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Blood Volume Measurement at the Bedside Using ICG

Pulse Spectropbotometry
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Background: In the treatment of critically ill patients, blood
volume (BV) measurement requires injection of some tracer
substance and subsequent blood sampling to analyze the tracer
concentration. To obviate both the sampling and laboratory
analysis, techniques of pulse oximetry have been adapted to the
noninvasive optical measurement in the patient’s nose or fin-
ger of the arterial concentration of an injectable dye.

Methods: The authors report the clinical accuracy of a new
noninvasive bedside BV measurement test that uses pulse spectro-
photometry (the pulse method). The device detects pulsatile
changes of tissue optical density of a nostril or a finger spanned by
a probe emitting two infrared wavelengths (805 and 890 nm).
After a peripheral or central intravenous injection of indocyanine
green, the arterial dye concentration is continuously computed by
reference to the previously measured blood hemoglobin concen-
tration. Three types of tests of its accuracy are described here.

Results: In 10 healthy volunteers, the authors compared BV
determined by the pulse method with an '*'I-labeled human
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serum albumin method. Three subject data sets were excluded
because of motion artifact, a low signal:noise ratio, or both. For
the other seven volunteers, the bias = SD of pulse spectropho-
tometric BV values were 0.20 = 0.24 1 (or 4.2 = 4.9%) for the
nose probe and 0.34 * 0.31 1 (or 7.3 = 6.9%) for the finger
probe, with a mean BV of 5 L. In 30 patients who underwent
cardiac surgery, the pulse method was compared with a stan-
dard indocyanine green method using intermittent blood sam-
pling. In three patients, the BV could not be determined by the
pulse method because of motion artifact, low signal:noise ratio,
or both. In 27 patients, the bias = SD of the BV by the pulse
method was —0.23 = 0.37 1 (—5.3 + 8.7%) for the nose and
—0.25 = 0.5 1 (—4.2 = 8.4%) for the finger. Patient BV ranged
from 2.51 to 7.13 1 (mean, 4.48 1). In 10 additional patients
before cardiac surgery, BV was measured by the pulse method
before and shortly after removal of 400 ml blood. The pulse
method recorded a decrease of BV of 480 = 114 ml. Three days
after venesection, the mean BV was 117 + 159 ml less than the
predonation control.

Conclusions: In most patients, the pulse method provides
bedside measurement of BV without blood sampling (except for
hemoglobin determination), with an estimated error less than
10%. In 10-30% of tests the method failed because of motion
distortion of the record during the 10-min data collection pe-
riod or because of insufficient pulse amplitude in the test tissue.
(Key words: Dye densitogram; effective hepatic blood flow;
indicator dilution method; mean transit time; plasma disap-
pearance rate.)

THE blood volume (BV) is one of most important factors
that affect heart preload. Because directly measuring BV
usually necessitates tracer injection, blood sampling, and
tracer concentration analysis, adequacy of the volume of
the patients’ blood is clinically estimated in other ways,
such as by monitoring central venous pressure or pul-
monary capillary wedge pressure. Such estimates may be
misleading because central venous pressure and pulmo-
nary capillary wedge pressure depend not only on vol-
ume, but also on other factors, such as intrathoracic
pressure, cardiac function, compliance of the veins. and
posture.

The standard method for measuring BV has been indi-
cator dilution' using a radioisotope® or Evans blue dye.?
It has been difficult to measure BV serially because these
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tracers are retained in the blood for days. Furthermore,
minor risks are associated with the effects of the radio-
active iodine and the mutagenicity of Evans blue dye.*”
In 1956, Fox and Brooker” introduced a new dye called
indocyanine green (ICG). When injected into the blood
stream, ICG rapidly binds to plasma proteins and is
distributed in circulating BV. Because it is rapidly elimi-
nated exclusively by the liver, it does not accumulate in
the body if the liver is intact and functioning. It has no
known side effects other than a rare iodine allergy.
Bradley and Barr® and other investigators reported” !
methods of BV measurement using ICG and indicated
that it has good accuracy compared with other standard
methods. The method has not, however, been widely
adopted because it necessitates intermittent or continu-
ous blood sampling to determine the time course of ICG
concentration.

