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Acute In Vivo Testing of a Respiratory Assist Catheter:
Implants in Calves Versus Sheep
HEIDE J. EASH,* BRIAN J. FRANKOWSKI,* KENNETH LITWAK,*‡ WILLIAM R. WAGNER,*†‡§ BRACK G. HATTLER,*‡
AND WILLIAM J. FEDERSPIEL*†‡§

A respiratory catheter that is inserted through a peripheral
vein and placed within the vena cava is being developed for
CO2 removal in patients with acute exacerbations of chronic
obstructive pulmonary disease (COPD). The catheter uses a
rapidly pulsating balloon to enhance gas exchange. In this
study, the CO2 removal performance of our catheter was
assessed in acute sheep implants and compared with calf
implants, primarily because sheep have cardiac outputs (CO)
that are more comparable with human CO and lower than
calves. Respiratory catheters (25 mL balloon, 0.17 m2) were
inserted acutely in sheep (n ⴝ 2) and calves (n ⴝ 6) through
the jugular vein and placed within the vena cava in two
positions: spanning the right atrium (RA) and within the inferior vena cava (IVC). The postinsertion CO in the sheep
ranged from 4.1 to 7.2 L/min compared with 6.2 to 15.5
L/min for the calves. The maximum CO2 removal rates
(vCO2) were 297 ml/min/m2 (calf) and 282 ml/min/m2
(sheep) in the RA position and 240 ml/min/m2 (calf) and 248
ml/min/m2 (sheep) in the IVC position. The respective removal rates between animal models were not statistically
different (p values > 0 .05 for all data sets). The dependence
of the vCO2 on balloon pulsation was also not statistically
different between the animal models. ASAIO Journal 2003;
49:370 –377.

