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    Cardiopulmonary bypass (CPB) has been integral to the 
success of cardiac surgery by supporting the patient’s cir-
culation during the procedure. While mortality rates have 
been declining, neurological injury remains an increasingly 
important complication especially as cardiac patients are 
becoming older and sicker (1). Etiologies of post cardiac 
surgery neurological injuries include hypoperfusion, sys-
temic inflammatory response, and emboli (2). Microemboli 
are implicated as a major mechanism of neurological injury – 
particularly postoperative cognitive decline (3–5). Most 
microemboli occurring during cardiac surgery are gaseous 
(6) with many originating from the extracorporeal circuit 

(ECC) as microbubbles (7,8). Sources of microbubbles 
derived from the ECC are varied and include entrained 
venous air (8), vent return, (9) and injections by the perfu-
sionist (10). Ideally, the ECC should remove all introduced 
air. However, despite the air removal capabilities of the 
venous reservoir, oxygenator, and arterial filter, microbub-
bles continue to pass via the arterial line into the patient’s 
brain (8,10). Therefore, further improvements in the air 
handling capabilities of ECC components are warranted. 

 The venous reservoir is the first component in the ECC 
designed to remove introduced air. Two kinds of venous 
reservoirs are currently used: a more popular rigid, hard-
shell venous reservoir (HSVR) and a soft-shell collaps-
ible venous reservoir bag (SSVR) (11). Although studies 
have investigated the air handling capabilities of various 
HSVR and SSVR models (8,12–14), no known study has 
been published comparing an SSVR with an HSVR. To 
determine if an SSVR was as safe as an HSVR in terms 
of relative microbubble generation and transmission of 
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introduced air, the Medtronic collapsible venous reservoir 
bag and Medtronic Affinity hardshell venous reservoir 
were compared in-vitro over a range of volumes and flow 
rates. 

  MATERIALS AND METHODS 

  Test Circuit 
 A recirculating in-vitro circuit was constructed (see 

 Figure 1   for circuit details). The patient was simulated by 
a HSVR (Trillium Affinity NT 541T Integrated CVR, 
Medtronic, Minneapolis, MN). This “patient” reservoir was 
filled to the 1000 mL level marker and kept at a constant 
height (100 cm between the top of its fluid level to the out-
let of the test reservoir) to aid in deairing the recirculating 
fluid and provide a constant siphonage drainage pressure. 

 During recirculation, the “patient” reservoir volume was 
maintained by adjusting a variable clamp positioned on the 
“venous line” connecting the “patient” reservoir to the test 
reservoir. Fluid entering the test reservoir was pumped into 
a hollow fiber membrane oxygenator (Trillium Affinity NT 
541T, Medtronic, Minneapolis, MN) by a correctly occluded 
and calibrated roller pump (Sarns 8000, Terumo, Australia). 
This oxygenator was used to remove bubbles that had been 
introduced into the circuit; a process that was facilitated 
by connecting the oxygenator’s gas inlet port to suction 
(−120 mmHg) while sealing its other gas exhaust ports 
(thereby increasing the pressure gradient for microbubble 
elimination). From the oxygenator the fluid was returned 
back into the “patient” reservoir to be further debubbled. 
All circuit components were new. 

 Rapid and precise changes in test venous reservoir vol-
umes were made by adding or draining prime via a vol-
ume calibrated cardiotomy reservoir (CB1351, Medtronic, 
Minneapolis, MN) positioned between the test reservoir and 
the roller pump. When setting a baseline, the test reservoir 
was bypassed. With a confirmed 700 mL in this “priming” 
reservoir and 1000 mL in the “patient” reservoir, the test 
reservoir was installed. The test reservoir was then primed 
by draining 700 mL or 200 mL as needed from the “prim-
ing” reservoir. No volume adjustment was made to account 
for hold-up volumes (dynamic prime volume) at the two 
flows used (3 L/min or 5 L/min). The prime consisted of 
2500 mL of 4% albumin (Albumex 4, CSL Bioplasma, 
Australia) kept at room temperature (19–21°C) 

   Test Venous Reservoirs 
 Two reservoir models – both manufactured by Medtronic 

(Minneapolis, MN) –were assessed for their air handling 
performance: the soft-shell collapsible venous reservoir 
bag (model CBMVR 1600) and hard-shell open venous 
reservoir (Trillium Affinity NT 541T Integrated CVR). The 
SSVR is housed in a cage that can be opened or closed 
to respectively increase or decrease reservoir volumes. 

