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ABSTRACT

The detection, localization, and quantification of pulmonary edema

by electrical impedance were investigated using band, circumferential,

and longitudinal electrode arrays in a series of four studies utilizing

35 dogs. Pulmonary edema was induced with alloxan, sucrose, and saline

lavage. The ability of the various electrode arrays to distinguish

between pulmonary edema and pleural effusion was also investigated. The

largest absolute changes in impedance were detected by the band elec-

trodes, although larger percent changes in impedance were measured using

the circumferential arrays. The circumferential arrays indicated the

possibility of differentiating between pleural effusion and pulmonary

edema. The longitudinal array had essentially the same characteristics

as the band array, although it permitted localization of either edema or

effusion to one hemithorax. The impedance method provides a reliable

quantitative index of pulmonary edema in carefully controlled experiments

in dogs.

INDEXING TERMS

_______________ 
Electrical impedance

Pulmonary cdema
a .

a Noninvasive technique
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Ti lE DETECTION OF PUWO NARY EDEMA BY MEANS OF ELECTRICAL IMPEDANCE

Joseph C. Denniston and Lee E. Baker

The frequent development of pulmonary insufficiency following

stress such as hemorrhage, burns, surgery, traumatic injury, left ven-

tricular failure, sepsis, and shock has been long recognized by Ci~~fl1-

cian s (1,4,13,18,20,24). Whatever the cause, the end result is m ade-.

quate alveolar ventilation and increased demands on the heart to maintain

adequate tissue oxygenation. The seriousness of this situation is empha-

sized by the estimate that from 30 to 50% of adult patient deaths

occurring during intensive care management are pulmonary related (18).

Early deaths in combat casualties following operative resuscitation are

associated almost always with pulmonary edema, congestion, and hemorrhage

(24). The importance of recognizing progressive pulmonary insufficiency

caused by clinically inapparent interstitial pulmonary edema has been

emphasized (9). Intrathoracic fluid accumulations of any type can repre-

sent life-threatening situations.

Clinical detection of intrapulmonary fluid accumulations is based

on radiography, blood gas analysis, auscultation, altered pulmonary

mechanics, and by changes in arterial, central venous, and pulmonary

wedge pressures. Since the values obtained from these diagnostic methods

frequently remain normal until irreversible pulmonary insufficiency or

cardiac failure occurs, interest has been renewed in recent years in

developing a sensitive method for detecting and quantitating thoracic

fluid accumulations. Indicator dilution measurements of pulmonary extra-

vascular fluid have been used clinically with success (15,17,19,27).

- .~~~~
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Although this method appears to provide a relatively sensitive index of

developing pulmonary edema, it has several clinically undesirable fea-

tures: it is invasive, requires large volumes of blood, and is techni-

cally difficult. More recently, the electrical impedance method of

measuring physiological data has shown promise of providing a simple,

noninvasive, harmless, and painless means of detecting, quantitating, and

monitoring thoracic fluid shifts (16,21-23,27,28).

Basically, the clinician has no simple means of detecting pulmonary

edema early in its clinical course. He must rely heavily on the

patient ’s history, clinical conditions, and diagnostic indices, which

frequently remain normal until irreversible pulmonary edema occurs.

Thus the purpose of the present study was to determine if the thoracic

impedance technique would provide a simple, noninvasive means of detect-

ing, monitoring, localizing , and quantitating pulmonary edema.

MATERIAL S AND METHODS

Four studies utilizing 35 healthy mongrel dogs, weighing from 14 to

22 kg, were conducted . Preanesthetic medication consisted of atropine

sulfate (0.02 mg/kg, im) and a solution containing 0.4 mg/mi of fentanyl

and 20 mg/mi of droperidol iv (0.1 ml/kg). All animals were anesthetized

with pentobarbital sod~”m (15-20 mg/kg, iv), and an oral endotracheal

airway was established .

Succinyicholine chloride (0.1 -0.2 mg/kg, iv) was given as
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reguired to maintain short-term respiratory paralysis during pressure-

cycled respiratory assistance.

Hair was clipped and shaved from the neck, thorax, and abdomen to

provide good electrical contact for the impedance electrodes. Impedance

was measured by means of a Minnesota Impedance Cardiograph (4 mA, 100 kHz).