and decarbonated before it reaches the natural lung, and
therefore respiratory support is provided independently of the
lungs, allowing them to rest and heal, unlike with mechanical
ventilation, the therapy most often used to support the failing
lung.6,7 Respiratory support with an intravenous catheter is
potentially simpler and less complicated than using pumps to
bring blood flow outside the body through oxygenators in
extracorporeal blood circuits.
Our group has been developing respiratory assist catheters
(also known as Hattler Catheters) for supplementing CO2 removal and O2 delivery intravenously in patients with failing
lungs.8 –10 Our current efforts are focused on developing a
respiratory catheter primarily for CO2 removal in patients with
acute exacerbation of COPD. These patients offer significant
challenges for CO2 removal compared with adequate oxygenation, which can usually be managed using supplemental
nasal oxygen.11 COPD patients have inelastic lungs, and they
can be difficult to treat using mechanical ventilators. The
elevated work required for their breathing can make it difficult
to wean COPD patients from mechanical ventilators.7 Accordingly, an intravenous catheter that can supplement CO2 removal in COPD patients with acute exacerbation in lieu of
intubation and mechanical ventilation would offer pulmonologists and intensivists an attractive potential method of improved respiratory assist for these patients. Our respiratory
assist catheter uses a centrally located balloon within the HFM
bundle to promote greater blood convection over the fiber
surfaces (enhanced mixing) so as to increase the CO2 gas
removal rate of the catheter.12 We have previously reported in
bench and in ex vivo animal tests of the respiratory catheter5,10
that increasing the rate of balloon pulsation can increase gas
exchange substantially (typically anywhere from 50 –200%,
depending on test conditions), up until a pulsation frequency is
reached, at which time filling and emptying of the balloon
becomes limited.5,12,13
In this article, we describe further testing of the gas exchange
performance of our respiratory assist catheter using acute
sheep implants, and we compare performance with that in
acute calf implants performed as part of a larger set of previous
animal studies.9 The principal questions the study addressed
were (1) does the vCO2 of the catheter differ in sheep compared with calves, (2) does balloon enhancement of gas exchange differ in sheep compared with calves, and (3) how does
location of the catheter in the vena cava or size of the pulsating
balloon within the catheter affect the above comparisons. The
rationale for comparing the respiratory catheter in sheep versus
calf implants involves several important issues. Our finding of
a reduced dependence of gas exchange on balloon pulsation
rate in the calf,9 with a relatively high cardiac output (CO)
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ntravenous respiratory assist (supplemental oxygen supply
and carbon dioxide removal) may be a potential means to
support patients with acute respiratory failure or with acute
exacerbations of chronic respiratory failure (e.g., chronic obstructive pulmonary disease [COPD]).1– 4 The technique, under development but not yet in clinical use, involves placing a
bundle of hollow fiber membranes (HFMs) into the vena cava
through a peripheral vein (e.g., the common femoral vein) and
connecting the fibers to an external source of oxygen gas.5
Oxygen flows through the gas permeable HFMs and creates
gradients for diffusion of O2 into the blood and CO2 out of
blood into the gas stream within the fibers so that the gas
exiting the device removes CO2. Blood is partially oxygenated
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compared with humans, led us to consider an animal model
with a CO more comparable with that in the human. Our ex
vivo tests indicate that balloon pulsation enhances gas exchange proportionally more when flow past the catheter is
lower.10 The sheep was also the animal model used for preclinical implant tests of the IVOX device, a respiratory catheter
that underwent human clinical trials in the early 1990s.14,15
Thus, the sheep implants reported here may provide further
comparison of our respiratory catheter with the IVOX, in addition to the previous comparisons we made based on past ex
vivo studies.10 Finally, existing animal models of acute respiratory failure have most extensively been developed in
sheep,14,16 –18 and therefore testing our respiratory catheter in
normal sheep is an important prelude to future catheter studies
in animal models of respiratory failure.
Methods
Animal Preparation
Our respiratory assist catheter, the Hattler Catheter (HC),
was tested in vivo in two male Suffolk cross sheep (59 kg and
76.5 kg) and in six calves (94.5 ⫾ 10.7 kg), the latter as part of
a larger set of catheter studies in acute implants. Animal preparation for these studies was performed in the same manner as
in our previous experiments;9,10 a detailed description can be
found in Golob et al.9 Briefly, premedication of 0.5 mg/kg
atropine was administered to each sheep. Anesthesia was
induced with 10 mg/kg of Brevital (methohexital sodium, Eli
Lilly and Co., Indianopolis, IN) and maintained with isoflurane
in oxygen and room air (1:1). Calves used in the previous study
were also premedicated with 0.5 mg/kg atropine, anesthetized
with 10 mg/kg Brevital, and maintained with isoflurane in
oxygen and room air (1:1). Preparation of the skin of the neck
and both femoral triangles was then completed and draped in
the normal manner. A fluid filled pressure transducer connected to a pressure and electrocardiograph monitor was used
to measure pressure from a 16 gauge polyvinyl chloride catheter in the right femoral artery. Arterial blood gases were also
taken from this catheter. A Swan-Ganz catheter was advanced
into the pulmonary artery for CO measurements using a thermal dilution of 5% dextrose solution. Central venous pressure
(CVP) measurements were also gathered from this Swan-Ganz
catheter with the port located in the right atrium (RA). Blood
gases for CVP were taken from this port on the Swan-Ganz.
Throughout the experiment, the partial pressure of CO2 (pCO2)
of the animal was monitored and the ventilator settings adjusted to target a venous pCO2 near 50 mm Hg, as measured
using a blood gas analyzer (ABL 505, Radiometer America,
Westlake, OH) with blood sampled from the femoral vein. A
polypropylene catheter was inserted in the scrotal vein for
continuous heparin infusion.
Device Insertion and Operation
Respiratory catheters with 13 ml and 25 ml balloons and a
membrane surface area of 0.17 m2 were used in these tests.
The fiber bundles were 30 cm in length and were fabricated
from Celgard (Charlotte, NC) hollow fiber fabric (polypropylene fibers with internal diameter [ID] ⫽ 0.024 cm, outside
diameter [OD] ⫽ 0.030 cm, woven at 54 fibers per inch)
wrapped around the central balloon. The devices were in-
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serted through the left jugular vein and advanced so that the
fiber bundle was spanning the RA with parts of the bundle in
the superior vena cava and in the inferior vena cava (IVC).
Once the catheter was in place, gas pathways were connected
through an external fitting to supply helium gas to the balloon,
100% O2 to the sweep gas inlet port, and vacuum to the sweep
gas exhaust port.
Balloon pulsation was started at 120 beats per minute (bpm)
stp
and a sweep gas flowrate (Q out
) of 3.0 L/min was maintained
through the fiber bundle by a gas flow controller (GR-116 –2A-PV, Fathom Technologies, Round Rock, TX) at the vacuum
source after insertion of the catheter. The sweep gas flowrate of
3.0 L/min was chosen on the basis of prior work looking at
changes in CO2 exchange rate with sweep gas flowrate.19,20
For the CO2 exchange rates accomplished by the respiratory
catheter under study here, a sweep gas flowrate of 3.0 L/min
results in CO2 exchange that is not significantly limited by the
sweep gas flowrate rate (i.e., CO2 exchange rate is within 5%
of the maximum possible exchange). A moisture trap was used
before the flow controller, and the O2 and CO2 gas fractions
(FO2 and FCO2) were measured using a mass spectrometer
(MGA 1100, Marquette Electronics, Milwaukee, WI) with sampling port after the flow controller. A pressure transducer
(143SC, SenSym Inc., Milpitas, CA) near the exhaust port was
used to monitor the sweep gas pressure drop through the
device, which generally remains less than 100 mm Hg.
Experimental Protocol
Before device insertion, baseline values for arterial and venous blood gases, CO, total blood chemistries (TBC), plasma
free hemoglobin (free Hb), hematocrit, and blood pressure
were measured. Blood gases and pressures, as well as hematocrit measurements, were taken every half hour. These parameters were used to monitor the animal’s performance throughout the experiment. Free Hb samples were taken every 2 hours
following baseline. A TBC measurement was taken at the
conclusion of the experiment. Free Hb and TBC samples were
used to evaluate the performance of the animal after the conclusion of the experiments and to determine whether there
were any abnormalities in the animal. Blood gases and pressure were measured to monitor the animal during the experiment. Venous pCO2 was measured to determine whether ventilator settings adjustments were necessary to maintain a pCO2
of 50 mm Hg.
Insertion into the RA was followed by device pulsation at
120 bpm for a stabilization period of 15 minutes. CO and
blood gas measurements were repeated during this period. The
device was pulsated at 300, 30, 240, and 120 bpm after the
stabilization period. The sweep gas flowrate and the exiting O2
and CO2 gas fractions were recorded at each beat rate. Completion of all beat rates was followed by the helium system for
balloon pulsation refill. The gas exchange measurements were
then repeated in a different beat rate order (240, 300, 120, and
30 bpm).
The catheter was then advanced entirely into the IVC region,
and another measurement of CO was taken. The entire beat
rate protocol described above was repeated. After the beat rate
protocol, the gas flowrate and exiting gas fractions were recorded without balloon pulsation with the balloon both full
and empty. The catheter was then moved back up to the RA
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location, and, after prior gas exchange was verified at 120
bpm, the gas flowrate and exiting gas fractions were recorded
again without balloon pulsation with the balloon both full and
empty. The 13 ml balloon catheter was then removed, the CO
remeasured, and the 25 ml device was inserted and tested in
an identical manner as the 13 ml balloon catheter. Whereas
the 13 ml balloon catheter was tested first in the sheep experiments, the 25 ml balloon catheter was tested first in all but one
calf experiment.
Final hematologic and hemodynamic data were taken, including blood samples at the conclusion of each animal study.
The animal was deeply anesthetized with isoflurane (5%) and
then euthanized with 30 ml of supersaturated KCl, intravenously. This method is consistent with the report of the American Veterinary Medical Association’s Panel on Euthanasia.21
All animal studies were performed in accordance with standards of the Guide for Care and Use for Laboratory Animals
(NIH publication 86 –23, revised 1996) and were approved by
the Institutional Animal Care and Use Committee of the University of Pittsburgh. At necropsy, the placement of the last
device tested within the vena cava was noted. Measurements
of the lengths and diameters of vena cava segments were also
recorded. This information allowed us to verify the approximate location of all catheter devices tested within that animal.
Data Analysis
Our current focus in developing the respiratory support
catheter is in its vCO2, which can be measured directly in
stp
these animal implants from the sweep gas flowrate (Q out
) and
CO2 fraction (FCO2) in the sweep gas exiting the catheter:
stp
FCO2
VCO2 ⫽ Qout

