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Abstract

It is unclear how dynamic changes in pulmonary-capillary blood volume (Vc), alveolar lung

volume (derived from end-inspiratory lung volume, EILV) and interstitial fluid (ratio of alveolar

capillary membrane conductance and pulmonary capillary blood volume, Dm/Vc) influence lung

impedance (ZT). The purpose of this study was to investigate if positional change and exercise

result in increased EILV, Vc and/or lung interstitial fluid, and if ZT tracks these variables.

Methods—12 heart failure (HF) patients underwent measurements (ZT, EILV, Vc/Dm) at rest in

the upright and supine positions, during exercise and into recovery. Inspiratory capacity was

obtained to provide consistent measures of EILV while assessing ZT.

Results—ZT increased with lung volume during slow vital capacity maneuvers (p<0.05).

Positional change (upright→supine) resulted in an increased ZT (p<0.01), while Vc increased and

EILV and Dm/Vc decreased (p<0.05). Moreover, during exercise Vc and EILV increased and

Dm/Vc decreased (p<0.05), whereas, ZT did not change significantly (p>0.05).

Conclusion—Impedance appears sensitive to changes in lung volume and body position which

appear to generally overwhelm small acute changes in lung fluid when assed dynamically at rest

or during exercise.
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1. INTRODUCTION

According to the American Heart Association, in 2012, 5.7 million people in the United

States suffered from heart failure (HF) (Roger et al., 2012). Heart failure is a leading cause

of hospitalization in individuals over the age of 65 with most patients presenting with

dyspnea from pulmonary congestion and poor perfusion (Lewin et al., 2005; Lepage, 2008).

Despite advanced treatments, many HF patients are re-admitted to hospitals, with a rate that

approaches 25% within the first thirty days of original admission (Cleland et al., 2003; Ross

et al., 2009). Early detection of intrathoracic fluid accumulation is important to predict or

prevent decompensation and rehospitalization (Vollmann et al., 2007).

Currently, the techniques for tracking decompensation or general fluid accumulation in HF

patients includes daily measures of weight or other more complicated measures such as

chest X-ray or CT scans of the lungs, however, it is expensive and/or the diagnostic

sensitivity of these techniques is not high (Mahdyoon et al., 1989; Becher et al., 2010; Gupta

et al., 2012). In addition, B-type natriuretic peptide (BNP) level, which often increases when

HF symptoms are exacerbated, is still in question (Lewin et al., 2005; Becher et al., 2010).

As fluid accumulation is one of the major predictors of decompensative events associated

with HF, it is very important to develop more sensitive and cost-effective techniques.

Impedance, the measure of resistance to the flow of current, has been considered a novel

technique for early detection of fluid retention and decompensation (Yu et al., 2005;

Andriulli 2007; Yupenburg et al., 2007; Wang, 2007; Becher et al., 2010). Recently

Medtronic Inc. (Minneapolis, MN) released the Optivol™ software, as a unique way of

providing preemptive data on disease status by measuring intrathoracic impedance changes

from their implantable cardioverter defibrillator (ICD) or cardiac resynchronization therapy

device (CRT-D). This technique is based on the fact that fluid is a better conductor of

electricity than the lung or other tissues. However, impedance simply measures resistance

between two points and whether or not this reflects actual changes in extravascular lung

water remains speculative. In fact, pulmonary congestion itself remains poorly defined and

can include changes in extravascular lung water, engorgement of the larger pulmonary

vessels, the compliant pulmonary capillaries, the bronchial circulation or changes in all of

these vascular and fluid beds (Olson et al., 2007; Ceridon et al., 2009). In addition, changes

in lung volume can also significantly impact the impedance measure. Thus, changes

detected or quantified with Optivol™ could include changes in intrathoracic blood volume,

extravascular lung water and/or changes in operational lung volume (actual inflation volume

of the lungs).

