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Abstract

(J. Extra-Corpor. Technol. 20[1]: p. 40-45, 44 refer-
ences, Spring Issue) Over the past three decades
improvements have been made to many of the com-
ponents of the extracorporeal circulation system
resulting in decreased blood damage. However, the
cardiotomy suction return sub-circuit, recognized as
one of the most injurious components of heart-lung
bypass, has remained relatively unchanged. The pur-
pose of this study was to investigate the amount of
blood damage that occurred with different cardiot-
omy suction designs. The five test designs compared
two different suction tips with various air-mixing
techniques, in vitro. Significant blood damage was
observed in the air-containing designs as compared
to the airless and control circuits. A minimal flow
rate capable of excluding air was demonstrated as
being the most important factor for blood protec-
tion, irrespective of aspirator tip design.

Introduction

Blood damage during heart-lung bypass is largely
due to the trauma of cardiotomy suction return.'3This
essential subcircuit returns approximately 10% of the
cardiac output through the coronary and bronchial
veins but must sometimes accommodate at least 50% of
the perfusion flow.* Mixed with air, an average of 21.0
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L/hr of blood is returned via the cardiotomy suction
lines in standard coronary artery bypass operations.®

The major components of the cardiotomy suction
system are an aspirator tip, approximately twelve feet
of tubing, a roller pump for suction, and a cardiotomy
reservoir with blood defoaming capabilities. Blood
damage may include platelet injury,®® blood protein
denaturation,'® and red blood cell (RBC) injury and
lysis.+6-11-16

Studies of aspirator tips,’ blood handling tubing,'”
blood pumps,'®'® and different oxygenator designs?®-?!
have produced no long-lasting modifications of the
cardiotomy suction return circuit.*?>?* Moreover, the
complex flow relationship of the air/blood mixture is
not well understood, even though damage to RBCs and
platelets by shear stresses?** and blood component
interactions during air/blood mixing in tubular flow
have been studied.>10.11-31-33

Therefore, we have evaluated the blood damaging
elements of the cardiotomy suction systems, emphasiz-
ing aspirator tip design and degree of air admixture
with blood.

Materials and Methods

Standard clinical materials and equipment (extracor-
poreal tubing, connectors, and roller pumps) were used
to create five similar cardiotomy suction circuits (Fig-
ure 1). Eight experiments were conducted utilizing
heparinized blood from a different donor dog for each
experiment. To facilitate the use of only one dog per
experiment, blood aliquots of 300 ml were adjusted to a
hematocrit (Hct) of 25% with physiological saline and
placed into each of the five polypropylene ‘‘patient”
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cups. The blood was then aspirated by either an intra-
cardiac (IC) sucker* or an identical length of /2"
internal diameter (ID) polyvinyl chloride (PVC)
tubing.®

Circuits 1 and 2 aspirated only blood from the
“patient”” by using the two different aspirators with a
pump speed of 400 ml/min (Figure 2). The remaining
three circuits introduced a mixture of approximately
50% air and 50 % blood into the systems. Circuits 4 and
5 aspirated air and blood continuously (800 ml/min) at
the blood pool surface by using a PVC and an IC tip,
respectively. Circuit 3 utilized a fully immersed IC tip
in the blood pool while air was drawn directly into the
tubing at a “Y” connector (Figure 2).

To adjust for the reduced volume (300 ml) available
for each circuit while maintaining clinical tubing
lengths (total of 18 ft. of /4" PVC tubing required a
blood volume of approximately 175 ml), we fabricated
a smaller version of the clinical cardiotomy reservoir.
The modified cardiotomy reservoir, utilized in all of the
circuits, consisted of a 250 ml polypropylene cup
which had a section of PVC ('/4” ID) tubing cemented
in the bottom for ““debubbled’” blood to flow through.
The lids of the reservoirs had two sections of PVC
tubing cemented in them: one to direct inflow, and one
to vent air. To recreate the defoaming capabilities of the
reservoir, a clinical method which was utilized until
disposable cardiotomy reservoirs became available in
the early 1970’s was applied (Personal Communica-
tion: Mr. James P. Dearing). Hence, Tuffy polypro-
pylene sponges, which had been coated with a silicone
defoaming agent,? were used as defoamers in the cardi-
otomy reservoirs. The flow rate of defoamed blood
from the modified cardiotomy reservoirs back to the
““patient’” pools was fixed at 400 ml/min, such that, the
total volume of pumped blood was the same for all five
circuits (24.0 L).