The SSVR was tested in a fully closed (minimal volume 
[SSVR-closed]) or in the one step out of latch position 
from its holder back plate (SSVR-open). The operation of 
the SSVR at both the fully closed and one latch open posi-
tion was examined to understand any changes in air han-
dling abilities between these two commonly used modes. 
To emulate its clinical application, the SSVR’s cardiotomy 
inlet was open to an attached cardiotomy positioned with 
its outlet level to the top of the SSVR. 

 Three copies of each reservoir model were used. In addi-
tion to the three HSVRs, as the three SSVRs were further 
investigated as fully closed or one latch open, there were 
three reservoir types (HSVR, SSVR-closed, SSVR-open). 
Thus, for the purposes of the experiment, a total of nine 
reservoirs were tested. 

 The SSVR has a 1600 mL volume capacity and incorpo-
rates an internal screen filter of 105 µm to assist in trap-
ping air and other debris that may enter this reservoir from 
its venous and cardiotomy inlets. No minimum operat-
ing volume is noted in “instructions for use.” The HSVR 
is a top entry model consisting of a combined venous and 
cardiotomy reservoir. Venous blood passes a 200 µm inlet 
screen, before passing via a final reservoir screen filter of 
150 µm. It has a recommended minimal operating volume 
of 200 mL. 

   Air Infusion 
 To emulate a continuous air entrainment via a venous 

cannula purse string scenario, a continuous infusion of 
air was introduced into the “venous line.” The venous air 
injection site was a Luer lock connector with injection plug 
inserted in the “venous line” 22 cm distal to the outflow 
of the “patient reservoir” – after the venous occluder. A 
38 mm, 25-gauge hypodermic needle pierced the plug with 
the needle tip positioned in the midstream of the connector. 
A syringe pump (Graseby 3500, Smiths Medical Australasia 
Pty. Ltd., Queensland, Australia) was used to pump air in 
a 50 mL syringe through a 150 cm extension line into the 
injection site. Air was injected at 20 mL/min (0.33 mL/sec) 
for 65 seconds; after the first 5 seconds to purge the needle 
and reach a steady state, 60 seconds of recording was made 
to determine microbubble transmission. 

   Microbubble Detection 
 A Hatteland CMD 10 pulsed Doppler micobubble detec-

tor (Hatteland Instrumentation, Royken, Norway) was used 
to detect and count bubbles in the outflow line of the test 
venous reservoirs. A transluminal 13 mm (ID) microbubble 
detection probe was attached to the 3/8’’ tubing approxi-
mately 8 cm distal to the outflow of the test venous reser-
voir. The detection probe was attached to the Hatteland 
CMD 10; itself connected to a COMAC data acquisition 
unit interface that was supported by BUBMON version 2.6 
software (Hatteland Instrumentation, Royken, Norway) 
running on a laptop computer. The Hatteland Doppler was 
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  Figure 1.     In-vitro circuit. See text for details. Note: not to scale.    

configured for continuous detection at high resolution with 
attenuation set at 0 dB, and depth at 2.2 cm. 

 Calibration of this device was performed as per the CMD-
10 user manual using glass microspheres of known size in a 
closed loop circuit. Confirmation was made of the ability of 
the Hatteland to detect microbubbles in an approximately 
20–100 µm size range. For the purposes of this study, only 
total microbubble counts were used. Ultrasonic gel was used 

to couple the probe to the tubing to ensure no air existed 
between the probe and the tubing. Also a Velcro strap was 
applied around the probe and a spacer to ensure a snug 
and consistent fit between the probe and tube, which was 
reapplied for every test run. To maximize the reproducibil-
ity of all readings, identical instrument settings were used 
and only one probe was applied; thereby, avoiding issues of 
subtle differences in probe sensitivities. 
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   Test Procedure 
 At the beginning of each trial the microbubble detec-

tion probe was temporarily positioned on the “venous 
line” tubing immediately distal to the “patient” reservoir 
while air was infused at 20 mL/min over several minutes. 
This confirmed that the circuit was effective at removing 
the air that was infused into the “venous line” by observ-
ing that the recirculation of microbubbles was negligible 
(<5 counts/min). 