Stainless steel needle electrodes were inserted to record the lead II

electrocardiogram. The right femoral vein was catheterized to facilitate

intravenous injections. Blood pressure was recorded from a catheter-tip

pressure transducer (Millar Mikro-TipTM) placed in the descending aorta

at the level of the sixth intercostal space through a right femoral

arteriotomy. Data from the records were entered into a PDP-8S ~omputer

from an analog-digital converter (Gerber Scientific Corp.) for analysis.

To assess the impedance technique for detecting, localizing, and

quantitating pulmonary edema, measurements of thoracic impedance were

recorded in four different experimental studies .

Study 1. PuZinonary edema induced with alloxan

Changes of thoracic impedance were measured using the band and

circumferential spot electrode arrays, depicted in Fig. 1A and B. The

electrodes were allowed to stabilize for 15 to 30 mm , af ter which a

control value of basal impedance (Z0) was taken at end expiration.

Alloxan (300 mg/kg) was administered (iv) in 60 ml of normal saline

during a 15-mm period . The thoracic impedance, arterial blood pressure,

and electrocardiogram were monitored during this period and during the

next 105 mm , unless the animal died sooner. After death, the lungs were 

-~~~~~~~~~~~ .. ---~~~~~~~~~~~~~~ -- - —~~~~~~~~~~~
. - .

~~~~~~~~~ 
.~~- 



,

.

.
~~~~~

. - 
. ( (.

-4-

examined grossly and in cut-section.

Study 2. Pulmonary edema induced with sucrose

Two groups of six animals were studied . In group 1, the standard

Kubicek circumferential band electrode array (14) was applied (Fig. 1A),

and in group 2 the longitudinal spot electrode arrays Z1, Z2, and Z3 were

used (Fig. lC).

After the electrodes were placed, the endotracheal tube was removed,

the oral-pharyngeal area was cleared of any mucus secretions, .a 2% solu-

tion of Lidocaine hydrochloride was applied to the epiglottis and asso-

ciated structures, and the animal was intubated with a Benfield canine

bronchospirometry tube (3) using direct visualization with a laryngo-

scope. The tube was advanced to the tracheal carina. The two hemitho-

races were separated by inflation of the cuffs about the left main stem

and tracheal components of the bronchospirometry tube. Stability of a

constant basal impedance, taken at end expiration, was determined during

a 10-mm baseline period. A 1260-mOsm solution (70 ml) of sucrose was

instilled slowly (during 1 m m )  into the left lung via a catheter passed

down the left main stem branch of the bronchospirometry tube. The right

lung was ventilated with 100% oxygen using a pressure-cycled ventilator.

Mean arterial blood pressure, ECG, hematocrit, and plasma osmolarity were

monitored throughout the 60-mm period of study. The osmo]arity and

resistivity of the alveolar fluid were determined in selected animals.

The osmolarities of the sucrose solution, the plasma, and the

alveolar fluid were measured with an osmometer (Precision Systems, 

. 
.
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Waltham , Mass.). The resistivity of the alveolar fluid was determined

using a variable-length conductivity cell (11).

Study 3. Pulmonary edema simulated by saline lavage

The band and circumferential spot (2415 , 2416 , 2456) electrode

arrays were applied (Fig. 1A ,B), and the animals were intubated with a

Benfield canine bronchospirometry tube as described above. After a

10-mm baseline period, 50 ml increments of saline, from 0 to 300 ml,

were infused into the left lung or into both lungs. Mean arterial pres-

sure, ECG, and thoracic impedance were monitored during the lavage.

Study 4. Pulmonary edema simulated by p lasma lavage vs. p leura l effusion

A standard thoracic drainage tube was placed into each hemithorax

through a 1-inch bilateral thoracotomy in the tenth intercostal space to

permit the subsequent infusion and withdrawal of blood, saline, or plasma

(370) from the left hemithorax. The band and 2415 electrode arrays were

applied (Fig. 1A,B) , and the animals were intubated with a Benfield canine

bronchospirometry tube, as described previously. After a 10-mm baseline

period , 50 ml increments of blood , saline, or plasma, from 0 to 300 ml ;

were infused into the left hemithorax. After withdrawal of the last of

the fluids from the left hemithorax, 300 ml of plasma in 50 ml increments

were infused into the left lung.
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RESULTS

Study 2 .  Pu lmonary edema induced with alloxan

Alloxan produced variable effects in the animals studied. In five

animals there was no edema, and mean arterial pressure, heart rate, and

thoracic impedance remained constant, despite additional bolus doses

(iSO mg/kg, iv) of alloxan. In the five animals that developed edema,

the pattern of thoracic impedance change was variable (Fig. 2A-E). For

example, thoracic impedance decreased abruptly in one animal (Fig. 2A),

whereas it decreased gradually in another (Fig. 2E). Data from an animal

that did not develop edema are shown in Fig. 2F.

