JECT. 2006,38:206-213
The Journal of The American Society of Extra-Corporeal Technology

Original Articles

In Vitro Evaluation of the Air Separation Ability of Four
Cardiovascular Manufacturer Extracorporeal Circuit Designs

Timothy A. Dickinson, MS;* Jeffrey B. Riley, MHPE, CCT;7 Jeffrey C. Crowley, MEd;*

Paul M. Zabetakis MD, CEO*

*Fresenius Medical Care Extracorporeal Alliance, San Diego, California; and iCirculation Technology Division, School of Allied

Medical Professions, The Ohio State University, Columbus, Ohio

Abstract: Neurologic impairment is a common complication of
adult cardiac surgery. Cerebral gaseous microemboli (GME) de-
tected during cardiopulmonary bypass has been associated with
cognitive impairment after adult cardiac surgery. Several previ-
ous studies have shown that components comprising the extra-
corporeal circuit (ECC) can affect the ability of the ECC to
eliminate air. The differences in the air separation ability of four
manufacturer’s commonly used ECCs were studied. The air-
separating ability of Cobe Cardiovascular, Gish Biomedical,
Medtronic, and Terumo Cardiovascular Systems Corp. ECCs
were studied in vitro under clinically relevant conditions. Bolus
and continuous venous air were introduced and output GME
patterns by size, time, and count were measured (using an em-
bolus detection device) and statistically analyzed. Graphic rep-
resentations depicting elapsed time, GME size, and bubble count
helped to visually rank the air-handling performance of the
ECCs. There are significant air-handling differences between the
ECCs tested. Overall, the blinded results reveal that ECC A and

ECC C removed significantly (p < 0.001) more suspended GME
than ECC B and ECC D. In the 50-mL venous room-air bolus
and the 100 mL/min pulsed air challenges, ECC B and ECC D
allowed significantly more GME to pass (p < 0.001) compared
with ECC A and ECC C. For example, in a 2-hour pump run
ECC C would deliver 480 potential high-intensity transient sig-
nals (HITS) compared with the 9600 from the ECC B during
venous room air entrainment at 100 mL/min. There are substan-
tial and significant air-handling differences between the ECCs
from the four different manufacturers. The results from this
work allow for objective characterization of ECCs air-separating
ability. This additional information provides an opportunity for
clinicians to potentially minimize the risks of arterial air embo-
lization and its associated deleterious neurologic effects, while
allowing clinicians to make better-informed consumer decisions.
Keywords: gaseous microemboli, high-intensity transient signals,
extracorporeal circuit, in vitro study JECT. 2006,38:206-213

Despite improvements in surgical, anesthetic, and per-
fusion techniques, the incidence of neurologic injury and
in particular neurocognitive impairment is a common
complication for patients undergoing cardiac surgery. Sev-
eral studies have shown that 50%-70% of patients under-
going coronary artery bypass grafting (CABG) surgery
show signs of neurocognitive impairment 1 week after sur-
gery and approximately 30%-40% of patients show signs
of neurocognitive impairment 3 months after surgery (1-4).

The etiology of postoperative neurocognitive impair-
ment is probably multifactorial; however, there is substan-
tive evidence that the principal cause of neurocognitive
impairment is cerebral microemboli during cardiopulmo-
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nary bypass (CPB) (5-8). While the exact composition of
cerebral microemboli is not clearly understood, Borger et
al. have shown that the majority of emboli probably con-
sist of air (9,10). Furthermore, Borger et al. (11) has shown
that the majority of cerebral microemboli that occur dur-
ing CABG surgery are caused by “perfusionist interven-
tions” and an increase in perfusionist interventions is as-
sociated with an increase in postoperative neurocognitive
impairment. Rodriquez et al. (12-13) showed the impor-
tance of perfusionist techniques (interventions), including
not purging (flushing) the sampling manifold, using con-
tinuous infusions instead of bolus injections, and maintain-
ing venous reservoir blood volumes (>800 mL) to mini-
mize cerebral microemboli. Both Stump et al. (14) and
Pugsley et al. (15) have shown a relationship between the
number of microemboli detected during CPB and the in-
cidence of postoperative brain injury.