A common problem in HF is orthopnea, which may be caused by a centralization of blood

volume or changes in lung fluid volume. In addition, acute exercise has been suggested to

cause increases in extravascular lung water through a rise in cardiac output, although this

also should expand pulmonary capillary blood volume (Olson et al., 2006). More recently

we have adapted a technique in our laboratory that involves the inhalation of small amounts

of carbon monoxide (CO) and nitric oxide (NO) simultaneously (Snyder et al., 2008;

Ceridon et al., 2010). The resistance to the uptake of CO gas is dependent on the alveolar-

capillary membrane (Dm) and subsequently the reaction rates with hgb, which is influenced
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by the capillary blood volume (Vc). Nitric oxide has such a high affinity for hemoglobin

(hgb) (~8000 times faster than CO) and therefore is essentially limited only by the resistance

of the alveolar-capillary membrane and thus becomes a measure of alveolar-capillary

conductance and interstitial lung fluid changes (Ceridon et al., 2010).

The purpose of the present study was to determine which physiological measure/s (air,

blood, water) would contribute the most to changes in intrathoracic impedance during acute

interventions (positional changes and exercise) known to cause significant changes in lung

volume, blood flow and volume in the lungs as well as the potential to cause shifts in intra to

extravascular lung water. Blood and fluid would be inversely related to impedance, while air

would be directly related to impedance. It was hypothesized that, a body position change

from upright to supine as well as exercise would increase pulmonary capillary blood volume

(Vc), extravascular lung water (reduced Dm) and differentially influence lung air volume

(fall in operational lung volume with supine position but increase average lung volume with

exercise) and that measure of intrathoracic impedance would primarily track the changes in

pulmonary capillary blood volume (Vc) and alveolar-capillary membrane conductance

(Dm).

2. METHODS

2.1. Subjects

Twelve HF patients (eight males and four females, age=63±8 yr, left ventricle ejection

fraction 41±14%, wt 84±17kg) took part in the present study. Subject characteristics are

illustrated in table 1. The subjects had left ventricular dysfunction and a previously

implanted biventricular implantable cardioverter defibrillator; Medtronic InSync II Marquis

family CRT-D (Model 7289), Medtronic InSync Maximo CRT-D (Model 7303 or 7304) and

Medtronic InSync Sentry family CRT-D (Model 7297, 7298 and 7299). The exclusion

criteria included a history of lung disease, anemia, exercise-induced ischemia, end-stage

renal disease, pregnancy, body mass index (BMI) >40 or New York heart association

(NYHA) class IV. Patients were kept on stable optimized medications (i.e. beta-blockers,

angiotensin-converting enzyme inhibitors and/or aspirin) and did not have orthopedic

limitations to exercise. Prior to participation, the protocol was reviewed with each patient

and all subjects completed informed consent. The study was approved by Mayo Clinic

Institutional Review Board.

2.2. Fluid status monitoring and assessment of fluid index

Intrathoracic impedance (ZT) was obtained via an insertion of measurement software

provided by Medtronic Inc (Minneapolis, MN) into the respective existing CRT device. It

measures changes in impedance from the right ventricular lead to an implanted pulse

generator. A number of studies have suggested that impedance data are well correlated with

the risk of decompensatory events in HF patients (Yu et al., 2005; Abraham et al., 2009;

Small et al., 2009). Continuous telemetry of impedance data were assessed beat-to-beat

using the DR190 Holter recorder throughout the entire testing protocol.

Pulmonary capillary blood volume (Vc) and alveolar-capillary membrane conductance (Dm)

were calculated to assess changes in pulmonary blood volume and lung fluid status.
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Previously we have demonstrated that this technique is sensitive to changes in blood volume

and extravascular lung water assessed with CT (Snyder et al., 2006). A decrease in the

Dm/Vc ratio is associated with accumulating extravascular lung water. To determine Dm,

Vc and Dm/Vc, simultaneous assessment of the diffusing capacity of the lungs for carbon

dioxide (DLCO) and nitric oxide (DLNO) were conducted. This has been validated

previously in our laboratory relative to the traditional method of measuring Vc and Dm at

multiple inspired oxygen concentrations (Ceridon et al., 2010). The Roughton and Forster

equation is widely used to quantify lung diffusion capacity (DL): where θ is the binding

affinity of NO (θNO) or CO (θCO) to hgb (Snydet et al., 2008; Ceridon et al., 2010). The

equations for CO and NO are below;

Since NO has a very high affinity for hgb, θNO is almost infinite and thus 1/θNO•Vc is

negligible. This assumption allows that DLNO is equivalent to DmNO (Tamhane et al.,

2001; Snydet et al., 2008; Ceridon et al., 2010). Based on the molecular weights and the

blood solubility of NO and CO, a theoretical estimate of Dm can be obtained (Dm CO

=DLNO/1.93) (Meyer et al., 1990; Ceridon et al., 2010).