Pulse oximetry is a reliable, noninvasive method to
measure arterial blood oxygen saturation.'*'* A new
modification called “pulse spectrophotometry” permits
the clinician to measure continuously the ratio of the
arterial concentrations of hemoglobin to ICG dye."*
From this ratio and a measure of blood hemoglobin the
circulating BV can be determined. Here we report the
accuracy of this new method compared with standard
laboratory techniques.

Materials and Methods

The Standard Radioisotope Method

The radioisotope method uses as a tracer "'Habeled
HSA (Iodinated Human Serum Albumin; Daiichi RI, To-
kyo, Japan). We injected a known quantity of '*'I-HSA
(4 -8 mCi) via an antecubital vein and drew blood sam-
ples 10, 15, and 20 min after injection. The indicator
concentration was determined using a dilution com-
puter system (Aloka, Tokyo, Japan), which consists of a
scintillation counter and a computer. The mean BV com-
puted from these three samples was used for compari-
son, with BVs estimated by the pulse method.

Blood Volume Using Indocyanine Green Measured

Photometrically in Serial Blood Samples

A standard ICG method has been shown to correlate
closely with the radioisotope method.'® Mean transit
time (MTT) cannot, however, be assessed in the inter-
mittent blood sampling method; consequently, the
method may produce some errors in BV calculation.
These errors can be minimized by sampling blood from
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the pulmonary artery, accompanied by injection of ICG
into the right atrium, because the MTT from the right
atrium to the pulmonary artery is negligible. In patients
with indwelling pulmonary artery catheters, we injected
10 mg ICG via a right atrial line. Four-milliliter pulmo-
nary artery blood samples were taken immediately be-
fore the ICG injection and 3, 6, and 9 min after injection.
After plasma separation, the plasma ICG concentration
of each sample was measured using a spectrophotome-
ter (U-2000; Hitachi, Ibaraki, Japan) using as a reference
of a calibration curve that was prepared before. Because
the distribution of ICG in blood is confined to the plas-
ma,’ ICGy,; concentration was converted to ICGy, con-
centration using the following equation:

ICGys = {(100 — Hct)/100}ICGy

where ICGy,;; = whole blood ICG concentration, ICG,;
= plasma ICG concentration, and Hct = hematocrit (%).
The ICG concentration at injection time (Co), after mix-
ing, was determined by semilogarithmic back extrapola-
tion.

Noninvasive Measurement of Arterial Indocyanine

Green Concentration

The pulse method applies the principles of pulse spec-
trophotometry to the measurement of the ratio of hemo-
globin to arterial ICG concentration.'* Hemoglobin is
used as the reference light absorber because the concen-
tration of hemoglobin in the blood is easily measured in
clinical laboratories. This technique must be performed
using a well-perfused tissue of the pulsatile optical den-
sity called a dye densitogram (DDG), from before intra-
venous injection of ICG until approximately about 10
min after injection. Wavelengths of 805 nm and 890 nm
were selected because the extinction coefficients of ox-
ygenated and reduced hemoglobin concentrations are
nearly the same at these wavelengths (fig. 1). The peak
absorption for ICG is 805 nm, whereas absorption of I[CG
at 890 nm is negligible. Light provided by light-emitting
diodes is transmitted through a vascular bed (e.g., a
nostril or fingertip) to a photodetector positioned on the
other side. Arterial pulsations of BV within the tissue bed
change both the optical density at wavelengths absorbed
by blood and to some extent the path length of light. The
optical density, defined as incident light intensity/trans-
mitted light intensity, is independent of the incident
light intensity. The ratio of the variations caused by pulse
(AC) to the total transmitted light (DC) at each of the
two selected wavelengths depends empirically on the
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Fig. 1. Optical absorption characteristics of hemoglobin and
indocyanine green (ICG). The absorption by hemoglobin is
independent of oxygenation at 805 nm, isobestic wavelength,
and reduced negligibly by desaturation at 890 nm. The peak
absorption for ICG is 805 nm, whereas the absorption for ICG at
890 nm is negligible. The ICG pulse spectrophotometer uses the
ratio of ratios of pulsatile to total light transmitted at these
wavelengths to compute the ratio of arterial ICG concentration
to arterial hemoglobin concentration. RHb = reduced hemoglo-
bin; O, Hb = oxyhemoglobin; A = wavelength; E = extinction
coefficient (i.e., absorbance). d = ICG dye.