The way gaseous microemboli (GME) will behave
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within an extracorporeal circuit (ECC) is multifactorial
and includes the complex interrelationship between flow,
gaseous partial pressures, volume, solubility, buoyancy,
perfusate, temperature, fluid viscosity, and ECC design
(17). Thus, the components comprising the ECC can affect
the ability of the ECC to eliminate GME. Previous studies
have evaluated the ability of CPB components to handle
or remove entrained venous air (17-21). Results from this
work have shown wide variations in GME removal rates
between the ECC tested. The purpose of this in vitro study
was to build on the earlier work of Jones et al. (19) and
rank the air separation ability of four commonly used car-
diovascular manufacturer ECC designs.

METHODS

Circuit Design

Figure 1 depicts the recirculating in vitro test circuit
featuring the use of a bubble oxygenator (Model Bio 5;
Baxter Healthcare, Irvine, CA) that served as the continu-
ous source of GME.

A silicon membrane oxygenator was used as a degassing
device (Model 2500; Medtronic Cardiopulmonary, Minne-
apolis, MN) by applying vacuum (-300 mmHg) to the inlet
and outlet gas ports as similarly described by Rudolph et
al (22). The degassing ability of the test circuit to prevent
error from GME recirculation and avoid use of large “pa-
tient” reservoirs was confirmed.

Table 1 lists the de-identified components and configu-
rations of the four manufacturer tested ECCs (Cobe Car-
diovascular, Arvada, CO; Gish Bioimedical, Rancho
Santa Margarita, CA; Medtronic, Minneapolis, MN;
Terumo Cardiovascular Systems Corp., Elkton, MD).
Roller pump flow was generated using a properly oc-
cluded and calibrated roller pump (Cobe Cardiovascular).

An external cooler-heater device (Model TCM II;
Terumo Cardiovascular Systems Corp.) was connected in
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FIGURE 1. In vitro GME test circuit.

series to both the bubble oxygenator heat exchanger and
the tested oxygenator heat exchanger. Perfusate tempera-
ture was monitored at the venous inlet of both the bubble
oxygenator and test oxygenator.

The circuits were primed with a 28% glycerin solution
with a Plasma-Lyte-A (Baxter Healthcare-IV Systems,
Deerfield, IL) base. This synthetic blood analog was ex-
tensively tested and found to be closely equivalent in
GME performance characteristics to that of 23% porcine
blood (see Appendix for further information on the meth-
ods and results). The total prime volume of the test circuit
was 2500 = 200 mL.

New and sterile tested ECC components were used for
each experiment. All tested ECCs were first flushed with
CO, gas for 3 minutes before priming, and debubbling the
ECC components were performed according to manufac-
turer instructions for use.

Air Introduction

The micro-air source was the bubble oxygenator. From
pilot testing, it was discovered that a room air gas flow of
500 mL/min with a bubble oxygenator reservoir volume of
800 + 100 mL produced a consistent count and size GME
distribution. This distribution was verified before testing
of each ECC.

A luer-lock connector with a four-way stopcock was
inserted proximal to the venous reservoir. From this site,
both 50 mL boli and a 100 mL/min pulsed air stream were
introduced into the test devices. The 50 mL room-air bolus
was standardized by using the simple pressure chamber
device in Figure 2 (Terumo Cardiovascular Systems
Corp.). A Cobe roller pump utilizing ¥4-in ID tubing was
used to provide 100 mL/min of pulsed entrained air over a
2-minute period into the inlet of the test ECC.

Experimental Conditions

The perfusate in all circuits were maintained at 32 =+
0.5°C. The test circuit venous reservoir level was main-
tained at 200 = 50 mL. Perfusate flow was maintained at 4
+ 50 mL/min. Line pressure was measured distal to the test
circuit arterial line filter and maintained at 150 = 10
mmHg through the use of a hose clamp.

Room air gas flow through the test oxygenator device
was maintained constant 1.5 L/min. Room air gas flow
through the bubble oxygenator was continuous at 500 mL/
min of room air. The test circuit PaO, varied between 140
and 155 mmHg.

In all tested ECCs, the sampling manifold and arterial
filter purge was left in an open configuration. The arterial
filter purge was connected directly to the venous line in all
tested ECCs except the Cobe circuit, where the arterial
filter purge line was returned to a the filtered portion of
the cardiotomy reservoir because of the absence of a ve-
nous line luer port. Oxygenator recirculation lines were
kept in the closed position during testing.