Cardiac output (Q) was measured by using an acetylene (C2H2) inert gas rebreathe

technique developed validated in our laboratory using direct FICK. This technique is reliable

and sensitive to small changes in work rate (Johnson et al., 2000). This technique was

performed during the rebreathe maneuver in which DLCO/DLNO were assessed.

2.3. Experimental Procedure

Subjects initially underwent baseline measures of vital capacity (slow-SVC and fast-FVC),

residual volume (RV), total lung capacity (TLC), and diffusing capacity of the lungs for

nitric oxide (DLNO) and for carbon monoxide (DLCO) while in the upright (sitting)

position (Fig. 1). The measurement was repeated 3 times. Subsequently, subjects were

placed in the supine position for 30 minutes, and the supine measurements were performed

in duplicate at 2 minute (Sup 2) and 25 minute (Sup 25). After completion of the supine

measurements, subjects were again brought to the upright (sitting) position for additional

resting upright measures. Subsequently, subjects performed cycle ergometry exercise until

near peak levels. The cycle ergometer work levels were increased by 10–15W every 3

minute with the goal of obtaining 4 work levels per subject (Fig. 1). Exercise measures were

assessed once every stage over the last 60 seconds. Lung impedance measures were made

continuously throughout the study on a per beat basis.

2.4. Data Analysis

All measures were made in triplicate (baseline), duplicate (supine position) and one each per

stage (exercise) during the studies. For the triplicate measures, outliers were dropped (>10%

variation from the other values) while duplicated measures were averaged. For lung

impedance measures, the data were extracted via telemetry and averaged over the time the

measurements were made for DLCO, Dm and Vc, and EILV (typically 30 sec).
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Comparisons were made for a given measure under each condition using repeated measures

ANOVA with a Tukey post-hoc analyses to determine specific differences between 2

conditions. In addition, correlational analyses (Pearson) were performed between changes in

DLCO, Dm, Vc and measures of ZT with positional changes and with increasing exercise

intensity. The significance level for the ANOVA, post-hoc analyses and correlation was set

at 0.05. Based on our previous study and known variation in the measurement techniques

(Olson et al., 2006), we had estimated that we could detect a 15% change in measure of

DLCO, Dm and Vc with 12 subjects at 80% power.

3. RESULTS

All 12 patients (8 males and 4 females, NYHA class I, II and III; n=3, 6 and 3 respectively)

successfully completed the experimental protocol. Body mass index averaged 28.9±1.4

kg/m2.and LVEF was 41.4±4.2 % (Table 1). Figure 2. demonstrates a representative

individual impedance displaying the changes across baseline (upright), supine and exercise.

In addition, spirometry data during supine position and exercise are illustrated in table 2.

3.1. Change in impedance over vital capacity

The difference in lung impedance (ZT) during a slow vital capacity maneuver (RV-TLC) at

upright rest is shown in figure 3. There was a significant increase in ZT from residual

volume to total lung capacity (p<0.05).

3.2. Influence of body position on ZT, EILV, Vc and Dm/Vc

Positional change from upright to supine resulted in a significant increase in ZT (Fig. 4a,

p<0.01). When compared to the upright position (77.2±3.3 ohm), ZT was higher at Sup 2

(81.0±3.2 ohm) and Sup 25 (80.4±3.0 ohm). Positional change also altered Vc, Dm/Vc and

EILV. As shown in figure 4b, Vc increased with the initiation of the supine position and

remained increased over upright after 30 minutes (upright: 49.3±4.4ml, Sup 2: 78.8±15.8

ml, Sup 25: 62.7±8.2 ml, p<0.05). Figure 4c illustrates that Dm/Vc decreased initially and

increased slightly after 30 minutes (upright: 0.63±0.06, Sup 2: 0.35±0.04, Sup 25: 0.4±0.05,

p<0.01). In addition, figure 4d shows that EILV decreased with the supine position relative

to upright (upright: 4258±238ml, Sup 2: 3617±210 ml, Sup 25: 3488±177 ml, p<0.01).