 The nine test reservoirs (3 HSVR, 3 SSVR-closed, 
3 SSVR-open) were randomly subjected to two pump 
flows (3 L/min; 5 L/min) and two static reservoir volumes 
(200 mL; 700 mL). Both flow rates were seen as being rep-
resentative of adult pump flows; the levels ranged from the 
minimum static recommended HSVR volume to a com-
monly occurring level. The sequencing of the reservoirs was 
also randomized. Thus, 36 test runs were performed in one 
trial; a total of three trials were run for a total of 108 tests. 

 Each of the test runs at the specified pump flow (3 L/min 
or 5 L/min) or added prime volume (200 mL or 700 mL) 
consisted of a first part whereby the  microbubble genera-
tion  of any test reservoir was examined by a baseline mea-
surement of 60 seconds with no air injection, and a second 
part whereby the test reservoir’s introduced  microbubble 
transmission  performance was determined with air injected 
as described above. The SSVR was deaired before each 
trial by aspirating air via its highest port. 

   Statistical Analysis 
 Microbubble counts in tables are presented as medi-

ans and interquartile range. To compare the differences 
between the three venous reservoirs’ microbubble gen-
eration and transmission counts, non parametric com-
parisons (using Kruskal-Wallis test for more than two 
groups) were computed. The paired non parametric test 
(Wilcoxon Signed Rank test for paired groups) was used 
to compare the venous reservoir’s baseline versus air infu-
sion microbubble transmission, and to compare the test 
venous reservoir’s difference in microbubble generation 
and transmission counts at varying flow rates and volumes. 
A null hypothesis of no difference between the median 
microbubble generation or transmission between three 
reservoir types was rejected if  p  < .05. Statistical analy-
ses were performed using StatView (StatView; Abacus 
Concepts, Berkeley, CA). 

    RESULTS 

  Part A) Baseline – Microbubble Generation  

   1) Microbubble generation for each venous reservoir type  

   The microbubble generation differences of each venous 
reservoir type at pump flows 3 L/min versus 5 L/min at 
200 mL or 700 mL prime were computed. No statistically 

significant changes in microbubble counts were seen 
with the higher flow rate of 5 L/min versus 3 L/min 
with the notable exceptions of a significant increase 
in the microbubbles generated by the HSVR at 
200 mL ( p  = .017) and a much more moderate increase 
in microbubbles generated by the SSVR-closed at the 
700 mL level ( p  = .049). See  Table 1                   and  Figure 2  .  

  2)   Microbubble generation – comparison of all three 
venous reservoir types  

   The microbubble generation differences amongst the 
three venous reservoirs at both pump flows and both 
primes were computed. Bubble generation was rela-
tively low for all venous reservoirs at all flow rates and 
reservoir volumes with the exception of the significant 
increase in the microbubbles generated by the HSVR at 
5 L/min and 200 mL level ( p  = .0003). A more moderate 
though statistically significant higher microbubble gen-
eration was associated with the SSVR-closed at 5 L/min 
and 700 mL level ( p  = .023). See  Table 1  and  Figure 2 .    

   Part B) Air Infusion – Microbubble Transmission  

   1) Microbubble transmission for each venous reservoir 
type  

   While air was being introduced into the venous line, 
all the reservoir types transmitted significantly more 
microbubbles with the higher flows of 5 L/min versus 
3 L/min at both 200 mL and 700 mL levels (all reservoirs 
at 700 mL level:  p  = .0077; SSVR-closed and SSVR-open 
at 200 mL:  p  = .0077; HSVR at 200 mL:  p  = .017). See 
 Table 2                   and  Figure 3  .  

