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MEASUREMENT OF CARDIAC OUTPUT AND 
BLOOD VOLUME BY NON-INVASIVE 

DETECTION OF INDICATOR DILUTION 

[0001] This application is a continuation of US. patent 
application Ser. No. 10/ 865,629, ?led Jun. 10, 2004, entitled 
“Measurement of Cardiac Output and BloodVolume by Non 
Invasive Detection of Indicator Dilution,” attorney docket no. 
64693-110, Which is a continuation-in part of US. patent 
application Ser. No. 10/153,387, ?led May 21, 2002, now 
US. Pat. No. 6,757,554, issued Jun. 29, 2004, and entitled 
“Measurement of Cardiac Output and BloodVolume by Non 
Invasive Detection of Indicator Dilution,” Which claims pri 
ority to US. Provisional Application Ser. No. 60/292,580, 
?led May 21, 2001, entitled “Method andApparatus for Mea 
surement of Cardiac Output by Transcutaneous Detection of 
Fluorescent Indicator.” This application is also related to con 
tinuation application Ser. No. 10/847,480, ?led May 17, 
2004, now US. Pat. No. 7,590,437, issued Sep. 15, 2009, 
entitled “Measurement of Cardiac Output and Blood Volume 
by Non-Invasive Detection of Indicator Dilution,” attorney 
docket 64693-100. The content of all of these applications is 
incorporated herein by reference. 

BACKGROUND 

[0002] 1. Field of the Invention 
[0003] This invention pertains to the detection of param 
eters of cardiovascular system of a subject. 
[0004] 2. General Background and State of the Art 
[0005] Cardiac output is a central part of the hemodynamic 
assessment in patients having heart disease, acute hemody 
namic compromise or undergoing cardiac surgery, for 
example. Cardiac output is a measure of the heart’s effective 
ness at circulating blood throughout the circulatory system. 
Speci?cally, cardiac output (measured in L/min) is the vol 
ume of blood expelled by the heart per beat (stroke volume) 
multiplied by the heart rate. An abnormal cardiac output is at 
least one indicator of cardiovascular disease. 
[0006] The current standard method for measuring cardiac 
output is the thermodilution technique (Darovic, G. O. Hemo 
dynamic monitoring: invasive and noninvasive clinical appli 
cation. 2nd Ed. W.B. Saunders, 1995). Generally, the tech 
nique involves injecting a thermal indicator (cold or hot) into 
the right side of the heart and detecting a change in tempera 
ture caused as the indicator ?oWs into the pulmonary artery. 
[0007] Typically, the thermodilution technique involves 
inserting a ?oW-directed balloon catheter (such as a SWan 
GanZ catheter) into a central vein (basilic, internal jugular or 
subclavian) and guiding it through the right atrium and ven 
tricle to the pulmonary artery. The balloon catheter is typi 
cally equipped With a thermistor near its tip for detecting 
changes in blood temperature. A rapid injection of a bolus of 
chilled glucose solution (through a port in the catheter located 
in the vena cava near the right atrium) results in a temperature 
change in the pulmonary artery detected With the thermistor. 
The measured temperature change is analyZed With an exter 
nal electronic device to compute the cardiac output. The 
algorithm implemented in this computation is typically a 
variant of the Stewart-Hamilton technique and is based on the 
theory of indicator mixing in stirred ?oWing media (Geddes 
L. A., Cardiovascular devices and measurements. John Wiley 
& Sons. 1984). 
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[0008] Thermodilution measurements of cardiac output are 
disadvantageous for several reasons. First, thermodilution is 
an expensive and invasive technique requiring performance in 
a sterile surgical suite. Second, this procedure has severe risks 
to the patient such as local infections, septicemia, bleeding, 
emboliZation, catheter-induced damage of the carotid, sub 
clavian and pulmonary arteries, catheter retention, pneu 
mothorax, dysrrhythmias including ventricular ?brillation, 
perforation of the atrium or ventricle, tamponade, damage to 
the tricuspid values, knotting of the catheter, catheter transec 
tion and endocarditis. Third, only specially-trained surgeons 
can insert the balloon catheter for thermodilution cardiac 
output technique. Last, thermodilution measurements of the 
cardiac output are too invasive to be performed in small 
children and infants. 
[0009] Another method used for measuring cardiac output 
is the dye indicator dilution technique. In this technique, a 
knoWn volume and concentration of indicator is injected into 
the circulatory ?oW. At a doWnstream point, a blood sample is 
removed and the concentration of the indicator determined. 
The indicator concentration typically peaks rapidly due to 
?rst pass mixing of the indicator and then decreases rapidly as 
mixing proceeds in the total blood volume (~10 seconds; ?rst 
pass concentration curve). Further, indicator concentration 
sloWly diminishes as the indicator is metaboliZed and 
removed from the circulatory system by the liver and/ or kid 
neys (time depending upon the indicator used). Thus, a con 
centration curve can be developed re?ecting the concentra 
tion of the indicator over time. The theory of indicator 
dilution predicts that the area under the ?rst pass concentra 
tion curve is inversely proportional to the cardiac output. 
[0010] Historically, indicator dilution techniques have 
involved injecting a bolus of inert dye (such as indocyanine 
green) into a vein and removing blood samples to detect the 
concentration of dye in the blood over time. For example, 
blood samples are WithdraWn from a peripheral artery at a 
constant rate With a pump. The blood samples are passed into 
an optical sensing cell in Which the concentration of dye in the 
blood is measured. The measurement of dye concentration is 
based on changes in optical absorbance of the blood sample at 
several Wavelengths. 
[0011] Dye-dilution measurements of cardiac output have 
been found to be disadvantageous for several reasons. First, 
the necessity for continuous arterial blood WithdraWal are 
time consuming, labor intensive and deplete the patient of 
valuable blood. Second, the instruments used to measure dye 
concentrations (densitometer) must be calibrated With 
samples of the patient’s oWn blood containing knoWn con 
centrations of the dye. This calibration process can be very 
laborious and time consuming in the context of the laboratory 
Where several samples must be run on a daily basis. Further, 
technical di?iculties arise in extracting the dye concentration 
from the optical absorbance measurements of the blood 
samples. 
[0012] A variation on the dye-dilution technique is imple 
mented in the Nihon Kohden pulse dye densitometer. In this 
technique, blood absorbance changes are detected through 
the skin With an optical probe using a variation of pulse 
oximetry principles. This variation improves on the prior 
technique by eliminating the necessity for repeated blood 
WithdraWal. HoWever, as described above, this technique 
remains limited by the dif?culty of separating absorbance 
changes due to the dye concentration changes from absor 
bance changes due to changes in blood oxygen saturation or 



US 2010/0022898 A1 

blood content in the volume of tissue interrogated by the 
optical probe. This method is also expensive in requiring large 
amounts of dye to create noticeable changes in absorbance 
and a light source producing tWo different Wavelengths of 
light for measuring light absorption by the dye and hemoglo 
bin differentially. Even so, the high background levels of 
absorption in the circulatory system makes this technique 
inaccurate. Finally, Where repeat measurements are desired, 
long intervals must ensue for the high levels of the indicator to 
clear from the blood stream. Thus, this technique is inconve 
nient for patients undergoing testing and practitioners aWait 
ing results to begin or alter treatment. 
[0013] Other approaches for measuring cardiac output exist 
Which are not based on indicator dilution principles. These 
include ultrasound Doppler, ultrasound imaging, the Fick 
principle applied to oxygen consumption or carbon dioxide 
production and electric impedance plethysmography 
(Darovic, supra). HoWever, these techniques have speci?c 
limitations. For instance, the ultrasound techniques (Doppler 
and imaging) require assumptions on the three-dimensional 
shape of the imaged structures to produce cardiac output 
values from velocity or dimension measurements. 
[0014] Blood volume measures the amount of blood 
present in the cardiovascular system. Blood volume is also a 
diagnostic measure Which is relevant to assessing the health 
of a patient. In many situations, such as during or after sur 
gery, traumatic accident or in disease states, it is desirable to 
restore a patient’s blood volume to normal as quickly as 
possible. Blood volume has typically been measured indi 
rectly by evaluating multiple parameters (such as blood pres 
sure and hematocrit). HoWever, these measures are not as 
accurate or reliable as direct methods of measuring blood 
volume. 
[0015] Blood volume has been directly measured using 
indicator dilution techniques (Geddes, supra). Brie?y, a 
knoWn amount of an indicator is injected into the circulatory 
system. After injection, a period of time is alloWed to pass 
such that the indicator is distributed throughout the blood, but 
Without clearance of the indicator from the body. After the 
equilibration period, a blood sample is draWn Which contains 
the indicator diluted Within the blood. The blood volume can 
then be calculated by dividing the amount of indicator 
injected by the concentration of indicator in the blood sample 
(for a more detailed description see US. Pat. No. 6,299,583 
incorporated by reference). HoWever, to date, the dilution 
techniques for determining blood volume are disadvanta 
geous because they are limited to infrequent measurement 
due to the use of indicators that clear sloWly from the blood. 
[0016] Thus, it Would be desirable to have a non-invasive, 
cost effective, accurate and sensitive technique for measuring 
cardiovascular parameters, such as cardiac output and blood 
volume. 