Statistical Analysis
Statistical comparisons were done using two statistical analysis methods (where applicable). The first being a Student’s
t-test assuming equal sample variance and the second method
being analysis of variance (ANOVA). Both methods of analysis
provide p values for a specific set of comparisons. Differences
were considered significant for 0.01 ⱕ p ⬍ 0.05. Differences
were considered not statistically significant for p ⬎ 0.05, but
trending toward statistical significance if 0.05 ⱕ p ⬍ 0.10.
Those cases in which only one method was used is because of
limitations in a particular analysis method.
Results
Pre- and postinsertion CO measurements for both animal
models are shown in Figure 1. CO values before insertion of
the 25 ml device for the calves in this study ranged from 8.9 to
13.7 L/min and averaged 10.7 ⫾ 2.2 L/min, whereas those
values for the sheep ranged from 7.2 to 7.5 L/min, with a lower
average of 7.4 ⫾ 0.2 L/min. The CO ranges for the 13 ml
device were 9.6 to 15.3 L/min, with an average of 11.5 ⫾ 3.3
L/min in the calf and 6.4 to 8.5 L/min, with an average of 7.4
⫾ 1.5 L/min in the sheep. Postinsertion CO values at 120 bpm
were 10.7 ⫾ 2.9 (range, 6.3–15.5) L/min and 5.7 ⫾ 2.3 (range,
4.1–7.2) L/min for the 25 ml device in the RA location of the
calf and sheep, respectively. For the 13 ml device at 120 bpm,
average CO values were 10.6 ⫾ 3.3 (range, 8.6 –14.3) L/min