Typically, following alloxan administration, there was an initial

increase in impedance (Fig. 2A,C,D,E). Respiratory management of the

animals that developed pulmonary edema was difficult because fluid and

foam obstructed the tracheobronchial tree. Blood pressure was maintained

in all animals until hypoxia ensued. Ventilated portions of the lungs

appeared normal at necropsy. Gross edema, as seen from the surface, was

limited primarily to dependent lobes, particularly the diaphrag~natic

lobes. Sectioning of edematous lobes produced copious amounts of clear

fluid and white foam from the airwáys.. .

The 2415 spot electrode array reflected the greatest change of

im-’edance (Fig. 2). In one animal (Fig. 2D), the 2415 spot electrode

array reflected a significant change in impedance, while, in contrast,

the band electrode array reflected little change in impedance. A
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comparison of the mean values of the thoracic impedance change (t~Z) and

mean percent change in thoracic impedance (~Z/Z0 x 100) measured using

the band and 2415 electrode arrays associated with pulmonary edema

induced by alloxan in five animals is shown in Table 1. These compari-

sons show that the 2415 electrode array was significantly more sensitive

in detecting the developing edema than was the band electrode array,

regardless of whether the data were expressed as t~Z (P c 0.05) or

x 100 (P < 0.001).

Study 2. Pulmonary edema induced with sucrose

A summary of the data from the sucrose-induced edema studies is

presented in Table 2. Mean arterial blood pressure declined and heart

rate increased during the study. Both hematocrit and plasma osmolarity

increased. All animals developed pulmonary edema, which was limited in

most cases to the left diaphragmatic lobe. Cut sections of these lobes

revealed copious quantities of straw-colored fluid . The mean values of

osmolarity and resistivity of the alveolar fluid in this group 60 mm

after the introduction of sucrose were 325.8 inOsm/l and 83.2 ohm-cm,

respectively.

The semilog regression of the mean change in thoracic impedance

(t~Z) vs. the time course of development of pulmonary edema for the

various electrode arrays employed is shown in Fig. 3. Since the volume

of isotonic saline infused into the lung or thorax is linearly related to

the change of impedance , these data suggest that the net movement of

fluid from the pulmonary capillary compartment to the alveolar compartment
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in response to the instillation of sucrose was re1a~ed exponent~ally to

time. Localization of the unilateral pulmonary edema is evident in

Fig. 3B, where,with simultaneous recording from the hemithoracic elec-

trode arrays Z1 and Z2, the greater slope of ~
Z2 indicates accumulation

of fluid in thc 1e~t hemithorax .

A comparison of the mean changes of thoracic impedance (AZ) mea-

sured in animals with pulmonary edema of the left lung induced by sucrose

indicates that the longitudinal spot array (Z3) was significantly

(P < 0.005) more sensitive (ohms) to the total accumulation of fluid than

was the band array. Additionally, the hemi ’thoracic electrode arrays

(Z 1 and Z2) enabled significant (P < 0.005) localization of the fluid

accumulation to the left hemithcrax .

Study 3. Pu lmonary edema simulated by saline lavage

A summary of the linear regression analysis of the data obtained

from this group using all of the electrode arrays vs. volume of saline

infused into the left or both lungs is presented in Table 3. These data

indicate that because of differences in initial values of Z0, the regres-

sion of absolute values of impedance (Z0) vs. volume of saline infused

into the left lung for animal groups using specific electrode arrays was

not correlated significantly; however, the same data treated as a change

in impedance (AZ) or percent change in impedance (~Z/Z0 x 100) were

correlated significantly. Although grouped data on impedance (Table 3)

did not correlate well with the volume of saline infused , impedance and

volume of saline infused were correlated significantly in all the
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individual animals studied .