INVENTION SUMMARY 

[0017] The present invention is directed to methods and 
systems for assessing cardiovascular parameters Within the 
circulatory system using indicator dilution techniques. Car 
diovascular parameters are any measures of the function or 
health of a subjects cardiovascular system. 
[0018] In one aspect of the invention, a non-invasive 
method for determining cardiovascular parameters is 
described. In particular, a non-invasive ?uorescent dye indi 
cator dilution method is used to evaluate cardiovascular 
parameters. Preferably, the method is minimally invasive 
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requiring only a single peripheral, intravenous line for indi 
cator injection into the circulatory system of the patient. 
Further, it is preferable that only a single blood draW from the 
circulatory system of the patient be taken for calibration of the 
system, if necessary. Further, cardiovascular parameters may 
be evaluated by measuring physiological parameters relevant 
to assessing the function of the heart and circulatory system. 
Such parameters include, but are not limited to cardiac output 
and blood volume. 
[0019] Such minimally invasive procedures are advanta 
geous over other methods of evaluating the cardiovascular 
system. First, complications andpatient discomfort caused by 
the procedures are reduced. Second, such practical and mini 
mally invasive procedures are Within the technical ability of 
most doctors and nursing staff, thus, specialiZed training is 
not required. Third, this minimally invasive methods may be 
performed at a patient’s bedside or on an out-patient basis. 
Finally, methods may be used on a broader patient population, 
including patients Whose loW risk factors may not justify the 
use of central arterial measurements of cardiovascularparam 
eters. 

[0020] In another aspect of the invention, these methods 
may be utiliZed to evaluate the cardiovascular parameters of a 
patient at a given moment in time, or repeatedly over a 
selected period of time. Preferably, the dosages of indicators 
and other aspects of the method can be selected such that 
rapid, serial measurements of cardiovascular parameters may 
be made. These methods can be Well suited to monitoring 
patients having cardiac insuf?ciency or being exposed to 
pharmacological intervention over time. Further, the non 
invasive methods may be used to evaluate a patient’s cardio 
vascular parameters in a basal state and When the patient is 
exposed to conditions Which may alter some cardiovascular 
parameters. Such conditions may include, but are not limited 
to changes in physical or emotional conditions, exposure to 
biologically active agents or surgery. 
[0021] In another aspect of the invention, modi?cations of 
the method may be undertaken to improve the measurement 
of cardiovascular parameters. Such modi?cations may 
include altering the placement of a photodetector relative to 
the patient or increasing blood ?oW to the detection area of the 
patient’s body. 
[0022] In another aspect of the invention, the non-invasive 
method of assessing cardiovascularparameters utiliZes detec 
tion of indicator emission, that is ?uorescence, as opposed to 
indicator absorption. Further, indicator emissions may be 
detected in a transmission mode and/ or re?ection mode such 
that a broader range of patient tissues may serve as detection 
sites for evaluating cardiovascular parameters, as compared 
to other methods. Preferably, measurement of indicator emis 
sion are more accurate than measurements obtained by other 
methods, as indicator emission can be detected directly and 
independent of the absorption properties of Whole blood. 
[0023] In another aspect of the invention, a system for the 
non-invasive or minimally invasive assessment of cardiovas 
cular parameters is described. In particular, such a system 
may include an illumination source for exciting the indicator, 
a photodetector for sensing emissions of electromagnetic 
radiation from the indicator and a computing system for 
receiving emissions data, tracking data over time and calcu 
lating cardiovascular parameters using the data. 
[0024] In another aspect of the invention, the methods and 
system described herein may be used to as sess cardiovascular 
parameters of a variety of subjects. In some embodiments, the 
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methodology can be modi?ed to examine animals or animal 
models of cardiovascular disease, such as cardiomyopathies. 
The methodology of the present invention is advantageous for 
studying animals, such as transgenic rodents Whose small siZe 
prohibits the use of current methods using invasive proce 
dures. The present invention is also advantageous in not 
requiring anesthesia Which can effect cardiac output mea 
surements. 

[0025] In other embodiments, the methodology can be 
modi?ed for clinical application to human patients. The 
present invention may be used on all human subjects, includ 
ing adults, juveniles, children and neonates. The present 
invention is especially Well suited for application to children, 
and particularly neonates. As above, the present technique is 
advantageous over other methods at least in that it is not 
limited in application by the siZe constraints of the miniatur 
iZed vasculature relative to adult subjects. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] FIG. 1 is a diagrammatic depiction of an example of 
one embodiment of the system of the present invention. 
[0027] FIG. 2 is a ?uorescence intensity curve generated 
using one embodiment of the present invention. 
[0028] FIG. 3 is a diagrammatic depiction of an example of 
one embodiment of the present invention having a photode 
tector positioned on the ear skin surface. 
[0029] FIG. 4 is a diagrammatic depiction of a user inter 
face of a cardiac output computer program useful in conjunc 
tion With this invention. The interface may depict information 
regarding values measured and converted from ?uorescence 
to concentration, and parameters of the curve ?t for the values 
obtained using the method or system. 
[0030] FIG. 5 is a depiction of a decay of ?uorescence 
intensity curve as a function of time folloWing injection of a 
1 mg dose of ICG. 
[0031] FIG. 6 is a depiction ofa calibration curve for blood 
ICG concentration as a function of transcutaneous ICG ?uo 
rescence. 

[0032] FIG. 7 is a depiction of cardiac output and aortic 
velocity measurements during one representative experi 
ment. 

[0033] FIG. 8 is a depiction of cardiac output measure 
ments derived from sites on the ear surface and on the exposed 
femoral artery during one experiment. 
[0034] FIG. 9 is a ?oW chart depicting one method of the 
present invention. 
[0035] FIG. 10 illustrates a ?uorescence intensity curve 
that includes an extrapolation that intercepts the point on the 
curve at Which the ?uorescence is indicative of the concen 
tration of the indicator When mixed throughout the volume of 
blood of the subject. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0036] The method and system of the present invention are 
for the evaluation of cardiovascular parameters of a subject 
using an indicator dilution technique. 
[0037] The method of this invention generally involves the 
injection of a selected amount of indicator into the blood 
stream of the subject (FIG. 9). Preferably, the indicator is 
illuminated using a ?rst Wavelength of excitation light 
selected to cause the indicator to ?uoresce and emit a second 
Wavelength of light. A photodetector is placed near the sub 
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ject for the detection of the intensity of the second Wavelength 
of emitted light Which is proportional to the concentration of 
the indicator circulating Within the circulatory system. The 
photodetector transmits this intensity information to a com 
puting system, Which records and preferably maps the inten 
sity curve of the indicator detected over time. 

