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Abstract: Patient blood volume impacts most facets of perfusion
care, including volume management, transfusion practices, and
pharmacologic interventions. Unfortunately, there is a wide vari-
ability in individual blood volumes, and experimental measure-
ment is not practical in the clinical environment. The purpose of
this study was to evaluate a mathematical algorithm for estimat-
ing individual blood volume. After institutional review board
approval, volumetric and transfusion data were prospectively
collected for 165 patients and applied to a series of calculations.
The resultant blood volume estimate (BVE) was used to predict
the first and last bypass hematocrit. The estimated hematocrits
using both BVE and 65 mlL/kg were compared with measured
hematocrits using the Pearson moment correlation coefficient

and the Bland Altman measures of accuracy and precision.
There was a wide range of BVE (minimum, 35 mL/kg; mean +
SD, 64 + 22 mL/kg; maximum, 129 mL/kg). Using BVE, the
estimated hematocrit was similar to the measured first (24.7 +
6.4% vs.24.5 + 6.2%, r = 0.9884, p > .05) and last (24.5 + 5.9%
vs. 25.1 £5.7%, r = 0.9001, p > .05) bypass hematocrit. Using 65
ml/kg resulted in a larger difference between estimated and
measured hematocrits for the first (25.6 + 4.5% vs. 24.5 + 6.2%,
r = 0.6885, p = .030) and last (23.8 £ 3.6% vs. 25.1 £ 5.7%, r =
0.5990, p = .001) bypass hematocrits. Compared with using 65
mL/kg for blood volume, the BVE allowed for a more precise
estimated hematocrit during CPB. Keywords: blood volume, car-
diopulmonary bypass, hematocrit. JECT. 2008;40:61-64

Patient blood volume impacts most facets of perfusion
care, including volume management, hemodynamic inter-
ventions, transfusion practices, and pharmacologic inter-
ventions. Unfortunately, there is a wide variability in in-
dividual blood volumes, and extremes (30-130 mL/kg) will
be encountered in clinical practice (1-3). If an extremely
low blood volume is encountered without identification,
weight-based pharmaceutic concentrations will be higher
than expected, and the effects of hemodilution will be
more pronounced. An extremely high blood volume
would be expected to have the opposite effect, potentially
leading to under-heparinization and inappropriate trans-
fusion (i.e., low hemoglobin treated with transfusion in-
stead of volume removal through autologous priming).

Indeed, early knowledge of a patient’s blood volume
would empower the clinician to make more informed clini-
cal decisions. Unfortunately, experimental measurements
are not applicable to the clinical environment. The meth-
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ods require either radioactive labeling or the measure-
ment of plasma volume by injecting indocyanine green,
subsequently measured by a specialty spectrophotometer,
and measurement of red cell volume by labeling autolo-
gous red cells with sodium fluorescein and subsequent
measurement by flow cytometry (3). Neither option could
be consider viable in the clinical arena or justifiable for the
information obtained. Less demanding techniques using
new technology are being developed, but they are invasive
and only moderately accurate and precise (4).

However, it is possible to estimate blood volume from
the change in hematocrit during carefully controlled acute,
normovolemic hemodilution (2). The estimated blood vol-
ume obtained by the Jacobs method correlated well with
the measured values (y = 0.912x + 560; r = 0.80) (2). The
Jacobs mathematical model was modified significantly and
includes additional variables to allow a more dynamic, less
time-dependent blood volume estimate. The purpose of
this study was to evaluate the capacity of the blood volume
estimate to predict hematocrit changes.

MATERIALS AND METHODS

An estimate for the post-induction blood volume [blood
volume estimate (BVE); baseline (BVEg,)] was devel-
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oped by applying a conversion factor (F) to a reference, or
ideal, blood volume (BV,):

BVE;, =BV, x F

Other groups have used BV, (ideal blood volume), and it
is calculated based on an ideal body surface area (2).