3.3. Influence of exercise on ZT, EILV, Vc and Dm/Vc

During exercise, Vc increased (baseline: 54.3±6.5ml, max: 87.8±11.6ml, p=0.05) and

Dm/Vc was decreased relative to rest (baseline: 0.6±0.06, max: 0.4±0.04, p<0.05). In

addition, the average EILV decreased initially and then increased as exercise intensity

increased (baseline: 4253±239ml, max: 4655±917, p≤0.01). However, there was no

significant change in the average ZT (p>0.05).

3.4. Relationship of ZT, EILV, Vc and Dm/Vc

The percent change in ZT was poorly associated with the change in Vc from upright to Sup 2

(r=−0.218, p>0.05) and from rest to exercise (r=0.120, p>0.05). In addition there was a

general lack of relationship between the percent change in ZT and change in Dm/Vc from

upright to Sup 2 (r=0.142, p>0.05) and from rest to exercise max (r=−0.300, p>0.05).
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However, the change in ZT showed a modest relationship with the change in EILV from

upright to Sup 2 (r=−0.615, p<0.05).

4. DICUSSION

4.1. Summary of findings

The present study sought to determine the ability of intrathoracic impedance to acutely track

measures of extravascular lung water in HF patents. This was pursued due to our interest in

the acute effects of positional change and exercise on lung fluid regulation in addition to the

known influence of additional physiological variables (blood and air) that influence

impedance and also tend to change in the HF population with congestion. Thus beat by beat

measures of impedance were obtained during and after the transition from the upright to

supine position and with graded increases in exercise intensity. While significant changes

were obtained in lung volume (air), pulmonary blood volume and an index of extravascular

lung water (ELW) during both interventions, ZT appeared relatively insensitive to these

more dynamic physiological measures (with the exception of lung volume) and more

sensitive to positional changes that likely alters the lead to cam distance or impedance

pathways between lead and cam, making intrathoracic ZT a poor measure of dynamic

changes in thoracic physiology in the HF population.

4.2. Intrathoracic impedance measurement

In clinical practice, a number of techniques (i.e., magnetic resonance imaging, computed

tomography and positron emission tomography) have been utilized to assess lung fluid

accumulation. However, these techniques have some disadvantages which are high cost,

exposure to radiation and uncertainty of accuracy (Gupta et al., 2012). On the other hand,

intrathoracic impedance is an easily obtained and requires low cost once a device is

implanted (Gupta et al., 2012). Furthermore, in the present study, impedance was obtained

from indwelling device so that it could continuously tracks intrathoracic fluid. A number of

previous studies have reported the strong relationships between intrathoracic impedance and

other variables reflecting HF decompensatory changes such as PCWP and acute

decompensation of HF (ADHF) re-hospitalization (Yu et al., 2005; Abraham et al., 2009;

Small et al., 2009; Maines et al., 2010).

The exact mechanism/s of congestion in HF and the decompensatory changes and time line

of these changes remain unclear. However, while gradual changes in ELW can and do occur,

it is likely this change is also accompanied by a change in thoracic blood volume as well as

a change in lung volume as competition for space occurs in the thorax. Intrathoracic

impedance measures lung fluid content based on the fact that electrical current flow

decreases as fluid increases because of decreased resistance. Therefore, this technique is

only able to measure total lung fluid content without differentiation of extravascular from

intravascular fluid (Gupta et al., 2012) and the ability of impedance to represent independent

changes in lung water may be confounded by intravascular fluid changes. For example, a

rise in pulmonary wedge pressure should cause a rise in pulmonary capillary blood volume

which should cause impedance to fall. In addition, the reduced compliance of the lungs