[0038] Typically, the indicator concentration values 
increase to a peak rapidly after injection of the indicator. 
Then, the concentration values decrease rapidly, then more 
steadily as the indicator is diffused throughout the body and 
metaboliZed over time. A microprocessor driven computation 
then can calculate from the concentration curve, the patient’s 
cardiac output and/or blood volume values. Additionally, val 
ues can be generaliZed repeatedly using this method, at inter 
vals of about every 1-2 minutes. 
[0039] Indicators. The indicators useful in this in invention 
are preferably inert and biocompatible in that they do not alter 
cardiovascular parameters, such as heart rate. Further, the 
indicator is preferably a substance that once injected, does not 
diffuse out of the vasculature of the cardiovascular system. 
Also, the indicator is preferably selected to be one Which is 
metaboliZed Within the body at a rate such that repeated 
measures using this method may be conducted at intervals of 
about 1-2 minutes. It is also desirable that the background 
levels of circulating indicator be cleared betWeen intervals, 
although measurements may be taken When background lev 
els are not Zero. Finally, the indicator can be selected to be 
detectable by the photodetector system selected. 
[0040] In one embodiment, a non-invasive dye indicator 
dilution method may be used to evaluate cardiovascular func 
tion. Many different dye indicators may be used Within the 
scope of this invention. Preferably, the dye indicator is ?uo 
rescent having an excitation Wavelength and an emission 
Wavelength in the near infrared spectrum, preferably about 
750 nm to about 1000 nm, and more preferably about 750 nm 
to about 850 nm. 

[0041] Most preferably, the indicator used is indocyanine 
green (ICG; purchased for example from Akorn, Decatur or 
Sigma, St. Louis, Mo.; commercial names: Diagnogreen©, 
ICGreen©, Infracyanine©, Pulsion©). ICG has previously 
been used to study the microcirculation of the eye, the diges 
tive system and liver function (Desmettre, T., J. M. Devois 
selle, and S. Mordon. Fluorescence properties and metabolic 
features of indocyanine green (ICG) as related to angiogra 
phy. Surv Opthalmol 45, 15-27, 2000). ICG ?uoresces 
intensely When excited at near infrared Wavelengths. In the 
context of this invention, ICG in blood plasma has a peak 
?uorescence of about 810 to 830110 nm With an optimal 
excitation Wavelength of about 780 nm (Hollins, B. et al. 
Fluorometric determination of indocyanine green in plasma. 
Clinical chemistry. 1987. pp. 765-768. vol. 33, No. 6.; Dor 
shoW. R. B. et al. Noninvasive ?uorescence detection of 
hepatic and renal function. Journal of biomedical optics. Jul. 
1998. pp. 340-345. vol. 3, No. 3.). ICG may be advantageous 
for use in this invention in remains intravascular because it is 
protein bound. ICG breaks doWn quickly in aqueous solution, 
and metabolites are not ?uorescent, minimiZing recirculation 
artifact and reducing the time period betWeen Which measure 
ments can be made. The Wavelength of emission of ICG is 
also Within the optical WindoW (750-1000 nm) in Which living 
tissues are relatively transparent to light. 
[0042] Other biocompatible ?uorescent dyes such as ?uo 
rescein and rhodamine Would also be suitable in this inven 
tion. Fluorescein in blood plasma has a peak ?uorescence of 
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about 518110 nm With an optimal excitation Wavelength of 
about 488 nm (Hollins, supra; DorshoW, supra). Rhodamine 
in blood plasma has a peak ?uorescence of about 640110 nm 
With an optimal excitation Wavelength of about 510 nm. 

[0043] Indicator dosage. The dosage of indicator is prefer 
ably selected such that an amount used is non-toxic to the 
subject, is present in the circulatory system for an amount of 
time adequate to establish an indicator concentration curve, 
but is metaboliZed in an amount of time such that repeated 
measurements can be conducted at intervals of about 1-2 
minutes apart. Further, the indicator is preferably adminis 
tered to the subject by injection into a vein. 
[0044] A dosage of about 0.005 mg/kg is preferable in that 
this dose leads to peak blood concentrations beloW 0.001 
mg/ml. In this concentration range, the measurement of the 
circulating indicator concentration is linearly related to the 
intensity of the emission Wavelength detected. For example, 
in a laboratory animal model, about 0.015 mg can be injected 
into a 3 kg rabbit (blood volume:200 ml) such that the aver 
age circulating concentration is about 0.000075 mg/ml Whole 
blood. 

[0045] Dye dilution techniques have been applied in 
humans in other using indocyanine green as a dye. Living 
tissues of humans and animals are relatively transparent for 
near infrared Wavelengths of light Which alloWs for transmis 
sion of light across several mm of tissue and transcutaneous 
detection of the ?uorescence emission of ICG. The use of 
dosages in the ranges stated above is additionally suitable for 
human use. 

[0046] Illumination Source. The illumination sources use 
ful in this invention are preferably selected to produce an 
excitation Wavelength in the near infrared spectrum, prefer 
ably about 750 nm to about 1000 nm, and more preferably 
about 750 to about 850 nm. This selection is advantageous in 
at least that most tissues are relatively transparent to Wave 
lengths in this range. Thus, in some embodiments, an indica 
tor in the blood stream is excitable transcutaneously and 
indicator emissions detected transcutaneously. Further, blood 
constituents do not ?uoresce at these Wavelengths, thus there 
is no other contributor to the measured ?uorescence emission 
signal. Therefore, this method is advantageous in that at least 
the sensitivity of detection in this method is improved over 
other methods Which measure indicator absorption, as 
opposed to emission. 

[0047] HoWever, it is Within the scope of the invention to 
use other Wavelengths of light, for example in the blue-green 
or ultraviolet range as some tissues are relatively transparent 
even at these Wavelengths. Selection of the illumination 
source, therefore, can depend in part on the indicator selected 
and the tissue from Which detection Will be made. Preferably, 
the illumination source is selected to result in the peak emis 
sion Wavelength of the indicator. 
[0048] Examples of illumination sources Which may be 
used in this invention include, but are not limited to lamps, 
light emitting diodes (LEDs), lasers or diode lasers. 
[0049] In some embodiments, modi?cations to the system 
or illumination source may be altered to further to maximiZe 
the sensitivity or accuracy of the system for measuring indi 
cator concentration. For example, in some embodiments, the 
excitation Wavelength produced by the illumination source 
Will be steady. Alternatively, the excitation Wavelength pro 
duced by the illumination source can be modulated using a 
locking detection technique. 
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[0050] For example, the illumination source may emit light 
in a periodic varying pattern having a ?xed frequency and the 
emissions recorded by the photodetector read at the same 
frequency to improve the accuracy of the readings. The peri 
odic varying pattern and frequency can be selected to improve 
noise-rej ection and should be selected to be compatible With 
the rest of the instrumentation (such as the light source and 
photodetector). 
[0051] The illumination source may be adapted to target a 
detection area of the subject’s tissue from Which emission 
Wavelength intensity Will be recorded. In some embodiments, 
the illumination source may comprise an optic ?ber for 
directing the excitation light to the detection area. In some 
embodiments, the illumination source may comprise mirrors, 
?lters and/or lenses for directing the excitation light to the 
detection area. 

[0052] Detection Areas. The target detection area is that 
location of a subject’s tissue Which is exposed to the excita 
tion Wavelength of light and/or from Which the emission 
Wavelength light intensity output Will be measured. 
[0053] Preferably, the method of detection is non-invasive. 
In these embodiments, a detection area is selected such that a 
photodetector can be placed in proximity to the detection area 
and emission Wavelength light intensity measured. Prefer 
ably, the photodetector is placed transdermally to at least one 
blood vessel, but more preferably a highly vasculariZed tissue 
area. Examples of detection areas include, but are not limited 
to ?ngers, auricles of the ears, nostrils and areas having non 
kertaniZed epithelium (such as the nasal mucosa or inner 
cheek). In alternative embodiments, the method of detection 
is minimally invasive. For example, the photodetector can be 
placed subdermally (Within or beneath the epidermis) and 
proximate to at least one blood vessel or in a perivascular 
position. In yet alternative embodiments, the method of 
detection is invasive. For example, the photodetector can be 
placed intravascularly to detect indicator emissions, such as 
Within an artery. 