(1)

We do not measure the vCO2 from blood side measurements before and after the device because this measurement is
not as reliable as gas side measurements and requires knowing
the precise blood flow rate past the catheter.
Although our ventilation protocol in animal studies targets a
venous blood pCO2 of 50 mm Hg, this can only be typically
maintained to within ⫾5 mm Hg during the course of the
animal implant. The vCO2 of the respiratory catheter will
change proportionally with these changes in venous pCO2,
and so to reduce these variations in our reported data we
normalized the CO2 exchange to a venous pCO2 of 50 mm Hg
using
Normalized
VCO2
⫽ VCO2

50
pCO2venous

(2)

to correct for these small (⬍5 mm Hg) deviations in pCO2venous
from our target of 50 mm Hg. This normalization is based on
pCO2venous measured in the femoral vein.
Oxygen exchange cannot be reliably determined from
sweep gas measurements9 but sometimes is estimated using
CO and pO2 in the pulmonary artery with device “on” and
“off”.14,22 This estimate of O2 exchange, however, does not
have sufficient accuracy to reliably quantify changes in gas
exchange with different balloon pulsation rates. For this reason, we limited our analysis of gas exchange to the CO2
exchange rate determined from the sweep gas measurements
as described.

Figure 1. 25 ml device cardiac output in the right atrium; pre- vs
postinsertion at 120 beats per minute.
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Figure 2. Average maximum CO2 removal rate (vCO2) normalized to a CO2 partial pressure (pCO2) of 50 mm Hg for calf and
sheep models. IVC, inferior vena cava.

and 6.3 ⫾ 1.4 (range, 5.3–7.3) L/min for the calf and sheep,
respectively.
Figure 2 displays the average CO2 exchange rate (normalized to a venous pCO2 of 50 mm Hg) achieved at maximum
balloon pulsation rate in both calf and sheep models for a 25
ml balloon device (Figure 2A) and a 13 ml balloon device
(Figure 2B) in the RA and the IVC location (gas exchange
values have also been normalized to the surface area of the
devices, A ⫽ 0.17 m2). The 25 ml calf gas exchange data for
RA was statistically significantly higher than IVC, with a Student’s t-test p value of 0.03 (0.04 ANOVA). The 13 ml sheep
gas exchange data in the RA compared to the IVC showed a
trend toward statistical significance, with a p value of 0.05 for
the Student’s t-test but not significant using ANOVA with a p
value of 0.25. Gas exchange was not statistically different in
the RA versus IVC; Student’s t-test p values were 0.30 (0.14
ANOVA) and 0.65 (0.11 ANOVA) for the 25 ml sheep and 13
ml calf gas exchange data, respectively. The comparison between the two animal models showed no statistical difference
when looking at the same device balloon size and same location in the calf and sheep (i.e., a 25 ml device in the RA for
sheep vs calf). P values for sheep versus calf were 0.63 (0.53
ANOVA) and 0.79 (0.15 ANOVA) in the RA for 25 ml and 13
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Figure 3. CO2 exchange over maximum CO2 exchange vs balloon
pulsation rate in the right atrium location. vCO2, CO2 removal rate.