  2)   Microbubble transmission – comparison of all three 
venous reservoir types  

   There were no significant differences in transmitted intro-
duced air between the three venous reservoirs at equiva-
lent flow rates and volumes. See  Table 2  and  Figure 3 .  

  3)   Microbubble transmission versus baseline for each 
venous reservoir type  

   All three venous reservoirs were effective at not trans-
mitting significantly more gaseous microbubble during 

 Table 1.   Baseline microbubble generation: Median microbubbles 
(counts/min) in the outflow of the three venous reservoir types 
at pump flows of 3 L/min or 5 L/min, and reservoir volumes of 
200 mL or 700 mL. 

200 mL 700 mL

Reservoir type 3 L/min IQR 5 L/min IQR 3 L/min IQR 5 L/min IQR

HSVR 5 22 103 28 1 2 2 3
SSVR-closed 2 3 5 9 2 2 6 13
SSVR-open 1 6 7 10 2 6 2 4

    IQR, interquartile range.  
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air infusion than baseline at lower flow rate of 3 L/min 
with the exceptions of HSVR at 700 mL ( p  = .049) and 
the SSVR-closed at 200 mL ( p  = .0077); though dif-
ferences in median microbubble counts were small. 
However, dramatic and significant transmissions were 
seen in all venous reservoirs when flows were increased 
to 5 L/min irrespective of reservoir volume ( p  = .0077 
except for HSVR at 200 mL where  p  = .0117). See 
 Tables 1–2  and  Figures 2–3 .    

    DISCUSSION 

 The results of this study show that the generation and 
transmission of microbubbles by the Medtronic collaps-
ible venous reservoir bag is not more than the Medtronic 
Affinity hardshell venous reservoir over a range of prime 
volumes and flow rates suggesting that the SSVR is as safe 
as the HSVR. 

The venous reservoir is the first and most important 
component within the ECC to remove both macrobubbles 
and microbubbles. Whether from the vents and suckers, 
purge lines, or venous line itself, a potentially large volume 
of air unavoidably enters the venous reservoir. Although 
the oxygenator and arterial filter also aid in air removal, 
gaseous microbubbles are still able to traverse these com-
ponents (7,15). Thus it is incumbent upon venous reservoir 
design to remove as much of the introduced air as possible 
without itself being a source of microbubbles. 

 The venous reservoir – being a site in the ECC that 
has a low blood velocity and thus high gas buoyancy – 
passively removes introduced air (16). However, it can 
also be a source of air by inducing blood cavitation and 
turbulence, or when accidentally emptied (17). Different 

  Figure 2.     Boxplots of microbubble generation (counts/min) in the outflow of the three venous reservoir types at pump flows of 3 L/min or 5 L/min and 
reservoir volumes of 200 mL or 700 mL.    

 Table 2.   Microbubble transmission: Median microbubbles 
(counts/min) in the outflow of the three venous reservoir types 
during venous line air infusion at 20 mL/min at pump flows of 
3 L/min or 5 L/min, and reservoir volumes of 200 mL or 700 mL. 

200 mL 700 mL

Reservoir type 3 L/min IQR 5 L/min IQR 3 L/min IQR 5 L/min IQR

HSVR 13 16 319* 25 5 4 294 120
SSVR-closed 8 10 311 258 1 7 248 250
SSVR-open 10 9 304 68 3 2 260 131

    IQR, interquartile range.  
  *  2 data points missing  
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  Figure 3.     Boxplots of microbubble transmission (counts/min) in the outflow of the three venous reservoir types during venous line air infusion at 20 
mL/min at pump flows of 3 L/min or 5 L/min and reservoir volumes of 200 mL or 700 mL.    

models of venous reservoirs have been shown to vary 
considerably in their air handling capabilities and their 
propensity to generate microbubbles (8,13,14,18). 