[0054] Additionally, the detection area may be arterialiZed 
during indicator emission detection. Examples of conditions 
resulting in detection area arterialiZation include, but are not 
limited to heating or exposure to biologically active agents 
Which effect sympathetic system blockade (such as 
lidocaine). 
[0055] Photodetector. The detection of indicator emissions 
can be achieved by optical methods knoWn in the art. Mea 
surement of indicator concentration can be made by admin 
istering a detectable amount of a dye indicator and using a 
non-invasive, minimally invasive or intravascular procedures, 
preferably for continuous detection. Preferably, the photode 
tector is positioned proximately to the detection area of the 
subject. The photodetector may be positioned distally or 
proximately to the site of the illumination source. 

[0056] In some embodiments, ?uorescent light is emitted 
from the indicator With the same intensity for all directions 
(isotropy). Consequently, the emission of the dye can be 
detected both in “transmission mode” When the excitation 
light and the photodetector are on opposite sides of the illu 
minated tissue or in “re?ection mode” When the excitation 
and the photodetector are on the same side of the tissue. This 
is advantageous over other methods at least in that the exci 
tation light and emitted light can be input and detected from 
any site on the body surface and not only optically thin struc 
tures. 
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[0057] Photodetectors Which are useful in this invention are 
those selected to detect the quantities and light Wavelengths 
(electromagnetic radiation) emitted from the selected indica 
tor. Photodectors having sensitivity to various ranges of 
Wavelengths of light are Well knoWn in the art. 
[0058] In some embodiments, modi?cations to the system 
are made to further enhance the sensitivity or accuracy of the 
system for measuring indicator concentration. For example in 
some embodiments, the detection system can incorporate a 
lock-in detection technique. For example, a lock-in ampli?er 
can be used to modulate the source of light emission at a 
speci?c frequency and to amplify the output of the photode 
tector only at that frequency. This feature is advantageous in 
at least that it further improves the sensitivity of the system by 
reducing signal to noise and alloWs detection of very small 
amounts of ?uorescence emission. 

[0059] In some embodiments a photomultiplier tube is uti 
liZed as or operably connected With another photodetector to 
enhance the sensitivity of the system. Finally, in some 
embodiments, additional features, such as ?lters, may be 
utiliZed to minimize the background of the emission signals 
detected. For example, a ?lter may be selected Which corre 
sponds to the peak Wavelength range or around the peak 
Wavelength range of the indicator emission. 
[0060] The detected electromagnetic radiation is converted 
into electrical signals by a photoelectric transducing device 
Which is integral to or independent of the photodetector. 
These electrical signals are transmitted to a microprocessor 
Which records the intensity of the indicator emissions as 
correlated to the electrical signal for any one time point or 
over time. (For an example of such a device see US. Pat. No. 
5,766,125, herein incorporated by reference.) 
[0061] System Calibration. Preferably, the method is fur 
ther minimally invasive in requiring only a single peripheral 
blood draW from the circulatory system be taken for calibra 
tion purposes. In this invention, indicator concentration is 
preferably being measured continuously and non-invasively 
using a photodetector. HoWever, one blood sample from the 
subject may be WithdraWn for calibration of the actual levels 
of circulating indicator With the indicator levels detected by 
the system. For example, a blood sample may be draWn from 
the subject at a selected time period after the administration of 
the indicator into the blood stream. The blood sample may 
then be evaluated for the concentration of indicator present by 
comparison With a calibration panel of samples having knoWn 
indicator concentrations. Evaluation of the indicator concen 
tration may be made spectrophotometrically or by any other 
means knoWn in the art. Where the subject blood concentra 
tion of indicator falls Within a range of about 0.001 to about 
0.002 mg/ml, the concentration-?uorescence curve is linear 
and it crosses the origin of the axes, that is the ?uorescence is 
Zero When the concentration is Zero. Therefore a single mea 
surement point su?ices to de?ne the calibration curve, and no 
further blood samples need be taken. 
[0062] More preferably no blood draW is required for cali 
bration of this system. It is noted that the ?uorescence of some 
indicators, such as ICG, does not substantially vary from 
patient to patient and that the skin characteristics are rela 
tively constant for large classes of patients. Thus, the ?uores 
cence in the blood of the patient measured from a given site on 
the body surface can be converted in an absolute measure 
ment of ICG concentration, once the curve of indicator con 
centration vs. ?uorescence is de?ned for that site of measure 
ment. 
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[0063] This method and system may be utiliZed to measure 
several cardiovascular parameters. Once the system has been 
calibrated to the subject (When necessary) and the indicator 
emissions detected and recorded over time, the computing 
system may be used to calculate cardiovascular parameters 
including cardiac output and blood volume. 

[0064] Cardiac output calculations. In some embodiments, 
the cardiac output is calculated using equations Which 
inversely correlate the area under the ?rst pass indicator emis 
sion curve (magnitude of intensity curve) With cardiac output. 
Cardiac output is typically expressed as averages (L/min). 
The general methods have been previously described (Ged 
des, supra, herein incorporated by reference). 
[0065] Classically, the descending limb of the curve is plot 
ted semilogrithmically to identify the end of the ?rst pass of 
indicator. For example, the descending limb of the curve may 
be extrapolated doWn to 1% of the maximum height of the 
curve. The curve can then be completed by plotting values for 
times preceding the end time. Finally, the area under this 
corrected curve is established and divided by the length (time) 
to render a mean height. This mean height is converted to 
mean concentration after calibration of the detector. The nar 
roWer the curve, the higher the cardiac output; the Wider the 
curve, the loWer the cardiac output. Several variations of this 
calculation method are found, including methods that ?t a 
model equation to the ascending and descending portions of 
the indicator concentration curve. 

[0066] Depending upon the indicator type and dosage 
selected, the curve may not return to Zero after the end of the 
?rst pass due to a residual concentration of indicator recircu 
lating in the system. Subsequent calculations of cardiac out 
put from the curve may then account for this recirculation 
artifact by correcting for the background emissions, prior to 
calculating the area under the curve. This system is advanta 
geous over the knoWn methods in that at least the emission 
magnitude of intensity is being directly measured and no 
measurement of hemoglobin nor accommodation for hemo 
globin absorbance or need be made. 

[0067] Sequential measurements of a cardiovascular circu 
latory parameter, such as cardiac output or blood volume, 
may be taken. Each measurement may be preceded by the 
administration of an indicator to the cardiovascular system. 
Each measurement may be separated by a time period during 
Which the indicator that Was previously administered is sub 
stantially eliminated from the circulatory system, for instance 
by metabolic processes. 
[0068] To obtain a measurement in absolute physical units, 
e.g., in liters per minute for cardiac output or liters for blood 
volume, a blood sample may be taken after each administra 
tion of the indicator for calibration purposes, as explained in 
more detail above. 

[0069] Another approach may be to take a blood sample 
only after the ?rst administration of the indicator and to use 
this blood sample for calibration purposes during each sub 
sequent administration of the indicator and measurement of 
its resulting ?uorescence. HoWever, the operating character 
istics of the test equipment may shift during these tests. The 
optical properties of the tissue being illuminated may also 
change. The positioning of the illumination source and/or the 
photo detector may also change. All these changes can intro 
duce errors in the computation of the parameter in absolute 
physical units When the computations are based on a blood 
sample that Was taken before the changes occurred. 
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[0070] These errors may be minimized by measuring the 
changes that occur after the blood sample is taken and by then 
adjusting the measured ?uorescence intensity to compensate 
for these measured changes. This may be accomplished by 
measuring the intensity of the illumination light after it is 
transmitted through or re?ected by the tissue through Which 
the administered indicator passes. This illumination intensity 
measurement may be made shortly before, during or shortly 
after each administration of the indicator. The computations 
of the cardiovascular parameter that are made during tests 
subsequent to the ?rst test (When the calibrating blood sample 
Was taken) may then be adjusted in accordance With varia 
tions in these illumination intensity measurements. 