Blood samples were drawn and refrigerated after
each hour run of the five experimental circuits. Two
room temperature control samples were drawn for each
experiment: one after hemodilution of the blood to
Hct= 0.25 (Initial Control, C: time = 0 hrs) and one at
the completion of all five circuit runs (Final Control, F:
time= 2.5 hrs).

The hematological variables measured by a Coulter
Counter¢ included: hematocrit (Hct), red blood cell
(RBC) count, platelet count (PLT), total cellular hemo-
globin (Hgb), and mean corpuscular hemoglobin
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Figure 1: Cardiotomy Suction Circuit: Basic Testing Config-
uration
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Figure 2: Specific Treatment Designs

(MCH). Spectrophotometric hematological measure-
ments included the evaluation of free plasma hemoglo-
bin (FPH),**a sensitive marker for blood damage, and
red cell osmotic fragility.* Blood smears, prepared
with Wright’s stain, were also used to analyze the
extent of morphological damage to the red blood cells.

Schlichting’s modified equation® for the evaluation
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of shear stresses in a turbulent jet was applied to the
“air” circuits.
7 = 0.03 2AP/p),
where,
AP = pressure drop across the aspirator (nmHg)
and,
¢ = calculated density of measured air (53%) and
blood (47 %) mixture (gm/ml).

The statistical computer package BMD! was used for
analysis of the hematological variables by performing
the Wilcoxon Signed-Rank Test for Paired Observa-
tions, the Kruskal-Wallis One-way Analysis of Variance
Test, and Spearman’s Rank-correlation Coefficient
Test.’ The levels of probability are presented in the
text.

Results

All blood aliquot control values were within the
normal ranges for dogs.'" The values for RBC
count and Hct remained within these hemodiluted con-
trol limits at all times in all circuits. However, measure-
ments of FPH revealed distinct differences between the
circuits, as is evident in Figure 3. The mean values (+
S.D.) of FPH increased from the initial control value of
289 + 9.4mg% to41.1 £ 15.7mg% (p<0.05) after
the blood had been stored at room temperature for 2.5
hours (final control). The mean values for circuits 1
and 2 were 52.9 = 25.9 mg% and 60.2 + 54.8 mg%
revealed no difference. FPH in circuits 3, 4, and 5
increased to 761 = 1002 mg%, 859 + 1023 mg%,
and 991 + 1339 mg %, respectively, which was signifi-
cantly more than in the “no air” circuits (p<0.01). No
differences appeared among the “‘air” circuits, but
circuit 5 was greater than circuit 3 (p <0.07).

A Wilcoxon sign-rank test performed on the FPH,
Hgb, and MCH data substantiated the significant dif-
ferences between the “no air” and the ““air” circuits.
However, there were no significant differences
(p <0.05) between the two trips within each flow group
(“‘no air”: circuits 1 and 2, and “air”: circuits 4 and
5).

Similar results were obtained from the osmotic fra-
gility tests (Figure 4). The non-osmotic fragility test
also correlated well (r=0.83, p<0.01) with the FPH
data, indicating that the amount of sublethal damage to
the RBCs was directly related to the amount of hemo-
globin released into the plasma. Similarly, in the
Wright stained blood smears, as the suspending plasma
darkened due to increased amounts of released hemo-
globin, distinct morphological changes in the RBCs

f UCLA, Los Angeles, CA 90024
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Figuwe 3
Free Plasma Hemeglobin Versus Treatments
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Figure 3: Free Plasma Hemoglobin Versus Treatments

Figure 4
Osmotic Fragility Representative Experiment (8)
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Figure 4: Osmotic Fragility Representative Experiment (B)

Figure 5
Piatelet Count Versus Treatments
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Figure 5: Platelet Count Versus Treatments

(crenation, ghost cells) also appeared.