 HSVRs are associated with increased cerebral microem-
boli counts when running at higher pump flows or lower 
volumes (12,19,20). Higher flow rates and low reservoir 
volumes not only reduce the transit time for the passive 
removal of air, but also exacerbate any turbulent water-
fall effect. Here, blood tumbles down from the cardiotomy 
and splashes into the venous reservoir causing turbulence 
and mixing of air and blood with subsequent microbub-
ble generation. This phenomenon varies with various 
HSVR designs emphasizing the importance of adhering to 
the manufacturer’s recommendation of minimal volumes 
for operation. Nielsen et al. investigated the relationship 
between reservoir levels and microbubble generation in 
three brands of HSVR, including the same HSVR as this 
study, within an in-vitro circuit (8). Although an inverse 
relationship was seen between lowering reservoir levels 
and increasing bubble counts, no dramatic rise in count was 
seen. However, their lower level was 250 mL; i.e., 50 mL 
above the manufacturer’s recommended minimum. Our 
study’s static reservoir volume of 200 mL would dynami-

cally lower to 100–150 mL level under higher flows. Though 
this is lower than recommended, it does emphasize the 
ability of the SSVR (a device that has not had its safe lower 
operating level identified) not to generate microbubbles at 
equivalent operating volumes   . A further study to identify 
the critical flow-level relationship for microbubble genera-
tion in both reservoirs by introducing a greater range of 
pump flows and reservoir volumes would be informative. 

 The relationship between increased cerebral emboli or 
arterial line emboli with introduced venous air (whether 
from the patient or via sampling ports) is well documented 
in HSVRs (8,21–23). We were able to show that both the 
HSVR and SSVR were relatively effective at removing 
introduced air at the lower flow rate of 3 L/min at low and 
higher reservoir volumes. However, even at the higher res-
ervoir volumes, both reservoir designs transmitted signifi-
cant quantities of microbubbles at 5 L/min flow. Thus it is 
essential to ensure that the venous line is never entraining 
air – particularly at higher flows – as these reservoirs will 
transmit some of this air. 

 The operation of the SSVR at both the fully closed and 
one latch open position essentially yielded clinically neg-
ligible differences in microbubble transmission. Thus no 
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advantage could be determined in minimizing microbub-
ble transmission by operating the SSVR in either posi-
tion under the study’s parameters of flows and volumes. 
Clinically, opening the cage facilitates exsanguination of 
the patient by allowing the reservoir bag to expand more 
fully and increase its volume capacity. 

 HSVRs are predominantly used in Australia and New 
Zealand (11). Their appeal stems from the practical con-
venience of the integrated venous reservoir-cardiotomy 
coupled with the oxygenator-heat exchanger design; mak-
ing for rapid installation and set-up. Unlike the SSVR, the 
HSVR passively removes macrobubbles with minimal per-
fusionist intervention, while the SSVR needs its highest 
port to be intermittently aspirated to remove any accumu-
lating air (24). However, the HSVR’s presumed superior 
ability to remove infused venous air was not evident in this 
study, and at very low volumes it may itself be a source of 
microbubble generation. Future investigations to identify 
microbubble transmission of both reservoirs by introduc-
ing a greater range of infused venous air volumes and rates 
would further elucidate their air handling properties. 

 Another issue of the open design of the HSVR is that the 
venous blood is exposed to air and contacts the cardiotomy 
filters with exposure to antifoam-A. These filters increase 
the blood contact activation area of the perfusion circuit. 
Also, any turbulence associated waterfall effect at low vol-
umes induces microbubble formation and increases blood 
shear stresses. Indeed, evidence of increased blood damage 
with associated bleeding and need for red cell transfusions 
have been demonstrated with HSVRs in clinical studies 
comparing HSVRs with SSVRs (25–27). 

 By the simplicity of their design and negligible blood-
air interface, SSVRs provide a more physiological envi-
ronment. Furthermore, isolating the cardiotomy blood in 
closed systems affords additional blood handling benefits. 
Cardiotomy blood has not only been activated by expo-
sure to negative suction pressures and foreign surfaces but 
contains gaseous microemboli (28). Returning cardiotomy 
blood has been shown to be associated with increased 
microbubble activity in the outflow of HSVRs (9). Isolating 
this blood to the cardiotomy and preventing a constant 
trickle back to the venous reservoir – with intermittent 
release of this cardiotomy blood after sufficient time for 
debubbling – may prove to be another beneficial feature of 
the SSVR system warranting further investigation. 

