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ABSTRACT 

In situations which forbid direct arterial sampling such as space 

flight, estimation of cardiac output by ear densitometer may be justifiable. 

Compensation for changes in blood content and saturation recommend dichro¬ 

matic densitometry. Simultaneous dilution curves following injection of 

5 milligrams indocyanine green into the superior vena cava of nine healthy 

subjects and five patients during rest and exercise were recorded by a 

dichromatic ear densitometer, a conventional ear oximeter and a cuvette 

coupled to the radial artery. Simultaneous single and double scale operation 

was used. Calibration of earpieces assumed linearity for extrapolation of the 

deflection at 90 seconds after injection on the basis of dye concentration 

estimated from hematocrits and spectrophotometry of plasma from simultaneous 

blood samples both from the radial artery and an upper arm vein. About 30% 

of monochromatic ear oximeter curves were unsatisfactory due to variations 

in blood content of the ear usually associated with respiration; these arti¬ 

facts were absent in dichromatic earpiece curves. Using the cuvette as 

reference, cardiac output values gave no systematic variation when calibrated 

from arterial blood. The standard deviations of differences by ear oximeter 

was 31% and by dichromatic ear densitometer was 14%. When calibrated by venous 

blood, the standard deviations from cuvette were 31 and 22 per cent, respectively 

and the dichromatic densitometer values averaged 7% less than simultaneous 

cuvette values. With exercise, oxygen consumption increased an average of 

654 ml,/minute (452-793) from resting values with concurrent rise in cardiac 

output of 5.3 (3.9-7.2) by cuvette and 5.7 (5.0-6.8) L./minute by dichromatic 

earpiece. The dichromatic earpiece densitometer showed a linear relationship 

between its calibration factor for dye (cm. deflection/mg. dye/L. of blood) 

and the relative blood content of the ear determined by inflating its pressure 

capsule to 250 millimeters of mercury. It is concluded that dichromatic ear¬ 

piece densitometry may be useful in situations where more reliable methods are 

impossible. Furthermore, by use of a previously calibrated earpiece, it appears 

possible, to obtain values for cardiac output without the necessity of with¬ 

drawal and spectrophotometric analysis of blood samples for calibration. 
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USB OF DICHROMATIC EARPIECE DENSITOMETRY FOR DETERMINATION 
OF CARDIAC OUTPUT* 

?'“:r •' im- 
siderabÍytrÍCannuíatWaS i"tr°duCed (3*4)' thus simplifying^rtechnic^on- 

derably Cannulation of an artery for blood samples is not always advan 
tageous and in sane cases it is prohibitive. In situ.tiôns nherê dL^ 

s mp xng is prohibitive, estimation of cardiac output by indirect earpiece 

“ jUStified- densitometry hi, b«n reported 
intermittently ,lnce 1950 (5,6.9,10,11). bot the use of the earpi«! ha, 
not been wrdely accepted. This ha, been due to the difficulty in «lî 

sit^hl 6 device and because the reliability of the ear as a recordina 
site has been questioned (7). Dichromatic densitometry ha, heln s^Ited 

possible way to increase reliability (8). This paper described he 

earpiece°den3itómeter“'a°n ^~íy frol'I'dthll'.tic 
arterial ^pÜm««Ie!°n0 “'"«‘o"'*« »"d a direct 

METHODS 

Figure 1 is included for 
transmission of light through 
tivity of the photocells used 
length. 

a review of the relationships between the 
blood and dye along with the relative sensi- 
in these instruments as a function of wave 

* Presented at the American Physiological Society 
September 5, 1964. ’ Providence, Rhode Island, 
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Figure 1 Comparison of the spectral sensitivities of photocell filter 

assemblies of earpiece oximeter and densitometers and the 

relative light transmission of hemoglobin and indocyanine 
green. 

The spectral transmission of oxygenated and reduced blood 

with an isosbestic point at 800 millimicrons is shown in 

the dark heavy lines. Indocyanine green's transmission is 

shown as the dashed line and is minimal at about 800 milli¬ 

microns. The three peaks represent the spectral sensitivities 

of the photocells. The infrared cell has a sensitivity which 

is greatest where indocyanine green's transmission is least. 