The PLT count decreased (p<0.01) most in the
circuits with air-blood mixing (Figure 5). There was
also an inverse correlation between the FPH and PLT
count (p<0.01).
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Discussion

Patients undergoing cardiopulmonary bypass exhibit
a slight decrease (1%) in Hct and RBC count.* This is
consistent with the results presented here which show
that RBCs are damaged rather than destroyed, resulting
in an immediate increase in FPH and a subsequent
decrease in RBC lifetimes,®” manifested as post-
operative anemia.

Blood smears paired with the osmotic fragility data
(Figure 4) illustrate how sublethal RBC damage
appears as FPH. Although percent hemolysis leveled
off at 0.00-0.35% osmotic strength, there was no visi-
ble deformation of the RBCs in the 0.35% solution,
while rampant ghost cells in a hemoglobin stained
plasma field were evident in the distilled water solution
(0.00%). This suggests that a large number of RBCs do
not have to be destroyed to raise the FPH level substan-
tially. Sufficient damage to the RBCs causes an
increase in membrane porosity, which allows hemoglo-
bin to leak out of the cell into the plasma.*#! This may
subsequently lead to an osmotic influx into the cell
creating large, deformed corpuscles (poikilocytes and
spherocytes) with decreased lifetimes.?

Circuits 1 and 2, which aspirated blood but not air,
produced little RBC damage. The laminar shear
stresses (6.9 and 20.7 dynes/cm?, respectively) calcu-
lated for both of these circuits were well below the
trauma threshold of blood (500 dynes/cm?)!'. The
osmotic fragility curve also confirms that these are
minimally damaging circuits. This is an indication that
the other components of the circuits (roller pumps,
tubing, and cardiotomy reservoir) also only cause mini-
mal blood damage.

Although large variances appeared in the FPH data
between experiments in the ‘““air” circuits, apparent
conclusions could still be drawn. Air mixing circuits 3,
4, and 5 all showed appreciable blood damage with
increased FPH levels and RBC fragility when com-
pared to the controls and the “‘no air” circuits. More-
over, a marked increase in crenation, hemoglobin
stained plasma, and ghost cells appeared in the blood
smears of the heavily damaged ‘“air” runs. Even
though there was an increase (p<0.07) in the amount
of FPH damage when the IC tip aspirated blood with
air (Circuit 5) than when air was introduced directly
into the tubing independent of the tip (Circuit 3), the
damage caused by the tips was minimal when compared
with the damage caused by the complex interactions of
blood elements with air mixing.

Clinically, postoperative bleeding is related to a
decrease in the number of functional PLT. The phe-
nomenon of decreasing PLT occurs normally whenever
blood is exposed to a foreign surface and platelets
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aggregate to that surface. However, PLT wvalues
decreased significantly between the control, “no air,”
and “air” test groups, further substantiating that air/
blood mixing is responsible for the majority of blood
damage in our mock test circuits.

Although the large range of FPH values may, in part,
be masking the results, no statistical difference was
found between the tips of circuits 4 and 5 when air was
aspirated with blood; even though markedly different
bubble flow patterns and suction pressures were found
between the two tips. The IC tip of circuit 5 was
observed to create a flow pattern with many bubbles of
diameter 2-4 mm while the PVC tip and sideport caused
a distinct separation of blood and air regions in forming
a “‘bolus” type of flow. These differences occurred due
to the decreased diameter of the IC tip handle and
orifice area (increased flow resistance) and because
bubble formation is a function of both the orifice size
and air velocity.? We expected a difference between
these two circuits for several reasons: the suction pres-
sure created in circuit 5 (17.6 = 1.7 mmHg) was
greater (p<0.001) than in circuit 4 (5.6 + 1.5
mmHg), the smaller bubbles of circuit 5 mixed and
caused local areas of turbulence as they were broken
and reformed, and the gas-blood surface interface was
greater for circuit 5, which promoted a higher amount
of blood protein denaturation.