BS:A;1 =0.01545 % helght (Cm)0.54468
% (0.9 x (height — 100)0.46336

and
BV, =BSA, x2243

To calculate BVE ), a conversion factor (CF) is applied
to the BV,. The conversion factor is calculated based on
the change in hematocrit at two time points in relation to
what the change would be with the BV

Conversion Factor (CF) = (HCT;posya = HCTy\gpre)a)/
(HCTM(Post)A - HCTM(pre)A)

where
HCT;p,)a = Ideal Hematocrit Before Change A;
HCT;pos)a = Ideal Hematocrit After Change A;

HCT )a = Measured Hematocrit Before Change A;

m(Pre

HCT,,,(posya = Measured Hematocrit After Change A;

Change A is characterized by a blood volume change
(ABV,) and a red cell volume change (ARCV,):

ABV , = Volume Added (VA,)
— Volume Removed (VR ,)

where

VA, =mL Crystalloid Added x 0.65
+ mL Albumin Added x 0.95 + mLL PRBC Added
+ FFP Added + mL autotransfusion RBC added

and

VR, =mL Urine Out + (mL autotransfusion added
x 0.65/HCT ;(pre)a/0.80) + Ultrafiltrate Removed
+ Whole Blood Removed

and

ARCV , =mL PRBC Added x 0.65
— (Whole Blood Removed X HCT ,pe)a)

then
HCT;posya = (HCTpe)a + ARCV L)/ (BV; + ABV,)

where

HCTpre)a = BV; x HCT ,pre)a
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BVE 5, can now be calculated:
BVEg, =BV, x CF
or

BVE g, = (BV; X (HCT;pye)a = HCTjposa))/
((HCTm(Pre)A - HCTm(Post)A))

or
BVX (HCTi(Pre)A - HCTi(Post)A) =
B\,E(B)>( (HCTm(Pre)A - HCTm(Post)A)

The BVE g, value gives the static blood volume of the
patient at the first hematocrit sample; for this study, the
sample was drawn immediately after the induction of an-
esthesia.

The BVE ) was used to predict the first and last CPB
hematocrit. Two additional periods were defined, change
B (beginning when change A ended and ending when the
first CPB hematocrit was taken) and change C (beginning
when change A ended and ending when the last CPB was
taken).

The first CPB hematocrit (Het,g,)) and the last CPB
hematocrit (Hct,(,s)) Were estimated by:

HCT i) = (BVE ) X HCT,pye)a) + ARCVp)/
(BVE 5 + ABVp)

and

Hetas = (BVE g, X HCT, preja) + ARCV o)/
(BVE g + ABV()

Both ARCVy and ARCV were calculated in the same
fashion as ARCV,, and ABVy and ABV were calculated
in a similar fashion as ABV ,. For purposes of comparison,
the same calculations were performed by substituting 65
mlL/kg for the BVE 4.

All formulas were entered into a Microsoft Excel
Workbook, and the variable data were collected in a pro-
spective fashion on 165 adult (18-89 years old) patients
undergoing cardiopulmonary bypass. The Hct ) and
Het, 1,5y Were calculated using both BVE ) and 65 mL/
kg. The results using BVE ) were compared with the re-
sults using 65 mL/kg using the Pearson moment correla-
tion and the Bland Altman bias and limits of agreement.
Significance was accepted at p < .05.

RESULTS

There was a wide range of BVE (minimum, 35 mL/kg;
mean + SD, 64 + 22 mL/kg; maximum, 129 mL/kg). Using
BVE, the estimated hematocrit was similar to the mea-
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sured first (24.7 = 6.4% vs. 24.5 + 6.2%, r = 0.9884, p >
.05) and last (24.5 £ 5.9% vs. 25.1 + 5.7%, r = 0.9001, p >
.05) bypass hematocrits (Figure 1). Using 65 mL/kg re-
sulted in larger differences and less correlation between
estimated and measured hematocrit for the first (25.6 +
4.5% vs.24.5 £ 6.2%, r = 0.6855, p = .030) and last (23.8
+ 3.6% vs. 251 = 5.7%, r = 0.5990, p = .001) bypass
hematocrits (Figure 1). The BVE also provided more pre-
cise prediction of first CPB hematocrit (limits of agree-
ment: 1.0% vs. 3.4%) and last CPB hematocrit (limits of
agreement: 2.4% vs. 4.0%) than the use of 65 mL/kg. Both
blood volume estimates provided similar accuracy at the
first CPB hematocrit (bias: —=0.4% vs. 0.4%) and last CPB
hematocrit (bias: 1.2% vs. 1.9%)