This cell is referred to as the detecting cell. The dichro¬ 

matic ear densitometer has a compensating cell whose spectral 

sensitivity peaks at 925 millimicrons. The monochromatic 

densitometer has a second photocell, the red cell, with a peak 

sensitivity at 640 millimicrons. This photocell serves as the 

detecting cell when the instrument is used as an oximeter and 
is not used for recording of dilution curves. 

Two earpiece densitometers were used in this study, one being a dichromatic 

and the other a monochromatic instrument. The dichromatic earpiece densitometer 

contains two photocells, one of which is sensitive to dye (detecting cell) and 

one which is insensitive to dye (compenjating cell). Both cells are approximately 

equally reactive to changes in transilluminance of the ear caused by changes in 

blood content, hematocrit or other non-specific effects (12), but one is sensi¬ 

tive to dye, the other is not. Both cells are relatively insensitive to changes 
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in oxygen saturation of the transi 1 luminated blood. Compensation for non¬ 

specific changes in the ear unrelated to dye is obtained by using these 

cells in reverse polarity to each other. The "bucking" of the detecting 

cell against the compensating cell provides a stable baseline from which 

the end-tail method of calibration" of a dye such as indocyanine green* 

can be measured even though the removal rate of dye from the arterial blood 

is rapid. The circuit diagram for the dichromatic earpiece densitometer is 
shown in the left panel of Figure 2. 

( Dichromatic Densitometer ) (Monochromatic Densitometer) 

Figure 2 Diagram of circuits used for dichromatic earpiece densitometer 

(left panel) and monochromatic earpiece and cuvette densitometers 

(right panel). G2 indicates the single-scale galvanometers which 

record dye concentration, and Gg are the double scale galva¬ 

nometers. D indicates the dichroic mirror and CC and DC, the 

compensating and detecting photo-resistive cells of the dichro¬ 

matic earpiece, respectively. IR and R indicate the infrared 

and red photo-voltaic cells of the monochromatic densitometers. 

The output of the red cell is recorded by the double scale galva¬ 

nometer (Gj) only and does not effect galvanometer G2 which records 

dye concentration. E indicates the cartilaginous pinna of the ear 

or the lumen of the cuvette which are transi1luminated by the light 

source which is regulated by potentiometer S. C indicates the 

control switch position for recording dye concentration for the 

two respective circuits, C2 the switch position used for setting 

the sensitivity of the circuit to a standard value and C3 the 

position for setting the mechanical zero position of the single 
scale galvanometer. 

* The indocyanine green dye was supplied through the courtesy of Hynson, 
Westcott and Dunning under the trade name Cardiogreen. 
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Note that the use of a dichroic mirror in this earpiece allows for both cells 

to view the same optical pathway of the ear, thus eliminating the assumption 

that two portions of the ear react equally. The dichromatic earpiece densi¬ 

tometer utilizes photo-resistive cells whose change in resistance with change 

in light intensity is nonlinear. It is, therefore, necessary that the initial 

resistance of the photocell be equivalent from subject to subject. This is 

accomplished by adjusting the light voltage until the resistance of the de¬ 

tecting cell matches a known resistance (see Figure 2, left p¡nel). 

The monochromatic earpiece densitometer circuit diagram is shown in the 

right hand panel of Figure 2. Note that in place of a compensating photocell 

a constant current from a battery source is used in opposite polarity in the 

single scale circuit. As long as the conditions within the transilluminated 

portion of the ear remain constant or change very little this method of com¬ 

pensation is adequate, but conditions in most ears do not remain stable; hence 

baseline unstability is frequently encountered. The third densitometer is a 

cuvette coupled to the radial artery. The circuitry for this is similar to 

the monochromatic circuit shown in the left hand panel of Figure 2. The ob¬ 

jections to the use of a monochromatic earpiece densitometer do not hold to 

the same degree when a monochromatic cuvette is used since blood flow is 

relatively stable and the depth of the optical pathway of the cuvette is 

fixed. 