ml, respectively; 0.70 (0.98 ANOVA) and 0.90 (0.42 ANOVA)
in the IVC for 25 ml and 13 ml, respectively.
Figure 3 directly compares average CO2 exchange in the RA
location as a function of balloon pulsation for the sheep and
calf experiments, whereas Figure 4 makes a similar comparison for the IVC location. In both figures, each animal’s CO2
exchange rate at each pulsation rate is normalized to its exchange rate at maximum pulsation (300 bpm). Increase in CO2
exchange from minimum to maximum pulsation ranged from
15 to 35% in the calf experiments for both balloon sizes in
both the RA and IVC locations (35 and 32% in RA and 15 and
16% in IVC, 25 mL and 13 mL, respectively). Similarly, the
sheep experiments had a CO2 exchange increase range of 23
to 33% (33 and 25% in RA and 23 and 30% in IVC, 25 mL and
13 mL, respectively). There was no statistical difference in gas
exchange between balloon size of device in either model (for
both the RA and IVC location). Statistical analysis (using both
Student’s t-test and ANOVA) showed that all of the above
comparisons were not statistically significant, with all p ⬎ 0.05
for a given comparison. Beat rate dependence of gas exchange of
the 25 ml device is similar to that of the 13 ml device (i.e., there
is no statistical difference between the gas exchange data of the
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Figure 5. Plasma free hemoglobin data: baseline vs final.

Figure 4. CO2 exchange over maximum CO2 exchange vs balloon
pulsation rate in the inferior vena cava location. vCO2, CO2 removal
rate.

two balloon sizes; ANOVA all p ⬎ 0.05). At 0 bpm for the 25 ml
versus the 13 ml device, only the RA sheep data showed a trend
toward statistical significance (p ⫽ 0.07 using Student’s t-test).
All other data at 0 bpm (comparing the 25 ml with the 13 ml
device) was not statistically significant (p ⫽ 0.20 for the sheep
in IVC, 0.83 and 0.87 for the calf in RA and IVC; all using
Student’s t-test).
Free Hb measurements were performed on blood samples
taken throughout the experiment. Baseline measurements
were compared with results at the termination of the experiment (Figure 5). The average baseline free Hb was 5.25 ⫾ 3.34
mg/dl and 8.94 ⫾ 0.97 mg/dl for the calf and sheep, respectively. Average final free Hb was 6.03 ⫾ 1.49 mg/dl and 10.44
⫾ 6.63 mg/dl for calf and sheep, respectively. Statistically,
there was no significant difference between the baseline and
final free Hb measurements for each animal (p ⫽ 0.62 calf
baseline vs final; p ⫽ 0.78 sheep baseline vs final; Student’s
t-test and ANOVA resulted in same p values for both comparisons). There was also no significant difference in free Hb
between baseline or final values in the two animal models

(p ⫽ 0.19 baseline calf vs sheep; p ⫽ 0.12 final calf vs
sheep; Student’s t-test).
Table 1 shows results of the TBCs done for baseline and final
blood samples. These samples were used as a measure of
possible abnormalities in the animals and major changes
within an animal. In general, results were close to the reference range of an adult specimen. Results within each animal
did not change enough to warrant concern by the veterinary
surgeon involved in these studies. TBC data was gathered for
only one sheep because of difficulties in blood sample shipment associated with post 9/11/01. Comparisons, therefore,
cannot be made between the two animal models regarding
differences in blood chemistries because of the n ⫽ 1 for the
sheep model.
Discussion
Our group is developing a respiratory assist catheter primarily intended for supplementing CO2 removal in patients with
acute exacerbation of COPD.8 –10 This group of patients suffers
principally from CO2 retention because oxygenation can be
adequately managed with nasal oxygen.11 This study evaluated and compared the CO2 removal performance of our
respiratory assist catheter in acute sheep implants with acute
calf implants. Although our prior animal implants were performed in calves,9 a well-accepted model for cardiovascular
device implants in which we have considerable experience,23
the primary rationale for conducting comparative acute im-
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Table 1. Results from Blood Chemistry Samples at Baseline and Final
Baseline
Animal
Calf 1
Calf 2
Calf 3
Calf 4
Calf 5
Calf 6
Calf reference
rangea
Sheep 1
Sheep 2
Sheep reference
rangea
a