JECT. 2006,38:206-213
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Table 1. Test circuit components.

Test

ECC/manufacturer Venous reservoir

Oxygenator/heat exchanger

Blood pump Arterial line filter

A Hardshell venous reservoir with
biopassive surface coating

Hollow fiber membrane oxygenator,
integrated heat exchanger and

Centrifugal Approximately 40 pm with

biopassive surface coating

biopassive surface coating

B Hardshell venous reservoir with
biopassive surface coating

Hollow fiber membrane oxygenator,
integrated heat exchanger and

Roller Pump  Approximately 40 wm with

biopassive surface coating

biopassive surface coating

C Hardshell venous reservoir with
biopassive surface coating

Hollow fiber membrane oxygenator,
integrated heat exchanger and

biopassive surface coating

D Hardshell venous reservoir with
biopassive surface coating

Hollow fiber membrane oxygenator,
integrated heat exchanger and

Centrifugal Approximately 40 pm with
biopassive surface coating
Centrifugal Approximately 40 pm with

biopassive surface coating

biopassive surface coating

FIGURE 2. 50 mL room-air bolus device.

Embolus Detection

The EDAC (Embolus Detection and Classification;
Embolus LLC, Durham, NC) device was used to monitor
and measure GME activity. A new version of the EDAC
system, which features some algorithmic refinements to
the EDAC system described here, will be commercially
distributed through Luna Innovations (Blacksburg, VA).
The EDAC transducer was attached to a Bentley OxySat
Optical Transmission Cell (Model OTC 380-3/8” or OTC
500-1/2”; Baxter Healthcare) following manufacturer’s in-
structions. Optical cells were placed into the circuit proxi-
mal to the tested ECC reservoir and distal to its arterial
line filter. The system consists of a 5-mHz “active sonar”
transducer connected to a Pentium personal computer op-
erating a Windows-based system (Microsoft, Redmond,
WA). Signal analysis and process enables rejection of mo-
tion artifacts, radio frequency interference, and other such
causes of false signals (20). The EDAC was provided in a
precalibrated condition; however, before use, the system
was validated using a previously described technique to
ensure system reliability (23).
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Conduct of Study

Two identical ECC configurations from each of the four
manufacturers (Table 1) were randomized and then tested
for air-handling ability. Each ECC was tested under three
different venous inlet GME challenges: 1) micro-air from
the bubble oxygenator, 2) 50 mL bolus, and 3) 100 mL/min
pulsed air stream.

In the bubble oxygenator trials, total emboli count and
size were measured and counted for three 30-second in-
tervals for two each of the four test ECCs. The percent
removal (inlet — outlet counts) of the GME at various size
limits were calculated, analyzed, and plotted.

In the bolus and steady stream trials, emboli count, and
size were measured and calculated, respectively, in 15-
second intervals before and after air introduction for a
2-minute period. Each trail was repeated three times for
two each of the four ECCs. Between air challenge trials, a
steady state where little or no GME were observed in the
test circuits was established.

Graphic and Statistical Analysis

For the bubble oxygenator GME challenge, the percent
removal versus GME size limits was compared by ANOVA
and plotted. For the bolus and continuous air stream chal-
lenges, the mean GME counts were plotted vs. elapsed time
and GME size in three-dimension surface. Repeated-
measures analysis of variance (ANOVA) was used to rank
the air-handling ability of the ECCs. Specific contrast analy-
ses and paired comparisons were performed with Bonferroni
adjustments to rank specific ECCs at specific test conditions.
All analyses were performed using SPSS software (SPSS,
Chicago, IL). Statistical significance was set at p = 0.05.

RESULTS

There were statistically significant differences in air-
handling ability between all four ECC configurations. The
following results are blinded with respect to manufacturer
name.

Micro-Air Challenge From Bubble Oxygenator
Table 2 presents the ANOVA results of the effects of
the ECCs in the percent removal of flowing GME. Figure
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Table 2. ANOVA tests between ECC configurations effects and
the analysis of bubble oxygenator GME percent removal.