(restrictive changes) and increased blood volume could also reduce lung volume although
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some studies suggest air trapping may also occur, and in turn increasing over all lung

volume (increasing impedance). Therefore, the causes of changes in impedance could be

complicated. Some studies also suggest the development of a reactive form of PH and a rise

in endothelin-1 levels (Giaid et al., 1993; Zamora et al., 1993; Moraes et al., 2000) – with

resultant pulmonary vascular constriction, which could further increase impedance. In

addition, the pathways where current flow are also complex and slight positional changes

may either alter these pathways with varying resistances or alter the pathway length. Thus,

in the present study, we initially tried a positional change, given the known condition of

orthopnea that occurs in the HF patients (Duguet et al., 2000; Torchio et al., 2006). During

recumbency blood volume redistribution from extremities to the lungs and heart, and a rise

in central blood volume may increase extravascular lung water; a mild exacerbation of the

HF condition. However, with this relatively brief positional change, no specific single

physiological variable demonstrated a clear relationship with impedance despite significant

changes in EILV, Vc and Dm/Vc. These results were not accordant with previous findings

suggesting a stronger relationship between impedance and changes in fluid status, (e.g.,

PCWP and ADHF). However, a concern is that the physiological changes (e.g., ELW)

associated with positional change and exercise in this study may have not been great enough

to be detected by impedance or our associated techniques. The patients tested, were stable

and thus we were clearly not assessing decompensated HF. However, we suggest that the

relatively modest changes in Vc (increasing ~80%) and lung volume (increasing ~20%)

should be detectable under the right conditions. In addition, in a previous study we

demonstrated the ability to detect 20 to 40% changes in Dm/Vc which was equivalent to an

estimated 80~100 ml change in lung water (Snyder et al., 2006). Similar changes were

observed for Dm/Vc in this this study and thus the assumption would be that similar changes

occurred in interstitial lung water. In addition, the use of Dm/Vc has previously been shown

to track heart failure disease severity and to be associated with other common measures such

as NYHA and exercise capacity (Puri et al., 1995; Agostoni et al., 2006).

Our goal was to test the capability of the indwelling thoracic impedance to track acute

changes in lung fluid during dynamic positional changes and exercise. This type of testing is

quite different than the goals or intent of the Medtronic Optivol™ impedance software. This

software obtains averaged daily impedance via measuring impedance several times from 12

pm to 5pm each day. Four consecutive impedance measures (one impedance measure/QRS)

are averaged. This averaged measure was obtained every 20 minutes, giving a total of 16

averaged measures from 12 to 5pm to provide daily impedance. A reference impedance is

set 34 days post implantation (initially set value is normally 60ohms). The device tracks the

changes in daily impedance, and if daily averaged impedance falls below the reference

value, the observation is triggered. Therefore, previous studies tended to examine

relationship over a longer time interval (Yu et al., 2005; Maines et al., 2010; Conraads et al.,

2011). Indeed, Tang and Tong (2009) determined that intrathoracic impedance

measurements are more accurate for detecting trends over time. In addition, a study by

Conraads et al. (2011) illustrated that intrathoracic impedance showed low sensitivity in

early stages post device implantation, but improved within the first 6 months. Thus, we

suggest that intrathoracic impedance measurement is more likely to provide an advantage to
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predict fluid status over extended time periods (from days to months) and best if controlled

for body position.

Impedance is also highly influenced by alterations in intrathoracic air (Kramer and Maisel,

2011). We confirmed that impedance was significantly influenced by lung volume over vital

capacity during upright resting. However, we observed that impedance increased during the

supine position when end inspiratory lung volume decreased. Therefore it is likely that

mechanical or/and physiological confounding factors override the effect of intrathoracic air

on impedance. The most likely hypothesis is related to the mechanical influence during

positional change from upright to supine. Implanted impedance device measures electrical

impulse vector from the pulse generator (left pectoral region) to the lead (located in right

ventricle of the heart). It is likely that positional change from upright to supine resulted in

the widening between the pulse generator and the lead so that it possibly increased

impedance. Interestingly, impedance also did not change directionally during exercise while

end inspiratory lung volume increased (theoretically increasing ZT) and lung fluid and

capillary volume also increased (theoretically decreasing ZT), thus potentially negating

directional change.