The sensitivity of the band electrode array (-1.4 ohms/100 ml) in

detecting fluid infused into the left lung was greater than that of the

comparable transthoracic electrode array 2415 (-0.6 ohnis/lOO ml). How-

ever, on the basis of a percent change, the 2415 array (5.7%/b a ml) was

more sensitive than the band electrode array (3.1%/lao ml). The hemitho-

racic electrode arrays (2416 and 2456) permitted localization of fluid

accumulation to the left hemithorax; e.g., during the infusion of saline

into the left lung, recorded change in impedance with the 2416 electrode

array (-0.1 ohms/bOO ml) was less than that recorded with the 2456 elec-

trode array (~0.4 ohms/100 ml). This same relationship was noted when

comparing the percent change in impedance (9.l%/lOO ml vs. 3.1%/lOG ml

for the 2456 and 2416 electrode arrays, respectively). No difference was

noted in the sensitivity of the band electrodes in detecting fluid in the

left lung (1.4 ohms/lO0 ml) or in both lungs (1.4 ohins/100 ml).

Study 4. Pu lmonary edema simulated by p lasma lavage vs. pleural effusion

The infusion of blood into the left hemithorax produced the

smallest change in impedance for both band and 2415 electrode arrays.

The infusion of either saline or plasma into the left hemithorax caused

nearly identical changes in impedance for the specific electrode array

used in recording impedance from any given animal . While the band elec-

trode array detected no difference between plasma infused into the left

lung or into the left hcmithorax, the 2415 electrode array appeared more

sensitive to plasma within the left lung than to plasma within the left 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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w.ss a consis tent  feature in the present study. Similar observations were

made by Staub et a l.  (25). The fac t  thai~ n i loxan  does cause nec rosis of

alveolar ep ithelt a  would explain the development of alveolar edema upon

destruction of th is critical barrier. The functional organiantion of the

alveolar—capillary interfaces is such that blood gas alterations do not

necessarily have to accompany interstitial edema ; however, the presence

of severe alveolar edema always will affect gas exchange in the terminal

jur .g units .  In a single anitna]. (Fig. 21)), blood gases were determined at

10—mm intervals fo1bow~ng the administration of alboxan . Initial con-

trol values for P02 and VCO 2 were 156 nun Hg nod 26.1 mm Hg, ri’spective 1~ .

P02 and PCO2 continued to change during the e.’~periment with terminal

values of 26 mm Hg for P02 and 69.6 mm Hg for PCO2. Alterations in blood

gases in this single anima l accompanied changes of thoracic imped anc e and

were consistent with the alterations in gas exchange that would be expected

from alterat ion of the anatomical sites af f e c t e d  in alloxan—induced edema.

It is possible that the differences observed in th is  s tudy and that  of

Pomerantz et al. (21) could be a t t r ibu ted  to d i f f e r ences  in the done rate

administration of ailoxan.

Although the 24 I ~ ~t ps i t  i lectrodo ar r ay  was more ~;en~; I t  lvi’ t bass ttte

band electrode array to pulmonary edema induced by alloxnn , the order of

sensitivities was reversed in pulmonary edema s imulated  by sa l ine lavage

of the lef t  lung. This difference can ho explained by considering the

current  d i s t r i b u t i o n  wi thin  the thorax and the t o t a l  tissue between the

impedance detecting electrodes of each electrode array. For conceptual

pu r poses , the thorax has been divided into three ~.oites : ap ical , car diac ,
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and diaphragmatic (Fig. 5B-E) . For the band electrode array, it can be

assumed that the pathways of current flow through the thorax are essen-

t ial ly long itudinal since the plot t ing of equ ipotential l ines on the

surface of th e thorax produces “r ings” around the thorax rather evenly

spaced for a given potential grad ient. This distribut ion of current is

represented in Fig. SB by parallel lines running the length of the thorax .

The dashed line depicts the separation of the thorax into a left and

right component by the mediastinum . With the spot electrode array , the

distribution of current is limited primarily to the diaphragmatic zone

(Fig. SD) . Since the distribution of current is confined to the lower

diaphragmatic zone, changes in impedance in the apical and cardiac zones

will affect minimally the im pedance measured across the dIaphraginatic

zone. Thus, the impedance-detecting band electrodes reflect changes of

potential in the entire thorax , while the spot-detecting electrodes

examine a limited region.

