xylazine (0.75 to 1.5 mg/kg) and atropine (0.02
o 0.06 mg/kg), anesthetized by intravenous injection of
ropofol (5 mg/kg), and continued on isoflurane inhalation
2%) for the remainder of each procedure.
mplantation procedure. A CRT system (Promote RF-
107, St. Jude Medical, Sylmar, California) was im-
lanted in each dog. Three standard pacing/defibrillation

eads were inserted through the left jugular vein with the
ip electrodes fixed in the right atrial (RA) appendage,
V apex, and LV posterolateral epicardial region through

he coronary sinus (Fig. 1). The proximal ends of the
eads were tunneled subcutaneously to the left pectoral
egion where the CRT device was connected and perma-
ently implanted. In 5 of 15 dogs, an additional lead
arrying a pressure-sensor at the tip (HeartPOD-1011,
t. Jude Medical) (5) was fixed at the interatrial septum
hrough a trans-septal puncture, with the sensor oriented

Abbreviations
and Acronyms

CHF � congestive heart
failure

CRT � cardiac
resynchronization therapy

LA � left atrial

LV � left ventricle/
ventricular

RA � right atrial

RV � right ventricle/
ventricular

Figure 1 Radiographic Image of Implanted System

The cardiac resynchronization therapy (CRT) device and lead electrode system
is shown in a dog. An additional left atrial pressure (LAP) lead sensor is also
shown. LV � left ventricle; RA � right atrium; RV � right ventricle.
i
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o the left atrium as depicted in Figure 1. The sensor was
onnected to a subcutaneously implanted device that
ollected and transmitted continuous left atrial (LA)
ressure data. After implantation, the dog was allowed to
ecover for about 4 weeks to establish stable baseline
tatus before any additional interventions.
lectrical impedance monitoring. The CRT device deliv-

red between pairs of electrodes a train of current pulses
amplitude 0.5 to 1 mA; frequency 16 kHz), and measured
orresponding voltage. Steady-state impedance was deter-
ined as the ratio between measured voltage and injected

urrent. Multiple signals were measured through ring (r),
oil (c), and device Can electrodes. Impedance was mea-
ured along 6 different vectors formed by the following
ipolar electrode configurations (Fig. 2): 1) LVr–Can; 2)
Vr–RVr; 3) LVr–RAr; 4) RVr–Can; 5) RAr–Can; and 6)
Vc–Can. The CRT device sampled impedance every hour,

nd daily averages were computed. All measurements were
ade while pacing was temporarily halted. Stored data were

utomatically transferred through wireless communication.
eart failure model. Once baseline status was established,

he CRT system delivered continuous rapid RV pacing (230
o 250 beats/min) for a few weeks until CHF developed, as
erified by echocardiography and catheterization (see the
ollowing text). Pacing was stopped when advanced CHF
eveloped. The CRT system was not employed to deliver
iventricular pacing therapy.
chocardiography and catheterization. Transthoracic

chocardiography and LV catheterization were both per-
ormed every 2 weeks starting from baseline and were
arried out during the same session, under fixed anesthesia,
nd while pacing was temporarily halted. Thus, effects of
nesthesia were uniform throughout the study. Echocardio-
raphy was conducted using a color Doppler imaging system
ith a 1.7 to 3.5 MHz probe (Vivid 7, GE Healthcare,
ilwaukee, Wisconsin). Conventional 2-dimensional and
oppler images were obtained for evaluation of LV func-

ion, LV volume (biplane Simpson’s method), and LA
olume (single-plane, area-length method). Image acquisi-
ion and analysis were performed by an investigator blinded
o the status of the dog. Meanwhile, LV pressure was
easured by a 5-F catheter (SPC-350, Millar Instruments,
ouston, Texas) inserted through a femoral artery.

tatistical analysis. Continuous data are presented as mean �
D. Comparisons between data at baseline and CHF were
ade using paired t tests. All correlations were tested using

pearman rank order. For comparative analysis between LV
nd-diastolic volume and impedance through each vector,
pearman correlation was performed with the Westfall-
oung minP method (1,000 permutations) to control for

he family-wise error rate (6). The generalized estimating
quation method (7) was used to examine the association
etween LA pressure and impedance for each vector, and
he mathematical model included pressure, impedance by
ach vector, time, and interactions between pressure and

mpedance. The analyses were performed using STATA
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ersion 10 (STATA Corp., College Station, Texas). A value
f p � 0.05 was considered statistically significant, and
orrected for multiple comparisons where necessary.