ratio of arterial ICG concentration to arterial hemoglobin
concentration.'* From the ratio of ratios, AC:DC(805) to
AC:DC(890), and the measured blood hemoglobin con-
centration, the actual concentration of ICG in arterial
blood can be directly and continuously computed and
displayed as a DDG.

Pulse Spectrophotometry Apparatus

A pulse spectrophotometry system has six major parts:
a probe, a power source driving the light-emitting di-
odes, an analog amplifier, an analog-digital converter, a
computer, and a printer. The probe has two light-emit-
ting diode infrared sources, A, = 805 and A, = 890 nm,
and a single photodiode detector. It is designed for easy
attachment to a nostril or a finger. Pulse waves at As,
AC:DC ratios at both A, and A,, and DDG are displayed
in real time. After mixing of the injectate with all blood
is complete, between 2.5 and 5.5 min after MTT. linear
regression versus time of the logarithm of the DDG is
used to calculate the clearance slope, from which the
ICG concentration at MTT may be computed as Co. The
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instrument prints the early linear DDG, the entire semi-

log DDG and its linear regression line, and the calculated
values of MTT, Co, and BV.

Dye Densitogram

Figures 2A and 2B show a typical DDG recorded from
a nostril. Figure 2A is a linear plot of the first 2 min from
which MTT can be determined using the modified Stew-
art-Hamilton technique.'” The MTT'® was calculated us-
ing the formula

MTT = > (Cn'Dtn’'tn)/>,(Cn Dtn)
where Cn = ICG concentration at nth time interval:
(mg/L)
1
MTT :
104 '
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Fig. 2. (4) Initial 120 s of a dye densitogram (DDG). Vertical line
at 32 s indicates mean transit time (MTT), computed as the
center of gravity of the first circulation. This is considered as
time zero of injection for determining the indocyanine green
concentration at injection time (Co). (B) A 15-min semilog plot
of a DDG. The clearance slope K (solid line) was computed by
linear regression of semilog plot between 2.5 min and 5.5 min
after MTT and extrapolated to MTT to compute Co.

202 YoIeN €1 uo 3sanb Aq Jpd'80000-0002 | 866 L-27S0000/ L Z6S6E/2CE L/9/68/4Pd-01011e/AB0|0ISBU)SBUE/WOD JIEYDIDA|IS ZESE//:d}Y WOI) papeojumoq

(,




PULSE OXIMETRIC METHOD OF BLOOD VOLUME MEASUREMENT

Dtn = time interval (taken as 16 ms in this study); tn =
time from the injection at which ICG concentration Cn
istrecorded sandint =81 8253 88 SiEEThe ability of the
method to measure MTT and dye concentration also
permits an estimation of cardiac output.'”

Figure 2B semilogarithmically displays dye concentra-
tion during the first 18 min. Because dye clearance is
exponential, this plot permits back-extrapolation to MTT
to determine the ICG concentration at injection time
before clearance but after complete mixing (Co). Be-
cause the dye is cleared only by the liver, the technique
may also be used to estimate liver blood flow."* Blood
volume is then computed from Co and the injected dose
of dye measured in milligrams (I): BV = I/Co.

Procedures

Using two instruments, probes were secured on a
nostril and a finger. Before ICG injection, the pulse wave
data were recorded with simultaneous monitoring of
pulse oximeter saturation (SpO,). After sampling blood
to measure hemoglobin, we injected 20 mg ICG via an
antecubital venous line or 10 mg ICG via a right atrial
line while the DDG was recorded for 10 min. Indocya-
nine green causes a downward artifactual shift in SpO,
readings.'”