 Another more physiological blood handling feature of 
the SSVR occurs when initiating CPB; it can be achieved 
more gradually with less impact on the patient’s hemody-
namics by isolating the cardiotomy reservoir and operating 
the SSVR at its smallest volume. Once on CPB, the SSVR 
can be opened one step, and/or the line to the cardiotomy 
opened to empty the heart. Adjustment of the cardiotomy 
height (if open to the reservoir) further contributes to the 
venous return. It is this ability to manipulate reservoir vol-

umes, adjust the pressure gradient for the venous return, 
control the mixing of the cardiotomy blood back with the 
systemic blood, and gradually go onto and come off CPB 
that marks the SSVR as a more patient customizable per-
fusion system than the one-approach-fits-all simplicity of 
the HSVR. 

 An albumin prime was used because it is more physio-
logical than water or electrolyte solution without the com-
plexities of using whole blood. Also, the protein prime was 
deemed to be more stable, and therefore more reliable than 
blood. As gaseous microemboli in blood become coated 
in platelets (29), consumption of platelets may alter the 
behavior of bubbles in in-vitro circuits thereby changing the 
prime’s microbubble handling over time. Ideally, an animal 
model would be used to maintain the blood’s quality; more-
over, it is a perfect eliminator of introduced microbubbles. 
In a study investigating microbubble removal in in-vitro 
ECCs, Jones et al. using both water and blood as primes, 
showed a decreased ability of venous reservoirs to remove 
microbubbles using blood (presumably due to the bubbles 
forming more stable platelet-lipoprotein capsules) (22). 
The behavior of our physiological protein prime would be 
expected to be within the range of that seen between blood 
and water, i.e., less microbubble removal might be expected 
if the study was repeated with blood. 

 The prime was kept at ambient temperature, as heating 
the prime was not considered to have yielded more insight. 
Although colder solutions theoretically can absorb more 
gas, a paradoxical increase in transmitted microbubbles 
was seen when cooling blood prime in an in-vitro ECC (30). 
Whether warming the prime would improve the air han-
dling capability of the venous reservoirs is arguably a moot 
point as our study was designed to compare bubble genera-
tion and removal under comparable conditions; although 
absolute bubble numbers may vary clinically, relative dif-
ferences would still be valid. 

 The Hatteland CMD-10 has been shown to be less sen-
sitive than more contemporary devices; probably underes-
timating circulating microbubble counts (31). It is also a 
poor estimator of bubble size and volumes and thus bub-
ble sizing was not attempted other than the determination 
of the gross range of bubble sizes detected by calibration. 
Knowing bubble size and gas volumes is important due 
to the varying performances of the ECC components in 
removing microbubbles of differing sizes (e.g., the arte-
rial filter and oxygenator may preferably remove larger 
bubbles) and different clinical sequelae (e.g., several 
larger bubbles may have the same embolic effect as many 
smaller bubbles). Nevertheless, though the difference in 
microbubble handling between the SSVR and HSVR in 
terms of cerebral embolic load during cardiac surgery was 
not defined, the purpose of this study was to quantitatively 
rank the reservoirs according to total microbubble counts 
generated and transmitted. 
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 In summary, we investigated the relative air handling capa-
bilities of two kinds of adult venous reservoirs in terms of 
microbubble generation and transmission – the Medtronic 
Affinity hardshell venous reservoir and Medtronic col-
lapsible venous reservoir bag. These reservoirs’ relative air 
handling capabilities were examined under equal in-vitro 
conditions of baseline and controlled air introduction, 
while varying the reservoir prime volumes and pump flow 
rates. We conclude that the SSVR is as safe as the HSVR 
in terms of microbubble handling and should be consid-
ered as an alternative venous reservoir. The SSVR has the 
added potential advantage of contributing to a closed ECC 
thereby reducing blood activation. Importantly, as both 
reservoir types transmitted microbubbles at higher pump 
flow rates regardless of reservoir volumes, it is essential to 
eliminate venous air entrainment during CPB. 
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