The earpieces were placed on the ear and switched on at least ten minutes 

prior to use to allow "system" thermal equilibrium. The only manipulation of 

the ear was to cleanse the pinna with an alcohol sponge, rubbing vigorously 

for 10 to 15 seconds prior to positioning the earpiece. A black cloth was used 

to eliminate extraneous light. 

CALIBRATION OF EARPIECES 

Calibration of the ear curves assumed linearity of deflection for dye 

concentration. The deflection from baseline at 90 to 100 seconds after each 

dye injection (see Figure 3) was assumed to be due to the concentration of 

indocyanine green dye determined independently on a Beckman Du Spectrophoto¬ 

meter, from blood samples withdrawn simultaneously from the right radial 

artery and from the left brachial vein. 
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Figure 3 A photokymographic record showing from above downwards the 
dilution curves recorded simultaneously from the dichromatic 
and monochromatic ear densitometers and the radial artery 
cuvette. The double scale recordings (ds) from each cell 
are shown below. OC and DC indicate the recordings of the 
output of the compensating and detecting cells, respectively 
of the dichromatic earpiece while R and XR indicate the trans¬ 
mission of red (640 m/i) and infrared light (800 m/¿ ) of the 
ear and arterial blood recorded by the monochromatic earpiece 
and the radial artery cuvette, respectively. B indicates the 
10-second period starting one aud one-half minutes after the 
indicator was injected during which arterial and venous blood 
samples were withdrawn for spectrophotometric determination of 
the concentration of indocyanine green. These concentration 
values were related to the deflections C and recorded during 
this period to establish the calibration factor for the dichro¬ 
matic and monochromatic earpieces, respectively. (A) indicates 
a period of temporary interruption of blood flow through the 
radial artery cuvette during a change in sampling syringes. 
Note the unstable baseline in the uncompensated monochromatic 
ear dye curve due to changes in blood content of the ear, as 
compared to the stable baseline of the compensated dichromatic 
ear densitometer. Note also that the output of the compensating 
cell of the dichromatic earpiece is unaffected by the dye. 
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The value for the concentration of dye in venous and arterial blood was de¬ 
termined from the difference in plasma optical density at 800 m¿¿ of blood 
samples withdrawn immediately prior to injection of dye and 90 seconds after. 
Calibration curves for the Beckman Du Spectrophotometer for indocyanine green 
were based on measurements of the optical density of plasma from aliquots of 
the subject's blood in which known quantities of dye were diluted. Hematocrits 
were done and corrections of plasma to whole blood concentrations were computed. 
The ratio of the densitometer deflection in centimeters and the concentration 
of dye per liter of blood constituted the calibration factor then used in com¬ 
puting cardiac output by the standard Stewart-Hamilton formula. Figure 4 shows 
successive recordings from a subject and illustrates the experimental procedure. 
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Figure 4 Comparison of dilution curves recorded simultaneously from the 

right radial artery and each ear following 5-milligram injections 

of indocyanine green into the superior vena cava of a healthy 

young man when at rest and while pedalling a bicycle ergometer 
from the supine position. 

The time of each injection is given at the bottom of each panel 

along with the rate of oxygen consumption during the initial 

period of rest and during the last minute of two 5-minute periods 

of exercise at the two different rates indicated by the rate of 

rotation (rpm) of the bicycle. The estimated values for cardiac 

output from each dilution curve are given at the top of each 

panel. See legend of Figure 3 for definition of symbols. 
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The subjects were prepared by percutaneous insertion of a number 5 
Lehman catheter into the superior vena cava via the right antecubital vein. 
A number 20 thin-wall needle was then inserted into the right radial artery 
and connected to a cuvette through which blood was withdrawn by a motor 
driven syringe at 25 ml./minute. A short polyethylene catheter was inserted 
percutaneously into the left brachial vein approximately 10 centimeters above 
the antecubital fossa for withdrawal of venous blood samples for calibration 
purposes. Dye curves were obtained at rest concomitantly with measurement of 
the rate of oxygen consumption as shown in the first two panels of Figure 4. 
Then curves were obtained at two levels of exercise with their associated 
oxygen consumption as shown in the next two panels of the figure. Then a 
resting curve was repeated 10 minutes after exercise as shown in the last 
panel of Figure 4. 