A cross section of the conceptual mode) presented is depicted in

Fig. SA. This cross section shows separate resistances for the right

(RRL) and the left lungs (RLL) and a low resistance path (Rs) ~ue to the

muscular and vascular component of the thorax. The physical system sug-

gests the equivalent circuit shown in Fig. SC for the band electrode

array. The resistance of the lungs 
~~RL and RLL) is shown as series resis-

tors (R
1 

+ R2 + = R RL ; R’ + R + = R LL ) in parallel with the shunt

resistor dcsignated Rs g  for the band array. Likewise , the physical

arrangement suggests the equivalent circuit depicted in Fi g. SE for the

spot electrode array. Here , the resistance of the lung in the 
- 

~- - .~ . . --— -~- - -~. .. - ..~~- .-~- ---- —-. —-~“.
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diaphragmatic area is represented as two series resistors , for RRL and

R~ for R LL, in parallel with the shunt resistor design ated R55 .

Considering these models and the fact that edema induced by alloxan

is limited almost entirely to the diaphragmatic lobes, it is apparent why

the spot electrodes detected the greatest change in impedance. With the

spot electrodes, the decrease in and R~ with edema would affect signif-

icantly the equivalent R of the circuit between the electrodes, while a

similar change in R3 and would affect the equivalent R for the band

array less, since and R~ are in series with “resistors” not affected

by the edema. -

Air trapping is another factor that might account for the differeri-

ces in impedance detected by the band and the 2415 electrode arrays with

alloxan edema. The diaphraginatic lobes under the influence of alloxan

were edematous and air trapping was minimal. The upper lobes (cardiac

and apical) were distended with air trapped by the immense amount of foam

in the upper airways. During positive pressure ventilation these upper

lobes were inflated, but during passive expiration, increasing . amounts of

air became entrapped due to the airway obstructions. Thus the increase..

in air within the upper lungs would be detected by the band electrode

array as an increase in impedance due to the high resistivity of air.

This increase in impedance within the upper lobes could offset the

decrease in impedance associated with the edema in the diaphragmatic

lobes and, in effect, reflect no change in total impedance as detected by

the band electrode array. The spot electrode array, on the other hand,
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examines only the lower portion of the lung , and thus would be affected

minimally by changes in impedance in the upper regions of the lung .

With saline lavage of the left lung, the fluid was distributed

uniformly throughout the cardiac and diaph~agmatic lobes with additional

involvement of the apical lobe. In this situation, R’1, R , and all

would be changed , and, since the total fluid volume infused was large, it

would be detected as a significant change in impedance by the band elec-

trodes. However, with the spot electrodes, the change in R~ would not

affect the equivalent P. to the sante degree since is in series with P.4.

which is not afi ected by the lavagc. Additionally, the spot electrodes

would detect less total fluid accumulation than the band electrodes since

the spot electrodes would be affected by only a portion (diaphragmatic

zone) of the fluid infused.

The use of sucrose to induce intrapulmonary fluid shifts has been

reported to provide a useful model of severe pulmonary edema (5).

Taylor and Gaar (26) reported that the alveolar membrane is only s1~ightly

permeable to sucrose, while this same membrane is permeable to water and

electrolytes, though less so than is the pulmonary capillary endothelium

(6). Thus, the model of pulmonary edema used in Study 2, in which

sucrose was instilled into one lung, allowed the development of unilat-

eral pulmonary edema without the associated ventilation problems

encountered in Study 1, in which alloxan was used . The finding of an

average of 112 mEq/ 1 for sodium , S mEq/1 for potassium, and 83 ohm/cm

resist ivity of the alveolar fluid produced with edema induced by sucrose

-.
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substantiates the use of this model of pulmonary edema since these are

the values usually found for edema fluid.

The hemithoracic electrode arrays (Z1 and Z2) permitted localiza-

tion of the sucrose-induced pulmonary edema to the left hemithorax. At

necropsy, the edematous left lung (limited in most cases to the diaphrag-

matic lobe) was swollen markedly and had displaced the mediastinum to

varying degrees toward the right hemithorax. However, the degree of dis-

placement was not as great as that observed in our pleural effusion

studies (7) . This may account for the significantly greater degree of

localization observed with the and Z
2 electrode arrays when detecting

unilateral pulmonary edema (P < 0.005) than when detecting pleural effu- -

sion (P > 0.10).