Data Analyses

The bias = SD of the pulse method minus the standard
methods was computed according to the method sug-
gested by Bland and Altman.'® To allow comparison with
other methods to measure BV, which all used correlation
coefficients and linear regression analysis to assess the
degree of agreement, we calculated the correlation of
the BV values determined by the two methods using
linear regression (with the line forced to pass through
points 0,0) and best-fit equations, although these have
limited value in assessing agreement. Values are pre-
sented as the mean £ SD.

Results

Comparison with the Radioisotope Method

In 10 healthy volunteers, BV was measured by radio-
isotope and DDGs were recorded. Table 1 shows demo-
graphic data for the volunteers. Of these, the recorded
DDGs of three nose probes and three finger probes were
inadequate. In the seven healthy volunteers, compared
with the radioisotope standard, the values of pulse
method bias = SD were +0.2 = 0.24 1 (4.2 * 4.9%) with
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Table 1. Demographic Data

Normal Surgical Blood Donor

Subjects Patients Patients
Gender (M/F) 10/0 14/16 6/4
Age (yr) 3l == 1 5515 61 =12
Body weight (kg) 62 = 6 Sl 60 = 11
Body height (cm) 168 £ 6 16 12 163 £ 13
Hb (g/dl) i[8:8 =107 1.1 =14 14.4 = 1.8*

Values are mean + SD.
Hb = blood hemoglobin concentration.
* Predonation value.

nose probes and +0.34 = 0.311(7.3 = 6.9%) with finger
probes. The regression slope (constrained to 0 = 0) and
correlation coefficient values were 1.04 and 0.94, re-
spectively, for the nose and 1.07 and 0.91, respectively,
for the finger.

The Pulse Method versus a Standard ICG Method in

Patients Who Underwent Cardiac Surgery

This part of the study was performed using an indwell-
ing pulmonary artery catheter (Opticath; Abbott Labora-
tories, North Chicago, IL) in 30 patients after they un-
derwent cardiovascular surgery. Informed consent was
obtained from each patient before investigation. Table 1
shows demographic data for the patients. For both
probes, noise or motion artifact prevented computation
from the DDG of 3 of 30 patients. In 27 patients after
cardiac surgery, assuming BV determined by ICG using
sampled blood to be a standard, pulse method bias = SD
wiashe: 0,238 0370 [ R(GS5B58=E08%) Hfor theknose and
—0.25 = 0.51(—4.2 £ 9.4%) for the finger. Patient BVs
ranged from 2.51 to 7.13 | (mean, 4.48 ). The regression
slope (constrained to pass through the point 0,0) and
correlation coefficient values were 0.95 and 0.94, re-
spectively, for the nose and 0.93 and 0.99, respectively,
for the finger.

Effect of Blood Donation on Blood Volume

The effects of blood donation on BV were studied in 10
patients who were scheduled to undergo elective car-
diovascular surgery more than 4 days after blood dona-
tion (to provide for subsequent retransfusion if needed).
For each patient, 400 ml whole blood was withdrawn
via a cubital fossa vein. All patients provided informed
consent to participate before investigation. Measure-
ments were made after injection of 10 mg ICG via a
forearm vein. The time course of BV was evaluated for
each patient. Table 1 shows demographic data for this
group of patients. Donation of 400 ml blood reduced the
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BV value determined by the pulse method by 480 + 114
ml. The corrected difference in BV between predonation
and postdonation values, calculated as (BVpogr + 400 —
BVprp), was —80 = 114 ml (—1.4 * 2.2%), ranging from
—240 ml to 110 ml (—3.3 to 2.4%; difference not signif-
icant). Three days after donation, the estimated volume
averaged 117 = 159 ml (1.9 = 2.2%) less than control
(difference not significant).

Discussion

This article describes several tests of the accuracy of a
pulse-spectrophotometry system that, with probes
mounted on a finger or a nostril, permits noninvasive
continuous measurement of arterial ICG concentration.
The computer in the device subsequently calculates BV
from the time course of arterial ICG concentration.