Source Type 3 SS df MS F Significance
ECC Config 2,997.516 3 999.172  52.578 <0.001
GME Size 13,194.059 8  1,649.257  86.783 <0.001
ECC*GME 15,881.963 24 661.748  34.821 <0.001
Error 3,420.780 180 19.004

Total 35494218 215

ECC Config, ECC Configuration; ECC*GME, the interaction between
ECC Configuration and GME Size limits.

3 shows the difference in the ability of the ECCs to sepa-
rate continuously suspended GME entering the venous
inlet. ECC B allowed significantly more suspended venous
GME to pass compared with ECC D (p < 0.001) up to 34
pm. There was no significant difference between ECC A
and ECC C configurations at 19 pm and above. Both ECC
A and C were significantly more efficient at removing
suspended venous GME than ECC B or ECC D (p <
0.011) at GME sizes < 49 pm.

Because the distribution of the GME counts is typically
skewed to the right (higher counts at lower sizes or at
earlier elapsed times), ANOVA assumptions may not be
valid and there may be a greater chance of statistical error.
The Kruskal-Wallis (K-W) non-parametric test for mul-
tiple independent groups was used to test for difference
between mean GME counts or percent removal.

The SPSS K-W non-parametric test for differences in
median GME percent removal between the four ECC
configurations at the GME size of approximately 34 pm
resulted in x> (3, n = 10) = 19.491, p < .000. The non-
parametric K-W test results suggest that the four ECC
combination median percent GME removals come from
different populations.
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FIGURE 3. Main effects of GME percent removal versus GME sizes.

Venous Line 50 mL Room-Air Bolus Challenge

Table 3 presents the three-factor ANOVA test results
for the effects between ECC set-up, elapsed time, and
GME size limits on the GME counts per 15-second inter-
vals for 15 seconds before and 2 minutes after the venous
50 mL room air bolus. Figure 4 presents the three-dimen-
sional surface charts for the GME outlet counts for the
four ECC configurations after the 50 mL room-air bolus.

The SPSS K-W non-parametric test for differences in
median total GME counts at all sizes between the four
ECC configurations at 30 seconds elapsed time after the
air bolus resulted in x* (3, n = 30) = 27.075, p < .000. The
non-parametric K-W test results suggest that the four
ECC combination median total GME counts at an elapsed
time of 30 seconds after the bolus come from different
populations.

Opverall, at all elapsed times, there was no significant
difference between ECC A and ECC C systems. ECC A
and ECC C systems exhibited significantly less GME
counts during the measurement periods compared with
ECC B and ECC D systems (p < 0.012). The GME counts
from ECC B and ECC D systems were significantly dif-
ferent (p < 0.001). The main effects of GME counts at all
sizes vs. elapsed time are presented in Figure 5.

Venous Continuous Pulsed-Air 100 mL/min
Stream Challenge

Table 4 presents the three-factor ANOVA test results
for the effects between ECC set-up, elapsed time, and
GME size limits on the GME counts per 15-second inter-
vals for 15 seconds before and 2 minutes after the 100-
mL/min venous pulsed air stream was initiated. Figure 6
depicts the continuous stream of GME at the outlet of the
four ECC set-ups during the venous pulsed room air
stream.

Considering all elapsed times and all GME sizes, ECC

Table 3. ANOVA tests of between ECC configurations effects
and the analysis of GME counts vs elapsed time and GME size
limits on GME counts per 15 seconds for 2 minutes after a ve-
nous 50 mL room-air bolus.

Source Type 3 SS df MS F Significance
ECC Config 2,121.585 3 707.195  47.893 <0.001
ET 10,366.784 9 1,151.865 78.007 <0.001
GME size 7,619.075 9 846.564 57.331 <0.001
ECC*ET 7,745.928 27 286.886  19.429 <0.001
ECCrsize 6,240.903 27 231.145 15.654 <0.001
ET*size 26,911.295 81 332238 22.500 <0.001
ECC#*ET*size  21,610.210 243 88.931  6.023 <0.001
Error 29,532.500 2000 14.766

Total 112,148.280 2399

Note: ECC Contig, ECC configuration; ET, elapsed time; GME Size,
micron limits; ECC*ET, ECC*Size, ET*Size, and ECC*ET*Size, the
interactions between factors.

JECT. 2006,38:206-213
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FIGURE 4. The GME counts at all sizes and elapsed times up to 2 minutes post-venous 50 mL room-air bolus at 4 L/min pump flow, 28% glycerin

flow, and 34°C perfusate temperature.
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FIGURE 5. Main effects of GME counts at all GME sizes versus
elapsed time.