The results of this investigation and our investigation of pleural

effusion (7) indicate a distinct advantage in using band electrodes

rather than the circumferential spot electrode arrays. With the excep-

tion of edema limited to the diaphragmatic zone of the lung, the bands

always detected the greatest absolute change in impedance. - Since the

distribution of pulmonary edema within the lungs varies from patient to

patient (10), the pattern of current distribution of the circumferential

spot electrodes across the thorax might allow pulmonary edema to develop

undetected unless it happened to occur between the detecting electrodes.

The longitudinally placed spot electrode arrays (Z1, Z2, and Z3), on the

other hand, detected equally significant changes in impedance during

either pleural effusion or pulmonary edema and enabled localization of

_____
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the fluid accumulation to a specific hemithorax. The advantage of the

long itudinal spot array in localizing edema to a henithorax may be of

significance in the interpretation of chest films and in the immediate

bedside care of a patient.

The data from Study 4, in which infusion of plasma into the left

hemithorax was compared with lavage using plasma in the left lung, m d i-

cate that the band electrode array detects simulated pleural effusion

equally as well as it does simulated pulmonary edema. Impedance data

from man following thoracentesis indicate linear increases in impedance

of 0.2 to 0.5 ohms per 100 ml of effusion fluid removed (8,22,27,28).

Since the volumes of effusion fluid averaged approximately 1000 ml, total

impedance changed from 2 to 5 ohms. However, the withdrawal of a static

volume of effusion fluid is analogous to simulated pleural effusion of an

exogenous source. The data from the pleural effusion studies (7) in dogs

indicated a loss of sensitivity of approximately 30% for the band elec-

trode array when detecting endogenous pleural effusion as opposed to

detecting exogenous pleural effusion. If this percent loss is applied to

the human studies described above, an effusion of 1000 ml should change

the total impedance between 1.4 and 3.5 ohms. If the band electrode

array does, in fact, detect pleural effusion and pulmonary edema equally

well in man , then the observations of Pomerantz et al. (22), Van De Water

et al. (27,28), and Dove et al. (8) of 4 to 10-ohm decreases in impedance

during the course of pulmonary edema are difficult to understand, even on

the basis of 0.2 to 0.5 ohins/l00 ml. A total impedance change of 4 to 10 

-.~~
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ohms would represent a fluid accumulation of at least 800 to 2000 ml with

an upper limit of 2000 to 5000 iiil. The combined weights of the right and

left lungs of humans who die without cardiopulmonary disease usually is

between 800 and 900 g. In a study by Cuinp et al. (12) ‘~omparing normal

human lung weights with lung weights of patients that died from pulmonary

edema , normal lungs weighed approximately 600 g while edematous lungs at

death weighed an average of 1700 g. This represents an average increase

in total lung fluid of approximately 1000 ml.

In reconsidering the impedance changes reported in man with pulmonary

edema, a decrease in impedance of 4 ohms would suggest that the existing

edema is incompatible with survival. However, pulmonary edema frequently

is associated with concurrent pleural effusion, and the total change of

impedance would reflect both the edema and effusion. This would explain

the high survival rate of patients with impedance changes varying between

4 and 10 ohms. Also, fluid therapy may contribute to the changes of

impedance. Despite these conflicts betweer. experimental and clinical

findings, electrical impedance has become an important new method of moni-

toring patients in the Intensive Care Unit.

In sumoary, the thoracic impedance method has been shown to provide

a reliable quantitative index of pulmonary edema in carefully controlled

experiments in dogs. The impedance method provides a unique means of

monitoring developing pulmonary edema; however, carefully controlled

clinical studies will be requited to verify interpretatfon of impedance

changes in man. 
-
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TABLE 1. Comparison of mean values of the thoracic impedance change (AZ, ohms) and
mean percent change in thoracic impedance (AZ/ZØ x 100, %) measured using the band
and 2415 el ectrode arrays associated with pulmonary edema induced by alloxan.

Electrode 
n Parameter Means ± SD Degrees or P ValuesArray Freedom

Bands 5 1.9 ± 1.1 
<2415 5 3.2 ± 0.6 8

Bands S x 100 3.7 ± 1.8 
8 < 0 0012415 5 t~Z/Z0 x 100. 18.6 ± 3.6

Comparison based on student ’s t test . n = number of animals. SD = standard
deviation. P = significance level.