The Schlichting® calculated tip shear stresses for
these two circuits were 868 and 2730 dynes/cm?,
respectively. Although substantial RBC damage
appears at 1500 dynes/cm?, no difference was detected
between these circuits. Factors which disrupt the appli-
cation of this equation to our system include: 1) inaccu-
racy in measuring the density and viscosity of an
air/blood mixture."' 2) the Reynolds numbers were
below the accepted threshold of turbulence value of
2300. 3) the presence of wall impact® and bubble flow
pattern effects, and 4) blood damage which can occur
under the turbulence threshold."

Although understanding of air/blood flow dynamics
in tubing is inadequate and warrants further research,
we can conclude that major improvement in the current
cardiotomy suction systems must involve the elimina-
tion of their major source of damage: unstable air/
blood mixing in tubular flow. We advocate continuing
investigation of “no air” suction systems for clinical
use.”31:3343.44 Until the time when these systems can be
widely applied, blood damage due to suction may be
minimized by aspirating only pools of blood, avoiding
tip occlusion, keeping the pump flow rate at lowest
possible levels when in use, avoiding sloshing of air and
blood by turning suction pumps off when not needed,
and decreasing the length of cardiotomy tubing to avoid
loops.* These observations also suggest avoidance of
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other devices which promote air/blood interaction,
such ‘as, left ventricular decompression lines with vac-
uum relief valves that aspirate air directly into their
return lines.

This study re-emphasizes that blood damage due to
air/blood mixing continues to be a major design fault in
extracorporeal circulation. Reduction or elimination of
blood damage extend the safe application period of
extra-corporeal circulation and improve patient recov-

ery.

Acknowledgements

We would like to gratefully acknowledge the many
people who unselfishly gave their time and assistance
in the preparation of this manuscript, especially James
Dearing whose untimely death preceded the publica-
tion of this paper. At Clemson University, Dr. Richard
Figliola and Dr. Fertac Bilge for technical advice and
review. At the Medical University of South Carolina,
the Department of Laboratory Medicine, especially:
Rebecca Reynolds (Division of Hematology), Joanne
Wieters (Outpatient Laboratory), the staff of the Spe-
cial Chemistry Laboratory, and the Pump Team.

References

1. Osborn, J.J., Cohn, K., Hait, M., et. al.: Hemolysis During
Perfusion: Sources and Means of Reduction. J. Thorac. Car-
diovasc. Surg. 43:459-464, 1962.

2. Miller, D.R., Allbritten, FF.: “‘Coronary Suction” as a Source
of Air Embolism: An Experimental Study Using the Kay-Cross
Oxygenator. Ann. Surg. 151:75-84, 1960.

3. McCaughn, J.S., McMichael, H., Schuder, J.C., et. al.: An
Evaluation of Various Devices for Intracardiac Suction. Trans.
Am. Artif. Intern. Organs. 4:130-142, 1958.

4. Galletti, P.M. and Brecher, G.A.: Hearr-Lung Bypass: Princi-
ples and Techniques of Extra-corporeal Circulation. New York:
Grune and Stratton, 1962.

5. Boonstra, PW., Imhoff, G.W., Eysman, L., et. al.: Reduced
Platelet Activation and Improved Hemostasis After Controlled
Cardiotomy Suction During Clinical Membrane Oxygenator Per-
fusion. J. Thorac. Cardiovasc. Surg. 89:900-906, 1985.

6. de Leval, M.R., Hill, I.D., Mielke, C.H.: Haemotological
Aspects of Extracorporeal Circulation. Current Techniques in
Extracorporeal Circulation, Ionescu, M.1. and Wooler, G.H.
(Eds.). Boston: Butterworth and Co., 1981, pp. 371-389.

7. Wildevuur C.R.H.: Towards Safer Cardiopulmonary Bypass.
Towards Safer Cardiac Surgery, Longmore, D.B. (Ed.), Lancas-
ter, England: MTP Press Ltd., 1981, pp. 293-312.