esults

nimals. Congestive heart failure developed in all 15
ogs within 2 to 4 weeks of rapid RV pacing, as evidenced by
eterioration in cardiac function, hemodynamics, or
ymptoms that included anorexia, lethargy, ascites, tachy-
nea, and muscle wasting. Three dogs died while in CHF
ecause of experimental complications. Physiologic
hanges observed in the remaining 12 dogs are summa-
ized in Table 1.
mpedance trends during CHF. There was a gradual de-
rease in impedance through all vectors with progression of
HF (Fig. 3). The onset of increase in LA pressure invariably
receded the onset of decrease in impedance. All impedance

Figure 2 Electrode Configurations Used for Measuring Impedan

The electrode configurations used for measuring impedance are as follows: 1 � L
c � coil electrode; r � ring electrode; other abbreviations as in Figure 1.

ummary of Physiologic Parameters

Table 1 Summary of Physiologic Parameters

Parameter Baseline CHF n* p Value

LAV, ml 18 � 4 31 � 12 7 0.019

LVEDV, ml 65 � 20 95 � 21 12 �0.001

LVEF, % 43 � 9 31 � 10 12 �0.001

LAP, mm Hg 8 � 3 26 � 2 5 �0.001

LVEDP, mm Hg 6 � 2 16 � 10 7 0.027

LV wall thickness, mm 8.5 � 0.9 9.0 � 0.9 12 0.381

aximum left atrial volume (LAV) and left ventricular (LV) end-diastolic pressure (LVEDP) were not
easured in 5 dogs with left atrial pressure (LAP) sensor. *Number of dogs.
L
CHF � congestive heart failure; LVEDV � left ventricular end-diastolic volume; LVEF � left

entricular ejection fraction.

content.onlinejacDownloaded from 
ignals decreased significantly at CHF in contrast to baseline
tatus (Table 2).

The overall percent change in each impedance vector
as computed for each dog, and the results were com-
ared among 15 dogs. There was a trend of increased
hange in vectors employing an LV lead relative to
ectors utilizing only right-sided leads (Fig. 4). In par-
icular, the LVr–Can vector was associated with the
argest change in impedance in comparison with vectors
olely dependent on right-side heart electrodes (p �
.003 for all paired comparisons).
To examine the rate of change in each of the impedance

ectors, we determined the duration between the onset of rapid
acing and the point of reaching 50% of the overall decline in
mpedance at CHF. As illustrated in Figure 4, impedance
ectors employing an LV lead exhibited more rapid rates of
hange in comparison with vectors utilizing only right-sided
eads (LVr–Can, 7 � 4 days; LVr–RVr, 10 � 5 days;
Vr–RAr, 8 � 4 days; RVr–Can, 12 � 4 days; RVc–Can,
3 � 7 days; and RAr–Can, 11 � 4 days). The LVr–Can
ector depicted the fastest rate of change in impedance in
omparison with vectors solely dependent on right-side heart
lectrodes (p � 0.003 for all paired comparisons).
mpedance changes and hemodynamics. Analysis of the
elationship between LV end-diastolic volume and imped-
nce is summarized in Table 3 for each vector. Impedance
easurements through both the LVr–Can and LVr–RVr

ectors had statistically significant inverse relationships with

; 2 � LVr–RAr; 3 � RVr–Can; 4 � LVr–Can; 5 � RAr–Can; and 6 � RVc–Can.
ce

Vr–RVr
V end-diastolic volume (Fig. 5).
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Analysis of the association between LA pressure and im-
edance for each vector is summarized in Table 4 on the basis
f multiple continuous data pooled from the 5 dogs implanted
ith the LA pressure sensor, recorded over several time

nstants from baseline to CHF. Several impedance vectors
emonstrated statistically significant dependence on LA pres-
ure, with the LVr–Can exhibiting the strongest negative
ffect. Figure 6 portrays the relationship in 1 dog between LA

Figure 3 Impedance Trends at Different Stages of the Model

Impedance trends are shown as measured by 6 different electrode configurations.
recovery is shown. The tracings also show responses to diuretics administered du
starting from onset of rapid pacing and during development of CHF. Abbreviations
ressure and change in impedance through LVr–Can. v
content.onlinejacDownloaded from 
iscussion

his study measured multiple steady-state impedance sig-
als afforded by various electrode configurations of an

mplanted CRT system. The responses of the impedance
ectors were periodically evaluated during CHF induced in
ogs by chronic rapid RV pacing. In all measured vectors,
he study found that impedance decreased gradually at

Impedance during baseline, induction of congestive heart failure (CHF), and
F. (Bottom) Impedance and left atrial (LA) pressure is shown in another dog,
igures 1 and 2.
(Top)
ring CH
as in F
arying rates during progression into CHF, and that im-
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