- -- - - - - — - -j- - -—--- .----—— - .  — ~~~~~~~
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TABLE 2. Summary of data from the studies of pulmonary edema induced by sucrose

Mean Arterial 
* . PlasmaTime pressure* Heart Rate - Hematocrit* 

Osmolarityt
(nu n) (mm Hg) (bea ts/mm ) (%) (n0sm/liter)

0 94.4 ± 12.5 140.9 ± 24.6 42.7 ± 3.4 313.3 ± 4.9

5 88.9 ± 12.7 152.7 ± 26.6 -

15 86.3 ± 10.4 150.2 ± 24.8

30 83.4 ± -  9.5 152.9 ± 25.2 43.2 ± 3.2 315.5 ± 5.0

45 79.9 ± 9.3 152.3 ± 23.6 --- ---

60 76.6 ± 13.2 156.5 ± 31.9 43.7 ± 3.1 316.8 ± 4.9

*Data from 11 animals. tData from 15 animals. 
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FIGURE LIiCEND S

Fig. 1 Four-terminal systems for the measurement of thoracic impedance.

A: Baud electrode array using flexible metal bands encircling

the neck, thorax (xiphoid level), and abdomen. A constant

sinusoidal current was applied to electrodes 1 and 4, and the

voltage reflecting thoracic impedance changes was measured

between electrodes 2 and 3. B: Circumferential spot electrode

ar ray . Standard disposable ECG electrodes were applied to the

thorax at the xi phoid level. A constant sinusoidal current was

applied to electrodes 2 and 4 and impedances between other

pairs of electrodes (1,5 - transthoracic; 1,6 - right heinitho-
rax; 5,6 - left hemithorax) were recorded. The designations

2415, 2416, 2456 indicate that current was applied to elec-

trodes 2 and 4 and the impedance was measured between the other

two electrodes. C: Longitudinal spot electrode array. Stan-

dard disposable ECG electrodes were applied to the thorax as

shown. A constant sinusoidal current was applied to electrodes

1 and 6, and impedance changes between electrodes 2,3 (Z1 -

right hemithorax) and 4,5 (Z2 - left hemithorax) were recorded .

An array designated Z3 was also used in which elect rodes 2 and

4 were connected together as were electrodes 3 and 5, and the

impedance between the two sets was recorded.
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Fig. 2 The change in thoracic impedance (AZ, ohms) measured using the

band and the 2415 spot electrode arrays as a function of the

time course of development of pulmonary edema induced with

alloxan in six dogs.

Fig. 3 ~fear~ change in thoracic impedance (AZ) measured during the

time course of development of pulmonary edema of the left lung

indu:ed with sucrose. A: Mean AZ measured using the band and

Z3 longitudinal electrode arrays. B: Mean AZ measured using

the Z1 and Z2 longitudinal electrode arrays. Regression lines

determined from data points through 35 miii. t = time (mm ).

= correlation coefficient. P = significance level. n =

number of animals. N = number of x, y pairs. Data adjusted

to initial starting impedance of & ohms instead of 0 ohms for

regression analysis.

Fig . 4 Thoracic impedance measured using the band (A) and 2415 (B)

electrode arrays vs. volume (ml) of blood , saline, or plasma

infused into the left hemithorax or plasma infused in to the

left lung. Data from individual animal . Plasma-L = plasma

infused in left lung . Saline-T = saline infused in left hemi-

thorax. Blood -I = blood infused in left h einithorax.

Plasma-I = plasma infused in left hemithorax.
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Fig. 5 Electrical model of the thorax . A: Cross section of thorax

showing the parti t ion ing of the “tho racic cylinder” into elec-

trical resistance zones (RRL = resistance of the right lung;

= resistance of the left lung; and R5 = shunting resistance

of thoracic muscle and blood). B: Current distribution with

the band electrode array. C: Lumped resistance model of the

thorax when using the band electrode array. RRL = + R
2 

+

R LL = RJ
” + R2

’ + R~; and R5 = R5.~.6. D: Current distribution

for the 2415 spot electrode array. E: Lumped resistance model

of the thorax using the 2415 spot electrode array.

= Ri’; and Rs = Rss.

_
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