8. Edmunds, L.H., Saxena, N.C., Hillyer, P, et. al.: Relationship
Between Platelet Count and Cardiotomy Suction Return. Ann Th.
Surg. 25:306-310, 1978.

9. McKenna, R., Bachmann, F., Whittaker, B., et. al.: The Hemo-
static Mechanism After Open-heart Surgery, II. Frequency of
Abnormal Platelet Functions During and After Extracorporeal
Circulation. J. Thorac. Cardiovasc. Surg. 70:298-308, 1975.

10. Lee, W.H., Hairston, P.: Structural Effects on Blood Proteins at
the Gas-blood Interface. Federation Proc. 30:1615-1622, 1971.

11. Wright, G.: Haemotological Effects of Cardiotomy Suction.
Towards Safer Cardiac Surgery, Longmore, D.B. (Ed.), Lancas-
ter, England: MTP Press Ltd., 1981, pp. 313-323.

12. Burke, M.F., Gardner, R.E.: Survival of Red Blood Cells in
Dogs Following Total Body Perfusion. Surg. Forum 10:578-580,

Volume 20, Number 1, Spring 1988

16.

17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

1959.

. Bernstein, E.E, Indeglia, R.A., Shea, M.A_, et. al.: Sublethal

Damage to the Red Blood Cell from Pumping. Circulation 45
(Suppl. 1):226-233, 1967.

. DeWall, R.A., Long, D.M., Gemmillo, S.J., et. al.: Certain

Blood Changes in Patients Undergoing Extracorporeal Circula-
tion. J. Thorac. Cardiovasc. Surg. 37:325-333, 1959.

. Brinsfield, D.E., Hopf, M.A., Geering, R.B., et. al.: Hemato-

logical Changes in Long-term Perfusion. J. Appl. Physiol.
17:531-534, 1962.

Kusserow, B.K., Machanic, B., Collins, EM., et. al.: Changes
Observed in Blood Corpuscles After Prolonged Perfusion with
Two Types of Blood Pumps. Trans. Am. Soc. Artif. Intern.
Organs 11:122-126, 1965.

Stewart, J.W., Sturridge, M.F.: Hemolysis Caused by Tubing in
Extracorporeal Circulation. Lancet 1:340-342, 1959.

. Bernstein, E.F., Gleason, L.R.: Factors Influencing Hemolysis

with Roller Pumps. Surg. 61:432-442, 1967.

. Cappelleti, R.R., Domingo, R.T., Dennis, C., et. al.: Studies of

Plasma Hemoglobin Formation in Three Pumping Systems Used
in Extracorporeal Circulation. Ann. Surg. 156:50-53, 1962.
Kayser, K.L.: Blood-gas Interface Oxygenators Versus Mem-
brane Oxygenators. Ann. Th. Surg. 17:459-463, 1974.

van den Dungen, JJ., Karliczek, G.F., Brenken, U., et. al.:
Clinical Study of Blood Trauma During Perfusion with Mem-
brane and Bubble Oxygenators. J. Thorac. Cardiovasc. Surg.
83:108-116, 1982.

Hirose, T., Burman, S.0., O’Connor, R.A.: Reduction of Perfu-
sion Hemolysis by the Use of Atraumatic Low-pressure Suction.
J. Thorac. Cardiovasc. Surg. 47:242-247, 1964.

Benzing, G., DeForest, D., Kaplan, S.: Mutliple-line Single-
Reservoir Automatic Cardiotomy Blood Return System. J.
Thorac. Cardiovasc. Surg. 51:238-243, 1966.

Blackshear, P.L., Dorman, F.D., Steinbach, J.H.: Some
Mechanical Effects that Influence Hemolysis. Trans. Am. Soc.
Artif. Intern. Organs 11:112-117, 1965.

Blackshear, P.L., Dorman, ED., Steinbach, J.H., et al.: Shear,
Wall Interaction and Hemolysis. Trans. Am. Soc. Artif. Intern.
Organs 12:113-120, 1966.