[0071] For example, the computation of the cardiovascular 
parameter that is made folloWing the second administration of 
the indicator may be multiplied by the ratio of the illumina 
tion intensity measurement made prior to the ?rst adminis 
tration of the indicator to the illumination intensity measure 
ment made prior to the second administration of the indicator. 
If the illumination intensity betWeen the ?rst and second 
measurements doubles, for example, application of this for 
mula may result in a halving of the computation. Other func 
tional relationships betWeen the measured cardiovascular 
parameter and the illumination intensity measurements may 
also be implemented. 
[0072] Any equipment may be used to make the illumina 
tion intensity measurements. In one embodiment, the photo 
detector that detects the ?uorescence intensity may also be 
used to make the illumination intensity measurements. The 
optical ?lter that removes light at the illumination frequency 
may be removed during the illumination intensity measure 
ments. The leakage of the illumination thought this ?lter may 
instead be measured and used as the information for the 
computation. 
[0073] Another approach to minimiZing the number of 
needed blood samples for a sequence of tests is to take advan 
tage of the knoWn relationship betWeen the amount of indi 
cator that is injected, the volume of blood in the circulatory 
system and the resulting concentration of the indicator in that 
blood. 

[0074] One step in this approach is to determine the volume 
of blood in the cardiovascular circulatory system using any 
technique, such as a tracer dilution technique, applied for 
instance With the Evans Blue dye. The concentration of the 
indicator after it is administered and mixed throughout the 
total blood volume, With no offset for metabolic elimination, 
may then be computed by dividing the amount of the indicator 
that is administered by the volume of the blood. 

[0075] The theoretical magnitude of the intensity of the 
?uorescence from the indicator after the indicator is mixed 
throughout the total blood volume, Without having been 
metaboliZed or otherWise eliminated from the circulatory 
system, may then be determined from the ?uorescence curve. 
FIG. 10 illustrates one Way that this may be done. As shoWn 
in FIG. 10, the intensity of the ?uorescence of an adminis 
tered indicator Will often rise quickly after the injection, as 
illustrated by a sharply rising portion 1001. The intensity may 
then decay sloWly, as illustrated by a sloWly falling portion 
1003. A portion of the curve 1004 during the sloW decay may 
be extrapolated until it intercepts a point 1005 on the fast 
rising portion. The level of the intensity of the ?uorescence at 
the point 1005 may represent the concentration of the indica 
tor after it is administered and mixed throughout the total 
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blood volume, With no offset for metabolic elimination, i.e., 
the concentration of the indicator that Was computed above. 
[0076] Based on this extrapolatedpoint, a conversion factor 
may then be determined that converts the measured intensity 
of the ?uorescence to the concentration of the indicator in the 
cardiovascular system. The conversion factor may be deter 
mined by equating it to the ratio of the concentration of the 
indicator that Was calculated above to the measurement of the 
intensity of the ?uorescence at the intercepted point. The 
concentration of the indicator at other points on the ?uores 
cence intensity curve shoWn in FIG. 1 0 may then be computed 
by multiplying the measured ?uorescence intensity value by 
the conversion factor. 
[0077] Subsequent administrations of indicator may be 
made and measured to monitor the cardiovascular parameter 
over short or long periods of time. The same computational 
process as is described above may be used each time to 
determine the absolute physical value of the desired cardio 
vascular parameter Without having to again take a blood 
sample. The process may also intrinsically compensate for 
changes betWeen measurements, other than changes in blood 
volume, such as changes in the operating characteristics of 
the test equipment, the optical properties of the tissue being 
illuminated, and/ or the positioning of the illumination source 
and/or the photo detector. 
[0078] All of the foregoing computations, as Well as others, 
may be automatically performed by a computing system. The 
computing system may include any type of hardWare and/or 
software. 
[0079] Results obtained using this system can be normal 
iZed for comparison betWeen subjects by expressing cardiac 
output as a function of Weight (CO/body Weight (L/min/kg)) 
or as a function of surface area (cardiac index:CO/body 
surface area (L/min/m2)). 
[0080] Blood volume calculations. In some embodiments, 
blood volume may be measured independently or in addition 
to the cardiac output. General methods of measuring blood 
volume are knoWn in the art. In some embodiments, circulat 
ing blood volume may be measured using a loW dose of 
indicator Which is alloWed to mix Within the circulatory sys 
tem for a period of time selected for adequate mixing, but 
inadequate or the indicator to be completely metaboliZed. The 
circulating blood volume may then be calculated by back 
extrapolating to the instant of injection the sloW metabolic 
disappearance phase of the concentration curve detected over 
time (Bloom?eld, D. A. Dye curves: The theory and practice 
of indicator dilution. University Park Press, 1974). Altema 
tive methods of calculation include, but are not limited to 
those described in Us. Pat. No. 5,999,841, 6,230,035 or 
5,776,125, herein incorporated by reference. 
[0081] This method and system may be used to examine the 
general cardiovascular health of a subject. In one embodi 
ment, the method may be undertaken one time, such that one 
cardiac output and or blood volume measurement Would be 
obtained. In other embodiments, the method may be under 
taken to obtain repeated or continuous measurements of car 
diovascular parameters over time. Further, repeated measures 
may be taken in conditions Where the cardiovascular system 
is challenged such that a subject’s basal and challenged car 
diovascular parameters can be compared. Challenges Which 
may be utiliZed to alter the cardiovascular system include, but 
are not limited to exercise, treatment With biologically active 
agent Which alter heart function (such as epinephrine), para 
sympathetic stimulation (such as vagal stimulation), injection 



US 2010/0022898 A1 

of liquids increasing blood volume (such as colloidal plasma 
substitutes) or exposure to enhanced levels of respiratory 
gases. 
[0082] A schematic of one embodiment of a system 10 
useful in the present invention is shoWn in FIG. 1. The system 
comprises an illumination source 12 Where a 775 nm laser is 
selected to emit an excitation Wavelength of light 14 Which 
maximally excites ICG, the indicator selected. Here the illu 
mination source 12 is positioned proximately to the subject 
16, such that the excitation Wavelength of light 14 is shoWn 
transdermally onto the indicator circulating in the blood 
stream. The system also comprises a photodetector 20 placed 
in proximity to the subject’s skin surface 18 for detection of 
the indicator emission Wavelength 22. Optionally, a ?lter 24 
may be used for isolating the peak Wavelength at Which the 
indicator emits, being about 830 nm. Finally, the photodetec 
tor 20 is operably connected to a microprocessor 26 for stor 
ing the electronic signals transmitted from the photodetector 
20 over time, and generating the indicator concentration 
curve (FIG. 2). Optionally, the microprocessor 26 may regu 
late the illumination source to coordinate the excitation and 
detection of emissions from the indicator, for example using 
a modulation technique. The microprocessor may also com 
prise software programs for analyZing the output obtained 
from the detector 20 such that the information could be con 
verted into values of cardiac output or blood volume, for 
example and/or displayed in the form of a user interface. 
[0083] In order to demonstrate the utility of the invention, a 
non-invasive indicator detection system 10 of the invention 
Was used to repeatedly monitor cardiac output. With refer 
ence to FIG. 1, a ?ber optic 12b transmitted light from illu 
mination source 1211 to the subject’s skin 18. A second ?ber 
optic 20b, positioned near the skin 18 transmitted the emitted 
light to a photodetector 20. The indicator Was intravenously 
injected. A body portion Which included blood vessels near 
the surface of the skin, Was irradiated With a laser. A charac 
teristic ?uorescence intensity/concentration curve Was 
obtained upon excitation With laser light at about 775 nm and 
detection of the ?uorescence at about 830 nm. From this 
information cardiac output and blood volume for the subject 
Was calculated. 