Several BV methods are used extensively despite limi-
tations. The accuracy of all methods, including this pulse
method, is limited by analytic precision, indicator leak-
age from the vasculature, or sequestration in tissue. The
true values of BV are, therefore, beyond our knowledge.
We can only compare the pulse method with other
commonly used methods. For healthy volunteers, we
chose one of the presumably more accurate standard
methods using '*'IHabeled human serum albumin as an
intravascular tracer. We compared a group of cardiac
patients who already had pulmonary artery catheters to
simultaneously use the same injection of ICG for both
the pulse and the intermittent blood sampling methods.
The pulse method agreed within approximately 10%
with the reference methods in these tests. Agreement
between commonly used methods to measure BV has
been studied by several investigators. The bias of BV
estimates was reported to be 0.3 + 3.9% between the
radiolabeled HSA method and the Evans Blue method in
healthy volunteers,'” 5.1 + 2.3% between the ICG cu-
vette densitometry method and Evans Blue method in
cardiac patients,'' and 3.3 * 4.2% between the ICG-
sampled blood method and the ICG cuvette densitome-
try method in patients undergoing surgery.'” The accu-
racy of the pulse method seems comparative to these BV
methods. This study showed that BV estimated by the
pulsc method was 4-7% g,redtcr than that estimated by
the 'IHSA method and was 4-5% less than by the
ICG-sampled blood method. Ih()ms‘cn et al."’ found that
BV estimates by the Evans Blue method were 0. 3%
greater than those by the radiolabeled HSA method. In
cardiac patients, Haneda and Horiuchi'' found that BV
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estimates by the ICG cuvette densitometry method were
5% greater than by the Evans Blue method. Haller et a/. '°
reported that BV estimates by the ICG-sampled blood
method were 3.3% greater than those by the ICG cuvette
densitometry method. The results we obtained in the
current study are consistent with those found in these
investigations.

The pulse method was also used to detect changes ing
BV immediately after 400 ml blood was extracted by&
venesection in a group of patients donating blood before §
operation for their own use. The corrected difference in%
BV between pre- and postvenesection values was within 2
3.3% (difference not significant). The difference in BVw
between predonation and 3-day postdonation values. by s
which we could assess the reproducibility of the pulse 3
method, was not significantly in error. The mvestlgatlons 5
of the reproducibility of BV methods revealed that the & g
SD of the difference of the subsequent BV measure-
ments was 6.5% in patients, using the radiolabeled HSA‘°
method'’; 5.5% in dogs, using the Evans Blue method?°:
4.3% in patients, using the ICG-sampled blood method!®:
and 5.1% in patients, using the ICG cuvette densitometry
method.'® The reproducibility of BV estimates by the
pulse method was compared with these commonly used
BV methods.

The assumption that at 890 nm the extinction coeffi-
cients of oxygen hemoglobin and reduced hemoglobin
concentrations are the same causes BV to be underesti-
mated. If oxygen saturation (Sa,, ) =95%, the errors are
estimated to be less than 10%. When Sa,, = 90%, the
errors are estimated to be 20%. The smaller the Sag , the
greater the errors. But all persons studied in this manu-
script had Sa,, levels of more than 96%. Therefore, the
assumption m:iy not have serious effects on the results in
this article. Perhaps the participants should inhale oxy-
gen during BV estimation using the pulse method. After
we completed this study, the manufacturer revised the
algorithm to account for changes in oxygen saturation,
with a resulting improvement in accuracy at low Sag,
levels.

In this study, we estimated BV ranging from 2.5 to
7.0 1. These results do not indicate the limits of accuracy
of the measurement by the pulse method. Because the
pulse method is based on measurements of arterial blood
ICG concentration, adjusting the amount of ICG injected
that is suitable to the patient’s constitution can extend
the limits of the measurement potential. In most cases,
an injection of 0.2 mg/kg ICG may be adequate. Further-
more, the development of probes for children would
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allow the estimation of smaller volumes of blood by the
pulse method.