C released significantly fewer GME than ECC A (p <
0.001). Both ECC A and ECC C test circuits passed sig-
nificantly fewer GME overall than ECC B and ECC D
systems (p < 0.001) during the PAS. ECC D allowed sig-
nificantly less GME to pass than ECC B (p < 0.001) during
the pulsed air stream. The main effects of GME counts at
all sizes vs. elapsed time are displayed in Figure 7.

JECT. 2006,38:206-213

DISCUSSION

Standard for In Vitro ECC Testing

There is a lack of standards on how to best measure and
present GME information. Doppler ultrasound devices
such as the Hatteland (Hatteland Instrumentering,
Royken, Norway) are arguably the de facto standard for
measuring ECC GME in the United States; however,
Eitscherger et al. (24) showed significant inaccuracies with
the Hatteland device.

Our study represents the first published commercial use
of the EDAC sonographic emboli detection system de-
signed specifically to measure and analyze ECC GME. In
a side-by-side comparison of two emboli detection sys-
tems, the EDAC system was been proven to be remark-
ably more sensitive than the Hatteland device in both
blood and water-filled ECCs (25).

To create both an improved and clinically relevant stan-
dard for in vitro GME detection and analysis, we designed
and implemented several key elements into our test cir-
cuit. We modeled our methodology after the US Food and
Drug Administration (FDA) recommended guidance for
cardiopulmonary bypass arterial line blood filter 510(k)
submission (http://www.fda.gov/cdrh/ode/guidance/
1622.html). The bubble oxygenator proved to be a very
simple GME source that produced a consistent number
and size range of GME.
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Table 4. ANOVA tests of between ECC configurations effects and the analysis of GME
counts vs elapsed time and GME size limits on GME counts per 15 seconds for 15 seconds
before and 2 minutes after the initiation of the 100 mL/min venous pulsed air stream.

Obs
Source Type 3 SS df MS F Significance ~ Partial m>  power
ECC Config 96,333.051 3 32,111.017  1,679.029 <0.001 0.716 1.0
ET 23,486.302 9 2,609.589 136.451 <0.001 0.380 1.0
GME size 241,195.877 9  26,799.542  1,401.302 <0.001 0.869 1.0
ECC*ET 24,982.470 27 925.277 48.381 <0.001 0.395 1.0
ECCt#size 248,835.528 27 9,216.131 481.895 <0.001 0.867 1.0
ET*size 60,834.935 81 751.049 39.271 <0.001 0.614 1.0
ECC*ET*size 65,323.576 243 268.821 14.056 <0.001 0.631 1.0
Error 38,249.5 2000 19.125
Total 799,241.240 2399

ECC Config, ECC configuration; ET elapsed time; GME size, micron limits; ECC*ET, ECC*Size,
ET*Size, and ECC*ET*Size, the interactions between factors; partial n?, the effect size where 0.15 to
0.65 is moderate; Obs power, the observed power or probability of avoiding a type 2 statistical error.
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FIGURE 6. The GME counts at all sizes and elapsed times up to 2 minutes post-venous room-air 100 mL/min pulse air stream at 4 L/min pump flow,

28% glycerin flow, and 34°C perfusate temperature.

To further ensure that our test circuit was clinically rel-
evant, FMCEA’s Quality Indicator (QI) database repre-
senting some 30,000 + adult CPB procedures per year was
used to standardize important experimental conditions
(26). For example, the targeted perfusate flow (41/min)
and temperature (32°C) were directly derived from the
clinical indicator database. We found that a 28% glycerin
solution performed favorably to a 23% HCT which inci-
dentally is the average nadir HCT found in FMCEA QI
database.

Clinical Relevance

The purpose of this study was to rank air-handling abil-
ity of several ECCs; however, the results of this study beg
the question whether these measured differences are clini-
cally significant. While the possibility of measuring GME
volume in patients undergoing CPB is feasible (21), to
date the GME load required to produce neurologic im-
pairment in humans is difficult to establish (27). Several
observational studies and one randomized control trial
have successfully correlated negative neurological out-

JECT. 2006,38:206-213
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FIGURE 7. Main effects of GME counts at all sizes versus elapsed time.

comes with increased high intensity signals from transcra-
nial Doppler measurement systems (9,14,27,28).