[0084] The system used for this method may comprise a 
variety of additional components for accomplishing the aims 
of this invention. For example, non-invasive detection is 
described for monitoring of indicators Within the circulatory 
system of the patient. Modi?cations of the detectors to 
accommodate to various regions of the patient’s body or to 
provide thermal, electrical or chemical stimulation to the 
body are envisioned Within the scope of this invention. Also, 
calibration of the system may be automated by a computing 
system, such that a blood sample is draWn from the patient 
after administration of the indicator, concentration detected 
and compared With knoWn standards and/or the emission 
curve. Also, softWare may be used in conjunction With the 
microprocessor to aid in altering parameters of any of the 
components of the system or effectuating the calculations of 
the cardiovascular parameters being measured. Further, soft 
Ware may be used to display these results to a user by Way of 
a digital display, personal computer or the like. 
[0085] The utility of the invention is further illustrated by 
the folloWing examples, Which are not intended to be limiting. 

Example 1 
[0086] Experimental system and method. An implementa 
tion of the system and method of this invention Was tested in 
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rats. The excitation source Was a 775 nm pulsed diode laser 
and the ?uorescence Was detected With a detector being a 

photomultiplier tube (PMT) With extended response in the 
near-infrared range of the spectrum (FIG. 1). Optic ?bers 
Were placed in close contact With the skin of the animal’s ear 
for the excitation and detection of the indicator Within the 
blood stream. After injection of a 100 pl bolus of ICG (0.0075 
mg/ml) into the jugular vein of a rat, the ?uorescence inten 
sity trace (indicator concentration recording) Was measured 
transcutaneously at the level of the rat’s ear using re?ection 
mode detection of emissions (FIG. 2). 
[0087] Calculation of blood volume and cardiac output. 
The initial rapid rise and rapid decay segments of the ?uo 
rescence intensity trace represent the ?rst pass of the ?uores 
cent indicator in the arterial vasculature of the animal. Such a 
Waveform is characteristic of indicator dilution techniques. 
This portion of the recording is analyZed With one of several 
knoWn algorithms (i.e. SteWart Hamilton technique) to com 
pute the “area under the curve” of the ?uorescence intensity 
trace While excluding the recirculation artifact. Here, the ini 
tial portion of the ?uorescence trace y(t) Was ?tted With a 
model equation y(t)%/Ot°‘exp(— [3t) Which approximates both 
the rising and descending segments of the trace. This equation 
derived from a “tank-in-series” representation of the cardio 
vascular system has been found ?t Well the experimental 
indicator dilution recordings. The numerical parameters of 
the ?t Were determined from the approximation procedure, 
and then the “area under the curve” Was computed by numeric 
integration and used to ?nd the cardiac output With the knoWn 
formula: 

_ m _ amount injected 

Q _ [0“ C([) d; _ area under the curve 

[0088] Back extrapolation of the sloW decay segment of the 
?uorescence intensity trace to the instant When ICG is ?rst 
detected in the blood (time 0) yields the estimated concentra 
tion of ICG mixed in the Whole circulating blood volume. By 
dividing the amount of injected ICG by this extrapolated ICG 
concentration at time 0, the circulating blood volume Was 
computed. 
[0089] Calibration methods. Indicator concentration C(t) 
Was computed from the ?uorescence y(t) using one of tWo 
calibration methods. Transcutaneous in vivo ?uorescence 
Was calibrated With respect to absolute blood concentrations 
of ICG, using a feW blood samples WithdraWn from a periph 
eral artery after bolus dye injection of ICG. The blood 
samples Were placed in a ?uorescence cell and inserted in a 
tabletop ?uorometer for measurement of their ?uorescence 
emission. The ?uorescence readings Were converted into ICG 
concentrations using a standard calibration curve established 
by measuring With the tabletop ?uorometer the ?uorescence 
of blood samples containing knoWn concentrations of ICG. 
[0090] An alternative calibration procedure Which avoids 
blood loss uses a syringe out?tted With a light excitation 
?uorescence detection assembly. The syringe assembly Was 
calibrated once before the cardiac output measurements by 
measuring ICG ?uorescence in the syringe for different con 
centrations of ICG dye in blood contained in the barrel of the 
syringe. During the measurement of cardiac output, a blood 
sample Was pulled in the syringe during the sloW decay phase 
of the ?uorescence trace, that is the phase during Which 
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recirculating dye is homogeneously mixed in the Whole blood 
volume and is being slowly metabolized. The ?uorescence of 
that sample Was converted to concentration using the syringe 
calibration curve and then related to the transcutaneous ?uo 
rescence reading. So long as the ICG concentrations in blood 
remain suf?ciently loW (<0.001 mg/ml), a linear relationship 
can be used to relate ?uorescence intensity to concentration. 
[0091] Either one of these calibration methods can be 
developed on a reference group of subjects to produce a 
calibration nomogram that Would serve for all other subjects 
With similar physical characteristics (i.e., adults, small chil 
dren etc.). This is advantageous over prior methods at least in 
that an additional independent measurement of the blood 
hemoglobin concentration for computation of the light 
absorption due to hemoglobin is not required. 

Example 2 

[0092] A. A sample method and system for measuring car 
diac output and blood volume. Experiments have been per 
formed in NeW Zealand White rabbits (2.8-3.5 Kg) anesthe 
tiZed With halothane and arti?cially ventilated With an 
oxygen-enriched gas mixture (FiO2~0.4) to achieve a SaO2 
above 99% and an end-tidal CO2 betWeen 28 and 32 mm Hg 
(FIG. 4). The left femoral artery Was cannulated for measure 
ment of the arterial blood pres sure throughout the procedure. 
A small catheter Was positioned in the left brachial vein to 
inject the indicator, ICG. Body temperature Was maintained 
With a heat lamp. 
[0093] Excitation of the ICG ?uorescence Was achieved 
With a 780 nm laser (LD head: Microlaser systems SRT 
F780S-12) Whose output Was sinusoidally modulated at 2.8 
KHZ by modulation of the diode current at the level of the 
laser diode driver diode (LD Driver: Microlaser Systems CP 
200) and operably connected to a thermoelectric controller 
(Microlaser Systems: CT15W). The near-infrared light out 
put Was forWarded to the animal preparation With a ?ber optic 
bundle terminated by a Waterproof excitation-detection 
probe. The ?uorescence emitted by the dye in the subcutane 
ous vasculature Was detected by the probe and directed to a 
830 nm interferential ?lter (Optosigma 079-2230) Which 
passed the ?uorescence emission at 830110 nm and rejected 
the retro-re?ected excitation light at 780 nm. The ?uores 
cence intensity Was measured With a photomultiplier tube 
(PMT; such as Hamamatsu H7732-10MOD) connected to a 
lock-in ampli?er (Stanford Research SR 510) for phase-sen 
sitive detection of the ?uorescence emission at the reference 
frequency of the modulated excitation light. The output of the 
lock-in ampli?er Was displayed on a digital storage oscillo 
scope and transferred to a computer for storage and analysis. 
[0094] In most experiments, one excitation-detection probe 
Was positioned on the surface of the ear arterialiZed by local 
heating. In some studies, the laser emission beam Was sepa 
rated in tWo beams With a beam splitter and directed to tWo 
measurement sites (ear skin and exposed right femoral 
artery). TWo detection systems (PMT+lock in ampli?er) Were 
used for measurement of the ?uorescence dilution traces from 
the tWo sites. In all experiments, a complete record of all 
experimental measurements (one or tWo ?uorescence traces, 
arterial blood pres sure, end-tidal CO2, Doppler ?oW velocity) 
Was displayed on line and stored for reference. 
[0095] Calculations. A LabV1eW program Was used to con 
trol the oscilloscope used for sampling the ?uorescence dilu 
tion curves, transfer the data from the oscilloscope to a per 
sonal computer and analyZe the curves online for estimation 
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of the cardiac output and circulating blood volume. As shoWn 
on the program user interface (FIG. 5), the measured ?uores 
cence dilution trace (a) is converted to ICGblood (b) using the 
calibration parameters estimated as described in the next 
section of this application and ?tted to a model: C(t):COt°‘exp 
(- B0 
[0096] The model ?t (White trace) is performed from the 
time point for Which the ?uorescent ICG is ?rst detected to a 
point on the decaying portion of the trace that precedes the 
appearance of recirculating indicator (identi?ed from the 
characteristic hump after the initial peak in the experimental 
trace). The model equation is used to estimate the “area under 
the curve” for the indicator dilution trace. The theory of 
indicator dilution technique predicts that the area under the 
concentration curve is inversely proportional to the cardiac 
output 