In the treatment of critically ill patients who may have
rapidly changing BV, the pulse method may be especially
useful in permitting subsequent measures within rela-
tively short intervals (e.g., every 30 min). Each indicator
dilution method necessitates that the BV remain con-
stant during measurement.”" For the pulse method this is
approximately 10 min. The delay before the next esti-
mation depends on the patient’s liver function. Patients
with normal hepatic function (R15 < 5%, where R15 =
residue percentile of ICG in blood 15 min after ICG
injection) can clear 95% of injected ICG within 15 min,
therefore, the estimation of BV by the pulse method can
be repeated at 20-min intervals. Patients with hepatic
failure (R15 > 35%), however, may take 1 h to clear 98%
of plasma ICG.

If, because of motion, a probe position changes during
data collection, an artifact is easily detected in the re-
corded AC:DC ratio. If pulse amplitude is inadequate, the
recorded curve may be too noisy for analysis. In this
study, we failed to obtain usable DDGs from either probe
in 3 of 10 healthy volunteers and in 3 of 30 patients after
cardiac surgery. We excluded these DDGs from the anal-
ysis. Two major causes underlie these failures. One was
the distortion of DDG by body motion. Body motion is
likely to dislodge probes, which alters the initial mea-
surement conditions and resulting computation of the
blood ICG:hemoglobin ratio, making it impossible to
determine ICG concentration at injection time. The
other problem was caused by insufficient circulation.
When peripheral circulation is insufficient, the AC:DC
ratios may be so low that the pulsatile signals are lost in
the noise.

Figure 2B shows an appropriate DDG. Figure 3A shows
a DDG that was inadequate because of dislodgement of
the probe, which was apparent from the abrupt varia-
tion of the AC:DC ratio. An inadequate, noisy DDG
resulting from a low AC:DC ratio is shown in figure 3B.
Our experience suggests that the results are unreliable
when the AC:DC ratio is less than 0.005 (0.5%). The
AC:DC ratio varies according to the probe site. Gener-
ally, the face has a greater blood supply than the extrem-
ities. Consequently, the AC:DC ratio from a nose probe is
likely to be larger than from a finger probe. We expect
that ways of attaching probes to make them more resis-
tant to body movement will be developed.

In existing methods for measuring BV using ICG, the
concentration of ICG in the blood has been determined
by repeated sampling from a peripheral vein after injec-
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Fig. 3. Examples of defective dye densitograms that could not be
analyzed. (4) Dislodgement of a probe. (B) A low ratio of the
variations caused by pulse to the total transmitted light.

tion of ICG or by using a cuvette attached to a densitom-
eter.**?? The value of Co depends on extrapolation to
the time of injection (taken, when possible, as MTT).""
In patients with poor circulation, MTT is often delayed,
resulting in underestimation of BV. Using the pulse
method, the dye density can be measured continuously,
which allows accurate calculation of MTT. The cuvette
densitometry method can also correctly estimate values
for MTT, but that method has several drawbacks: (1) It
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requires the arterial cannulation; and 2) it depends on
continuous sampling of blood at a fixed speed during the
entire period (> 5 min) necessary for measurement,
which may result in significant blood loss. The pulse
method is not invasive, is not so labor intensive, and is
easy to perform at the bedside.

The DDG from the pulse method provides additional
information. When the initial circulation phase is suffi-
ciently finished before recirculation to permit the down-
slope to be extrapolated to zero C, we can integrate to
obtain the area under this extrapolated curve Ad:

Ad = | Cd.dt.

where Cd = the dye concentration in the initial circula-
tion phase. From Ad and the quantity of injected dye (D),
we can determine cardiac output as follows:

CO = I/Ad.

For separation of the first phase of circulation from the
recirculation, the nose probe was superior to the finger
probe. This may be because the circulatory volume and
time for blood to pass to the nose from the heart are less
than for the fingers.

Finally, the downward slope (K) of the log-linear dye
clearance in the later phase of DDG is called the
‘plasma disappearance rate.” It has units of inverse
time. The BV multiplied by K is the effective hepatic
blood flow.

The study presented here was performed in a relatively
small number of persons and during limited clinical
conditions. More studies are needed. Nevertheless, this
study suggests that the multifunctionality and the com-
parative case of use may make the pulse method suitable
for perioperative fluid management.

Ihe authors thank John W Severinghaus for editorial help and
Yoshihiro Nishimura for technical assistance.
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