Nevaril, C.G., Lynch, E.C., Alfrey, C.P., et. al.: Erythrocyte
Damage and Destruction Induced by Shearing Stress. J. Lab.
Clin. Med. 71:784-790, 1968.

Leverett, L.B., Hellums, J.D., Alfrey, C.P, et. al.: Red Blood
Cell Damage by Shear Stress. Biophys. J. 12:257-273, 1972.
Nevaril, C.G., Hellums, 1.D., Alfrey, C.P., et. al.: Physical
Effects in Red Blood Cell Trauma. AICHE J. 15:707-711, 1969.
Blackshear, P.L.: Mechanical Hemolysis in Flowing Blood.
Biomechanics, Fung, Y. (Ed.), Englewood Cliffs, NJ: Prentice-
Hall, 1972, pp. 501-528.

Hellums, J.D., Brown, C.H.: Blood Cell Damage by Mechanical
Forces. Cardiovascular Dynamics and Measurements, Hwang,
N., and Normann, N. (Eds.), Baltimore: University Park Press,
1975, pp. 799-823.

de Jong, J.C.E, ten Duis, H.J.,, Smit Sibinga, C.T., et. al.:
Hematological Damage by Blood/Air Interfaces in Open Heart
Surgery. Proc. Eur. Soc. Art. Organ 4:532-543, 1977.

Wright, G., Sanderson, J.M.: Cellular Aggregation and Trauma
in Cardiotomy Suction Systems. Thorax 34:621-628, 1979.
Boonstra, PW., Vermeulen, EE.E., Leusink, J.A., et. al.: Con-
trolled Cardiotomy Suction During Clinical Bubble Oxygenator
Perfusions. Thoracic Cardiovasc. Surg. 33:279-282, 1985.
Harboe, M.: A Method for Determination of Hemoglobin in
Plasma by Near-ultraviolet Spectrophotometry. Scand. J. Clin.
Lab. Invest. 11:66-70, 1959,

Miale, J.: Laboratory Medicine: Hematology. St. Louis: C.V.
Mosby, ed 4, 1972, pp. 1225-1226.

Daniel, W.W.: Applied Nonparametric Statistics, Boston:
Houghton Mifflin Co., 1978.

Ohshima, N.: Hemorheological Effects of Mechanical Factors
on Blood Cell Damage in Extracorporeal Circulation: Signifi-
cance of Sub-hemolytic Trauma. Biorheology 15:295-302, 1978.
Respiration and Circulation, Altman, PL., and Dittmer, D.S.,
(Eds.), Bethesda: Committee on Biological Handbooks, Federa-

The Journal of Extra-Corporeal Technology 45



39.
40.

41.
. Akita, K., Yoshida, F.: Bubble Size, Interfacial Area, and

46

tion of American Societies for Experimental Biology, 1971, p.
151.

Schlichting, H.: Boundary Layer Theory, New York: McGraw-
Hill, ed 4, 1960, p. 608.

Weed, R.I., Reed, C.F.: Membrane Alterations Leading to Red
Cell Destruction. Am. J. Med. 41:681-698, 1966.

Jandl, 1L.H.: Leaky Red Cells. Blood 26:367-382, 1965.

The Journal of Extra-Corporeal Technology

43,

Liquid-phase Mass Transfer Coefficient in Bubble Columns. Ind.
Eng. Chem. Process. Des. Develop. 13:84-91, 1974.
Barthelemy, R., Vives, M., Couzy, H., et. al.: Dispositif de
Controle Automatique des Aspirations Chirurgicales en Chirur-
gie Cardiaque. Med. & Biol. Eng. Comput. 16:165-168, 1978.

. de Jong, J.C.E, ten Duis, H.J., Smit Sibinga, C.T., et. al.:

Hematologic Aspects of Cardiotomy Suction in Cardiac Opera-
tions. J. Thorac. Cardiovasc. Surg. 79:227-236, 1980.

Volume 20, Number 1, Spring 1988