(Q): m/fxcmm 0 

[0097] Where m is the mass amount of injected indicator 
and C(t) is the concentration of indicator in the arterial blood 
at time t. The program also ?ts the sloW decaying phase of the 
measurement to a single exponential to derive the circulating 
blood volume from the value of the exponential ?t at the time 
of injection. For the experimental ICG trace shoWn in FIG. 4, 
the estimated cardiac output is 509 ml/min and the circulating 
blood volume is 184 ml, in the expected range for a 3 Kg 
rabbit. This computer program is advantageous in that it 
improved the ability to verify that the experimental measure 
ments are proceeding as planned or to correct Without delay 
any measurement error or experimental malfunction. 
[0098] Indicator dosage. In this experiment, it Was found 
that a dose of about 0.01 5 mg injected ICG Was optimal in this 
animal to alloW for detection of an intense ?uorescence dilu 
tion curve and at the same time rapid metabolic disposal of the 
ICG. Further, With this small dose cardiac function measure 
ments could be performed at about intervals of less than about 
every 4 minutes. 
[0099] Detector placement. De?ned ?uorescence readings 
Were obtained by positioning the detection probe above the 
skin surface proximate to an artery or above tissue, such as the 
ear or the paW arterialiZed by local heating. 
[01 00] B. Calibration of Transcutaneous Indicator Intensity 
and Circulating Indicator Concentration. 
[0101] Calibration of the transcutaneous ?uorescence 
intensity measured at the level of the animals’ ear as a func 
tion of ICG concentration in blood Was performed as folloWs. 
A high dose of ICG (1 mg) Was injected intravenously and 
equilibrated homogeneously With the animal’s total blood 
volume in an about one minute period. At equilibrium, the 
blood ICG concentration resulting from this high dose is 
several times larger than the peak ICG concentration 
observed during the loW dose ICG injections (0.015 mg) used 
to measured cardiac output. In this Way, a calibration curve 
Was created that accommodated the full range of ICG con 
centrations observed during the cardiac function measure 
ments. 

[0102] As the liver metaboliZes ICG, the blood ICG con 
centration decreases back to 0 in about 20 minutes. During 
that time period, 5 to 8 blood samples (1.5 ml) Were With 
draWn from the femoral artery and placed in a precalibrated 
blood cuvette. The ?uorescence intensity of the blood in the 
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cuvette Was converted to a measurement of concentration 
using the knoWn standard curve of ?uorescence intensity 
versus ICG concentration established for the cuvette. ICG 
?uorescence Was measured at the level of the ear at the exact 
time of the blood sample WithdraWal. Because ICG is homo 
geneously equilibrated in the animal’s blood volume, When 
the blood samples are WithdraWn, the ?uorescence intensity 
measured at the level of the ear corresponds directly to the 
ICG blood concentration at the time of the measurement and 
therefore the ICG concentration determined from the cuvette 
reading. As this example shoWs, transcutaneous ICG ?uores 
cence is proportional to blood ICG concentration such that a 
single blood WithdraWal can suf?ce to ?nd the proportionality 
factor betWeen the tWo quantities. 
[0103] As shoWn in FIG. 5, the transcutaneous ear ?uores 
cence intensity (in V) as a function of time (in s) after the high 
dose (1 mg) ICG injection during the calibration sequence. 
FIG. 5 shoWs the characteristic ?rst order exponential decay 
of ICG in blood as the dye is being metaboliZed. FIG. 6 shoWs 
the ICG concentration (in mg/ml) as a function of the in vivo 
?uorescence for the same example and the same time points. 
For the range of concentrations used in these studies, ICG 
concentration and transcutaneous ?uorescence Were linearly 
related. The calibration line passes through the origin of the 
axes since there is no measured ?uorescence When the ICG 
blood concentration is 0. 
[0104] Thus, a simple proportionality factor exists betWeen 
blood ICG concentration and transcutaneous ?uorescence. 
This feature of the ?uorescence dilution technique measuring 
light emission is advantageous over the conventional dye 
dilution technique based on ICG absorption Which requires 
light absorption caused by ICG to be separated from light 
absorption by tissue and blood. After the proportionality fac 
tor is determined, ICG ?uorescence dilution pro?les can only 
then be converted into concentration measurements for com 
putation of the cardiac output using the indicator-dilution 
equation. 
[0105] Results of cardiac output measurements. Calibrated 
cardiac output readings have been obtained in 8 animals 
(body Wt: 3.0102 Kg). The folloWing table lists the values 
during baseline conditions. The values are presented as the 
meanzstandard deviation of three consecutive measurements 
obtained Within a 15 min period. 

TABLE 1 

Cardiac output 
Exp. (ml/min) 

530 r 15 

500 r 17 

370 r 12 

434 r 16 

48116 UI-BUJMH 
[01 06] The average for the ?ve experiments (4 63 ml/min) is 
in order of reported cardiac outputs (260-675 ml/min) mea 
sured With ultrasound or thermodilution techniques in anes 
thetiZed rabbits (Preckel et al. Effect of dantrolene in an in 
vivo and in vitro model of myocardial reperfusion injury. Acta 
Anaesthesiol Scand, 44, 194-201, 2000. Fok et al. Oxygen 
consumption by lungs With acute and chronic injury in a 
rabbit model. Intensive Care Med, 27,1532-1538, 2001). 
Basal cardiac output varies greatly With experimental condi 
tions such as type of anesthetic, duration and depth of anes 
thesia, leading to the Wide range of values found in the litera 
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ture. In this example, the variability (standard deviation/ 
mean) of the calculated cardiac output With ?uorescence 
dilution is ~3% for any triplicate set of measurements Which 
compares favorably With the reported variability for the ther 
modilution technique (~5-10%). 
[0107] C. Comparison of Measurements Obtained by Fluo 
rescence Dilution Cardiac Output Method Via Transcutane 
ous Measurement and Subcutaneous Measurement. 

[0108] Experimental methodology. The experimental 
preparation described in the preceding section (Example 2) 
includes tWo measurement sites for the ?uorescence dilution 
traces: a transcutaneous site at the level of the ear central 
bundle of blood vessels and the exposed femoral artery. The 
ear vasculature is arterialiZed by local heating. With this 
preparation, the cardiac output estimates obtained from the 
peripheral non-invasive (transcutaneous) measurement site 
Were compared With estimates obtained by interrogating a 
major artery. 
[0109] The intensity of the ?uorescence signal at the level 
of the exposed femoral artery during the sloW metabolic dis 
appearance phase of the injected ICG is compared to the 
calibrated ear ?uorescence measurement to derive a calibra 

tion coe?icient (arterial ICG ?uorescence into ICG blood 
concentration). In this Way cardiac output estimates 
expressed in ml/min Were derived from the tWo sites. 
[0110] Results. FIG. 8 shoWs the time course of the cardiac 
output measurements obtained from the ear site and from the 
exposed femoral artery in a representative experiment during 
control conditions (C), intense then mild vagal stimulation 
(S,I and S,M), and post-stimulation hyperemia (H). Near 
identical estimates of the cardiac output are obtained from the 
tWo sites during all phases of the study. 
[0111] The relationship betWeen cardiac output derived 
from measurement of the ?uorescence dilution curve at the 
level of the skin surface (Cosh-n, in ml/min) and at the level of 
the exposed femoral artery (Cofem, in ml/min) Was investi 
gated. The linear relationships betWeen the tWo measures are 
summarized in the table beloW: 