It seems that the design of the ECC component(s) does
influence the air-handling ability of the circuit (19). We
agree with authors Weitkemper et al. (21) and Jones et al.
(21) that more research should be done to improve ECC
components and clinical practice to eliminate GME. To-
day, more research is required to characterize the new
“miniature” ECCs that may be inferior in air-handling
ability (29).

Sources of Error

The success in this method was caused in part by the
consistent performance of the EDAC system. The EDAC
system was originally developed jointly by Orincon Cor-
poration (San Diego, CA; purchased by Lockheed Martin,
Bethesda, MD in 2003) and Embolus (Durham, NC) and
funded by National Institutes of Health and National
Medical Technology Testbed. Other than previous work
by Jones and colleagues (19,20) additional data on EDAC
reliability is missing. Correlation results between tradi-
tionally used GME measurement systems and the EDAC
are not available. A potential weakness in this study de-
sign was the measurement of only two each for the test
ECC configurations; however, the SE in this method was
small.

In summary, we were successful in measuring and sta-
tistically ranking the GME separation by ECC configura-
tions from four different manufacturers. Our method con-
firmed earlier work and improved the study design (18)
that show that there are significant differences in the air-
handling ability of various ECC designs. Despite improve-
ments in ECC technology and clinical cardiac surgery
practice over the past 30 years, many investigators have
revealed the untoward impact of microemboli on neuro-
logical and cognitive impairment after cardiac surgery

JECT. 2006,38:206-213

(30). Further clinical study is necessary to determine the
relationship of the air-handling characteristics of ECCs
and their association to neurological outcomes.
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APPENDIX

A test circuit similar to the one described in the Mate-
rials and Methods section (also Figure 1) was used to com-
pare and contrast GME counts of both glycerin and blood
ECC primes. GME outlet counts produced from a bubble
oxygenator were measured distal to the arterial filter un-
der varying concentrations of glycerin-saline solution and
compared to a 23% porcine hematocrit (Table Al).

The section table in Table A2 shows the results of un-
filtered GME counts at approximate micron size ranges of
five different glycerine or blood ECC prime concentra-
tions.

The second section shows the results of GME filter
counts (38 pm cut-off) at approximate micron size ranges
of five different glycerine or blood ECC prime concentra-
tions.

Table Al. Bubble oxygenator outlet GME count linear regres-
sion statistics for different glycerin solutions compared to 23%
hematocrit blood.

Glycerin solution Slope Intercept R* (10)
15% 1.3882 15.417 0.742%
20% 1.8375 94.915 0.700*
25% 1.3474 —-14.459 0.779%
28% 1.18 48.12 0.176
30% 1.076 —21.964 0.481%*
32% 8754 52.361 0.256*

*Significant at P < 0.05.

GME counts in 23% hematocrit blood were regressed against similar size
counts in several glycerin solutions for size ranges (n = 10) between 12
to 100 wm. The best blood GME count correlation with glycerine solu-
tion was at about 28% glycerine.

Table A2. Bubble oxygenator GME outlet counts at approximate micron size ranges for five different test solutions filtered and
not filtered.

Solution 0-15 pm 16-30 pm 31-45 pm 46-60 pm 61-75 pm 76-90 pm
GME counts at approximate
micron size up to 90 pm
20% glycerin 131* 237% 106* 18 1% 0
28% glycerin 206 519 473 266 63 13
23% hematocrit 235 607 469 191 39 5
32% glycerin 53% 355% 407* 380%* 274% 117*
37% hematocrit 98* 547 527% 435% 204 48%*
GME counts at approximate
micron size up to 38 pm
20% glycerin 69 136* 48%* 6% 1 0
28% glycerin 150 467 399 99 9 1
23% hematocrit 290 520 166 14 1 0
32% glycerin 105 469 460* 322% 93* 20%
37% hematocrit 167 581 359% 19 3 0

N = 3-10 observations per cell.
*Compared with 23% hematocrit P < 0.05.
GME counts in 23% and 37% hematocrit blood were compared with counts in three glycerin solutions for size ranges between ~0-90 pm. The best
blood GME count agreement in the most GME size ranges with glycerin solution was at 28% glycerin.
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