RESULTS 

Comparison of the cardiac output values obtained simultaneously from 
the three devices are depicted in Figures 5 and 6. Figure 5 is a comparison 
of the values obtained by monochromatic earpiece densitometry and by direct 
arterial sampling via the cuvette densitometer. 

114 Subjects) 

CARDIAC OUTPUT (L /minute) CALIBRATED by ARTERIAL SAMPLES 

MONOCHROMATIC EAR DENSITOMETER 

Figure 5 Comparison of cardiac output values estimated from dilution 
curves of indocyanine green recorded simultaneously from a 
radial artery cuvette and a monochromatic ear densitometer. 
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The earpiece curves were calibrated on the basis of spectro- 

photometric determination of indocyanine green concentration 

in venous (top panels) and arterial blood samples (bottom 

panels) withdrawn one and one half minutes after injection of 

the dye. Each of the earpiece values in the left panels was 

based on the analysis of the respective arterial or venous 

blood sample withdrawn after each indicator injection. The 

values in the right panels were based on the average of the 

analysis of all arterial or venous blood samples withdrawn 

from each respective subject. The numerals indicate indi¬ 

vidual subjects. The dashed line is the line of identity. 

Each point is based on simultaneous cardiac output values from a single 

5-milligram injection of indocyanine green. Values from each earpiece curve 

were calculated in four ways as exemplified by the four panels of Figure 5. 

The earpiece cardiac output value shown in the lower left-hand panel was 

computed from a calibration factor derived from individual arterial blood 

samples. There was no systematic difference between paired earpiece and 

cuvette values; however, the standard deviation of +31 per cent is large. 

When individual venous blood samples were used to obtain the calibration 

factor as in the upper left-hand panel, the degree of variability was similar 

(i.e., standard deviation of +31 per cent). When the single arterial or venous 

calibration factor?; were averaged for each subject as shown in the right-hand 

panels, the degree of variability waa again similar and no systematic differenc 

was demonstrated. The thin lines connect individual rest and exercise values 

for each subject, so that the degree of correlation between the changes in 

output from rest to exercise as determined by the earpiece and direct arterial 
sampling can be seen. 

Figure 6 shows the comparison of the cardiac output values by the dichro¬ 

matic ear densitometer plotted against the values from the cuvette densitometer 

in a similar manner to the last figure. 

Figure 6 Comparison of 

cardiac output values 

estimated from dilution 

curves recorded simul¬ 

taneously from a radial 

artery cuvette and a 

dichromatic ear densi¬ 

tometer. See legend of 

Figure 5 and text for 

further details. 
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The lower left-hand panel is the plot based on single sample arterial cali¬ 

bration. There was no systematic difference between the earpiece and the 

cuvette values, and the standard deviation of the differences of 14 per cent 

was less than half of that for monochromatic earpiece values. When single 

venous calibration blood samples were used, a systematic under-estimation 

of 7 per cent was obtained and the variability (SD of 22 per cent) was in¬ 

creased. When an average arterial or venous calibration for each subject 

was used (i.e., right panels) the calculated variabilities were somewhat de¬ 

creased, the standard deviations being 12 and 17 per cent, respectively. The 

lines connecting individual rest and exercise values for each subject indicate 

a closer correlation between the changes in cardiac output by the dichromatic 

earpiece related to the direct arterial sampling than was obtained with the 
monochromatic device. 

The monochromatic ear densitometer would show considerably less vari¬ 

ability if only curves with stable baselines were used. This, however, would 

have necessitated dropping about 30 per cent of all curves recorded by the 

monochromatic device. In some individuals, changes in blood content of the 

ear with respiration caused baseline instability of such a degree that accurate 

measurements were precluded in all curves. For this reason dichromatic ear 
densitometry is necessary. 