DISCUSSION

The BVE was used to calculate changes in hematocrit
during CPB. However, the use of this value extends be-
yond its predictive capacity for hematocrit changes. For
example, most pharmacologic interventions, including

anti-coagulation, are based on volume. In the absence of
firm BVEs, weight is used as a reflection of blood volume.
Unfortunately, weight seems to be a poor reflection of
blood volume, because the estimated blood volumes
(BVE) ranged from 35 to 129 mL/kg in this study. These
were not unique findings, and other groups that have ex-
perimentally measured blood volumes have found similar
diversity (1-3). Unfortunately, in the absence of valid es-
timates of blood volume, weight continues to be used in
the majority of these calculations. Perhaps the principle
hazard of this strategy is best illustrated by example: in
this case anti-coagulation with heparin for a 70-kg patient.
The standard heparin-dosing guidelines for CPB are 3
units heparin/mL of circulating blood volume. Using 65
mL/kg and 1700-mL prime volume, a target dose of 18,750
units would be calculated. However, if this patient was a
high blood volume patient (120 mL/kg), the circulating
heparin concentration would only be 1.9 units/mL.

An accurate BVE could be useful beyond pharmaco-
logic interventions. Discrepancies between measured and
predicted hematocrit values could alert the perfusionist to
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Figure 1. Estimate vs. measured hematocrit.
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undetected blood loss, and excessive extravasation of
fluid, and identify the need for volume replacement inter-
ventions. Likewise, dilutional coagulopathy could be more
readily discriminated, allowing earlier detection and inter-
vention.

Estimating blood volume by this method has two cat-
egories of limitations. The first group could be considered
logistic or external limitations. For example, the formulas
used to derive BVE and predict CPB hematocrits do not
lend themselves to hand calculation or written charting
methods. In the absence of automated data collection and
calculation, the algorithms used would be too cumber-
some and time consuming to be of clinical value. Further-
more, accurate capture of volume management values is
essential to yield predictive results. The second category
of limitations is internal and is a reflection of using a modi-
fied one compartment model in a biological system. The
mobilization of capillary-based plasma layers and extrav-
asation of fluid are not measured, but the effects are ex-
pected to be differential between individual patients. Con-
ditions that alter vascular permeability or tone are not
used in the calculations presented here but would be ex-
pected to diminish the functional capacity of them.

However, with modern computer technology and the
national shift toward automated charting, a valid BVE
may become a valuable clinical tool, used to guide volume
replacement strategies, transfusion decisions, and pharma-
cologic interventions. The ability of the BVE to predict
CPB hematocrit suggests that it is an accurate reflection of
the patient’s actual blood volume. The BVE did not re-
quire additional equipment, invasive techniques, or added
laboratory samples. Rather, the estimate was derived from
existing test data and patient information.
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In addition, standard corrections were used for cell
saver efficiency and distribution volumes. The other inter-
nal limitations seem to be systematic and did not impact
the precision of predicted hematocrits. Indeed, aberhent
results may indicate drastic deviation from normal condi-
tions, such as excessive vascular permeability or unex-
plained blood loss. For example, if the predicted bypass
hematocrit value is dramatically lower than the measured
value, this may be evidence of large volumes accumulating
in the third physiologic space.

This study was limited by design. It was designed to
determine whether the range of variables currently col-
lected could be used to predict BV-dependent changes in
hematocrit. The method should be validated with double
radiolabel measurement techniques. However, compared
with using 65 mL/kg, using the blood volume resulted in
more precise bypass hematocrit prediction that correlated
better with measured results.
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