TABLE 2 

Regres- Number 
sion measure 

Exp. Linear regression Coef. ments 

1 Cosh-n = 0.65(:0.11) * Cofem + 145.0(1540) 0.81 22 
2 Cosh-n =1.01(:0.06)* Cofem + 2.0(:22.0) 0.96 27 
3 Cosh-n =1.05(:0.14)* Cofem — 56.0(1540) 0.91 13 

[0112] The tWo measures of ?uorescence cardiac output are 
tightly correlated. In the last tWo experiments, the slope of the 
regression line is not statistically different from 1.0 and the 
ordinate is not different from 0.0 indicating that the tWo 
measurements are identical. These observations suggest that 
?uorescence dilution cardiac output can be reliably measured 
transcutaneously and from a peripheral site of measurement 
that has been arterialiZed by local application of heat. Attenu 
ation of the excitation light and ICG ?uorescence emission by 
the skin does not prevent the measurement of Well-de?ned 
dye dilution traces that can be analyZed to derive the cardiac 
output. 
[0113] While the speci?cation describes particular 
embodiments of the present invention, those of ordinary skill 
can devise variations of the present invention Without depart 
ing from the inventive concept. 
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[0114] D. Comparison of measurements obtained by ?uo 
rescence dilution cardiac output method and doppler ?oW 
velocity technique. 
[0115] Experimental methodology. The present method 
Was compared With an ultrasonic Doppler velocity probe 
method to record cardiac output measurements. In this 
example the above procedure Was modi?ed in that, the ani 
mal’s chest Was opened With a median incision of the sternum 
and a 6 mm 20 MHZ Doppler velocity probe Was gently 
passed around the ascending aorta and tightened into a loop 
that ?ts snuggly around the aorta. 

[0116] For detection of the ?uorescent detection of the 
indicator, tWo illumination+detection ?ber optic probes Were 
used: one probe Was placed on or above the ear middle vessel 
bundle and the other probe Was placed in proximity to the 
dissected left femoral artery. Local heating to 44 degrees 
centigrade arterialiZed the ear vasculature. 

[0117] In this example, tWo maneuvers Were used to change 
the cardiac output from its control level: vagal stimulation, 
Which reduces the cardiac output, and saline infusion, Which 
increases the circulating volume and cardiac output. The right 
vagal nerve Was dissected to position a stimulating electrode. 
Stimulation of the distal vagus results in a more or less intense 
decrease of the heart rate that depends on the stimulation 
frequency and voltage (1 ms pulses, 3 to 6 V, 10 to 30 HZ). The 
cardiac output and aortic ?oW velocity also decrease during 
vagal stimulation even though less markedly than the heart 
rate decreases because the stroke volume increases. Saline 
infusion at a rate of 15-20 ml/min markedly increases the 
cardiac output. FIG. 7 shoWs the time course of the cardiac 
output and aortic velocity measurements in one experiment 
including control conditions (C), intense then mild vagal 
stimulation (8,1 and S,M), and saline infusion (I). 
[0118] Results. There is consistent tracking of the Doppler 
aortic velocity by the ?uorescence dilution cardiac output 
measurement. The relationship betWeen ?uorescence dilu 
tion cardiac output and aortic Doppler ?oW velocity Was 
investigated in four rabbits. The linear relationships betWeen 
?uorescence dilution cardiac output (CO, in ml/min) and 
aortic ?oW velocity signal (VA not calibrated, in Volts) are 
summarized in the table: 

or: 

TABLE 3 

Regression Measure 
Exp. Linear regression Coef. ments 

1 co = 789(1123) * VA” + 166(134) 0.79 27 

2 co = 607(162) * VAC, + 50(132) 0.90 24 

3 co = 614(164) * VAO, - 45(138) 0.90 27 

4 co = 654(141) * VAO, - 3(129) 0.97 is 

[0119] This data indicates that the ?uorescence dilution 
cardiac output is highly correlated With aortic ?oW velocity as 
indicated by the elevated regression coe?icient (20.9 in 3 
experiments). Further, the slopes of the linear regression lines 
betWeen ?uorescence dilution cardiac output and aortic ?oW 
velocity are similar and statistically not different in the four 
studies. This suggests a constant relationship betWeen the tWo 
variables across experiments. The ordinates of regression 
lines are not different from 0 in the last three experimental 
studies, Which suggests absence of bias betWeen the tWo 
measures of aortic ?oW. 
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[0120] The results above establish that ?uorescence dilu 
tion cardiac output measured transcutaneously tracks the 
Doppler ?oW velocity measured in the ascending aorta. 

1. A method of measuring a parameter of a cardiovascular 
system in a subject in absolute physical units comprising: 

a. determining the volume of blood in the cardiovascular 
system; 

b. administering to the cardiovascular system a detectable 
amount of an indicator that ?uoresces When illuminated; 

c. illuminating the indicator; 
d. measuring the intensity of the ?uorescence of the indi 

cator While it is illuminated; and 
e. determining the magnitude of the parameter in ab solute 

physical units based on the measured intensity of the 
?uorescence, the administered amount of the indicator 
and the determined blood volume. 

2. The method of claim 1, further including: 
determining a conversion factor that converts the measured 

intensity of the ?uorescence to the concentration of indi 
cator in the cardiovascular system; and Wherein deter 
mining the magnitude of the parameter is also based on 
the conversion factor. 

3. The method of claim 1, further including determining the 
concentration of the indicator in the cardiovascular system 
based on the amount of the indicator that Was administered 
and the determined volume of blood. 

4. The method of claim 3, Wherein: 
measuring the intensity of the ?uorescence includes mea 

suring the intensity as a function of time; 
measuring the intensity of the ?uorescence as a function of 

time results in an initial fast rising portion and a subse 
quent sloW decay portion; and 

determining the conversion factor, Wherein the determin 
ing the conversion factor includes determining the point 
on the fast rising portion that is intercepted by an 
extrapolation of a portion of the sloW decay portion. 

5. The method of claim 4, Wherein the determining the 
conversion factor is based on the ratio of the determined 
concentration to the measured intensity of the ?uorescence at 
the intercepted point. 

6. A system of measuring a parameter of a cardiovascular 
system in a subject in absolute physical units comprising: 

a. an illumination source con?gured to illuminate an 

administered indicator in the cardiovascular system of 
the subject to emit ?uorescence; 

b. a photodetector con?gured to measure the intensity of 
the ?uorescence from the indicator While it is illumi 
nated; 

c. a computing system con?gured to determine the magni 
tude of the parameter in absolute physical units based on 
the measured intensity of the ?uorescence, the amount 
of the administered indicator and a determined blood 
volume of the subject. 

7. The system of claim 6, Wherein the computing system is 
con?gured to determine a conversion factor that converts the 
measured intensity of the ?uorescence to the concentration of 
the indicator in the cardiovascular system. 

8. The system of claim 6, Wherein the computing system is 
further con?gured to measure the intensity as a function of 
time so as to create an intensity curve having an initial fast 
rising portion and a subsequent sloW decay portion; and to 
determine the point on a fast rising portion of the intensity 
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curve that is intercepted by the extrapolation of a portion of 
the sloW decay portion of the curve. 

9. The system of claim 8, Wherein the computing system is 
further con?gured to determine the conversion factor based 
on a ratio of the determined concentration to the measured 
intensity of the ?uorescence at the intercepted point. 

10. The system of claim 6, Wherein the photodetector is 
positioned transcutaneously, perivascularly or intravascu 
larly. 

11. The system of 10, Wherein the computing system is 
further con?gured to determine the indicator dilution curve, 
Wherein the indicator dilution curve having a sharply rising 
initial portion and a sloWly decaying subsequent portion. 
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12. The system of claim 11, Wherein the computing system 
is further con?gured: 

to back extrapolate the indicator dilution curve from the 
subsequent portion to a point on the initial portion; 

to calculate the concentration of the indicator in the blood 
by dividing the amount of the administered indicator by 
the blood volume; and 

to relate the extrapolated point to the calculated concentra 
tion. 

13. The system of claim 10, Wherein the photodetector is 
positioned in proximity to an arterialiZed detection area. 

* * * * * 