It would be highly desirable if a calibration factor for the dichromatic 

earpiece could be estimated for each subject without the withdrawal of a blood 

sample. It seemed reasonable that such a calibration factor might be related 

to the amount of blood being transilluminated in the optical pathway of the 

earpiece. An estimation of the blood content of the transilluminated portion 

of the ear of each subject was, therefore, obtained by measurement of the 

difference in output of the infrared cell when the ear was in the normal blood 

containing state and when the transilluminated portion was rendered essentially 

bloodless by inflating the pressure capsule to over 200 millimeters of mercury 
pressure. 

Figure 7 shows the relationship of the relative blood content of the ear 

of each subject plotted on the abscissa to each subject's average arterial 
calibration factor plotted on the ordinate. 
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Figure 7 The relation of the calibration factor of a dichromatic ear 

densitometer for indocyanine green to the relative blood 

content of the ear in the optical path of the earpiece. E0 

indicates the galvanometer reading obtained when blood was 

excluded from the optical path of the earpiece by inflating 

its pressure capsule to 250 millimeters of mercury. Eg 

indicates the galvanometer reading obtained with the ear in 

the normal blood containing state. The calibration factor 

for each subject is based on the average of the analysis of 

the arterial samples withdrawn after each injection in this 

subject. The numerals designate the individual subjects. 

The relatively close correlation between the calibration factors determined 

by analyses of arterial blood and the relative blood content of the ear de¬ 

termined by the earpiece is evident. The standard deviation of the differences 

in earpiece and arterial sample calibration factors was 12 per cent. A com¬ 

parison of simultaneous cardiac output values using the earpiece calibration 

factor with conventional arterial cuvette densitometry values is shown in 
the left panel of Figure 8. 
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Figure 8 Comparison of cardiac output values estimated from dilution 

curves recorded simultaneously from a radial artery cuvette 
and a dichromatic ear densitometer. 

The ear densitometer values in the left panel were calibrated 

on the basis of the relationship (Figure 7) between the blood 

content of the ear and the sensitivity of the earpiece to 

indocyanine green. Each value in the left panel is based on 

an analysis of an arterial blood sample withdrawn following 

each dilution curve. The numerals designate individual sub¬ 

jects. See Figure 5 and the text for further details. 

The right panel of Figure 8, which is included for comparative purposes, 

is similar except that the earpiece cardiac output values are based on cali¬ 

bration factors determined from single arterial samples. The standard deviation 

of the differences between earpiece and cuvette densitometer values is 9 per cent 

when the earpiece blood content factor is used as compared to 14 per cent when 

an arterial sample calibration factor for each curve was used. It, therefore, 

appears that once the relationship has been established between the sensitivity 

of the earpiece to dye and relative blood content of the ear that further cali¬ 

bration factors can be estimated from the instrument itself without the necessity 
of withdrawing blood samples. 

DISCUSSION 

The pinna of the flushed ear provides an easily accessible site in which 

to view the optical events taking place in the circulating arterial blood. The 

use of the pinna of the ear for oximetry and densitometry has been studied and 

advocated by several investigators (6,9,10,11), yet the use of the photoelectric 

earpiece for quantitative purposes has not been widely accepted. This has oc¬ 

curred partly because of the fact that the methodology is indirect and partly 
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because earpiece densitometry is difficult to quantitate. The disadvantage 

?Íre „aS opposed to dlfect methods is lessened if it could be shown 
that the indirect method provides reproducible and reliable results. The 

disadvantages lessen even more if the methodology in the indirect method is 

also simpler and time saving. It has been shown in this study that once the 

dichromatic earpiece densitometer has been calibrated by the end-tail method 

and compared to simultaneous cuvette dye dilution curves there is a relation¬ 

ship between relative blood content of the ear and calibration factor. With 

he use of this relationship, determinations of cardiac output can be ac¬ 
complished without the necessity of withdrawing blood samples. 

The necessity for good compensation for specific and non-specific changes 

in ear transinomination unrelated to dye is illustrated by comparison of results 

he monochromatic earpiece to the dichromatic earpiece. It should be noted 

that all the curves from each instrument were analyzed regardless of quality and 

none were removed from the sample number. Selection of dye curves could improve 

the standard deviation of percentage differences, but would give only a false 
index of reliability and reproducibility. 
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