The limitations to utilize implanted impedance, e.g., right ventricle failure or unilateral right

lung edema due to the location of the implanted device, have been reported by previous

studies (Kramer and Maisel, 2011; Horman and Abboud, 2013). However, it may still

provide important clinical information examining trends over long periods of time,

especially if assessed quietly at rest in a given position.

4.3. Limitations

This was an experimental study to determine if indwelling thoracic measures of impedance

can track acute changes in extravascular fluid (water) and/or pulmonary vascular fluid

(blood) during positional change and exercise. There are limitations. In the present study, Vc

increased and Dm/Vc and EILV decreased during the supine position so that a decrease in

impedance was expected, however, we observed an overall increased impedance. Most

likely this change in impedance was caused by an alteration in the impedance pathway

and/or the distance between the device box and the lead due to the change in anatomical

position which overwhelmed any smaller change in ZT related to blood, air or water.

4.4. Conclusion

Intrathoracic impedance from indwelling devices in HF is highly sensitive to positional

change apparently independent of dynamic changes in lung water, lung blood volume or air

volume, likely due to a change in impedance pathways and/or due to changes in the distance

from the pulse generator to the lead. In addition, impedance is sensitive to changes in lung

volume at rest, in the upright position during vital capacity maneuvers, but insensitive to

expected changes in extravascular lung water, pulmonary capillary blood volume and lung

volume during sustained position change or exercise. Despite, the inability of impedance to

singularly track lung fluid under dynamic conditions, it likely it still yields important clinical

information since it may reflect more general changes in thoracic fluid and air volumes,
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under less dynamic conditions and more dramatic changes in thoracic fluid, such as

decompensation.
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Highlights

• Intrathoracic impedance increased with lung volume during slow vital capacity

maneuvers.

• Positional changes (upright to supine) resulted in increased impedance, while

pulmonary blood volume increased, and an index of extravascular lung water

and lung volume decreased.

• During exercise, lung volume and pulmonary blood volume increased, and an

index of extravascular lung water decreased. However, impedance was not

altered significantly.
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Figure 1.
Experimental Protocol and timeline that consist of baseline, supine position, exercise and

recovery measurements. (1X: repeat 1 time, 2X: repeat 2 times, 3X: repeat 3 times, 6X:

repeat 6 times).
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Figure 2.
A representative individual impedance data displaying the changes across upright and

resting, supine and exercise.
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Figure 3.
Change in Optivol™ impedance over Vital capacity range at upright position during resting.

* denotes significance level (p<0.05).
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Figure 4.
Change in 3a) Optivol™ impedance (ZT), 3b) pulmonary-capillary blood volume (Vc), 3c)

interstitial fluid index (Dm/Vc) and 3d) End Expiratory Lung Volume (EILV) during supine

position, exercise and recovery. * (p<0.05) and ** (p<0.01) in supine position denote

significant difference when comparing to baseline. * and ** in exercise denote significant

difference when comparing to pre-exercise. * and ** in recovery denote significant

difference when comparing to max-exercise.
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Table 1

Participant characteristics

Characteristics Mean±SEM Range

Demographic (n=12)

Gender (M/F) (8/4)

Age (yr) 63±2 49 – 74

Height (cm) 171±3 154 – 188

Weight (Kg) 84±5 61 – 119

Body mass index (kg/m2) 28.9±1.4 21.6 – 38.5

Left ventricular ejection fraction (%) 41.4±4.2 25 – 62

B-Type Natriuretic Peptide (pg/ml) 439±198 41 – 1803

NT-PRO Brain natriuretic peptide (pg/ml) 816±348 73 – 1015

Etiology (ischemic / dilated / idiopathic) 6 / 5 / 1

Medtronic CRT-D (7289 / 7299 / 7303 / C154DWK) 3 / 7 / 1 / 1

New York Heart Association Class (I / II / III) 3 / 6 / 3

Medications (% on medication)

Angiotensin converting enzyme inhibitors 66.7

All receptor blockers 25.0

β-Blockers 100

Digitalis 41.7

Aspirin 50.0
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