Final

Hemoglobin Hematocrit White Blood Cell Platelet Count Hemoglobin Hematocrit White Blood Cell Platelet Count
(1,000s/mm2)
(g/dL)
(%)
(1,000s/mm2)
(1,000s/mm2)
(g/dL)
(%)
(1,000s/mm2)
9.3
9.9
8.8
10.6
10.1
9.6
10.0–15.0

24.7
27.6
28
27.8
30.2
27.9
30.0–46.0

6.1
5.5
5.4
9.2
6.4
7.7
4.0–11.0

841
560
474
464
N/A
398
100–800

10.2
9.3
9
9
10.2
9.8

27.3
25.8
26.5
26.5
25.2
27.9

13.2
9.3
20.8
11.2
6.9
11.3

584
628
271
316
355
276

N/A
8.1
9.0–14.0

N/A
22.1
23.0–39.0

N/A
4.3
4.0–13.0

N/A
402
250–750

N/A
7.5

N/A
20.6

N/A
6

N/A
289

For adult specimen.

plants in sheep versus calves was to study our respiratory
catheter in an animal model with a CO closer to average
human values. The sheep in these studies had an average CO
of 5.7 L/min with the catheter inserted as compared with 10.7
L/min for the calf. CO rather than cardiac index is the appropriate blood flow basis for comparison because it is the magnitude of blood flowrate past the catheter (IVC and SVC pathways) in sheep and calf that can directly affect the gas
exchange performance of the catheter.10
Our studies of the catheter in sheep versus calf implants
focused on several principal questions. First, we wanted to
investigate whether the vCO2 of the catheter differed in sheep
compared with calves. Overall, we found that CO2 exchange
rates for the respiratory catheter in the calf implants was 5 to
10% greater than in the sheep implants, but these differences
did not achieve statistical significance. We were also interested in determining whether our pulsating respiratory catheter
when implanted in sheep would exhibit a greater dependence
of gas exchange on balloon pulsation rate because of the lower
CO in sheep. In initial acute implant tests of our respiratory
catheter in calves,9 we found a 13% increase in CO2 exchange
(compared with no balloon pulsation) at the maximum balloon
pulsation rate of 300 bpm for respiratory catheters. In contrast,
in our bench tests of the same respiratory catheters (25 ml
balloons) placed within a mock vena cava (7/8 to 1 inch tube)
and perfused with 37°C water at 3 L/min, balloon pulsation
increased CO2 exchange by 160 to 180% at 300 bpm.5,24
Our initial hypothesis was that the reduced pulsation rate
dependence of gas exchange in animal implants may be because of the level of blood flow past the device. The preinsertion CO in our initial acute calf implant tests ranged from 10 to
14 L/min, significantly greater than the average CO of 5 L/min
generally reported for humans.25 Von Segesser et al.26,27 and
Tao et al.28 showed in bench and animal tests that increasing
the blood flowrate past the IVOX respiratory catheter (a passive
respiratory catheter with no balloon) increased gas exchange,
a not unexpected result because greater flow velocities past
fiber surfaces will decrease the diffusional boundary layers that
dictate gas exchange.5 If lower blood flow past the catheter in
the absence of balloon pulsation results in lower gas exchange,
the potential exists for balloon pulsation to generate a greater
enhancement of gas exchange in a lower blood flow environ-

ment. Our previous ex vivo studies in calves10 support this
hypothesis. For example, balloon pulsation at 180 bpm (the
maximum pulsation rate that could be achieved with the 40 ml
balloons used in the ex vivo studies) increased gas exchange
by 135% at 1 L/min, but the increase was only 43% at 4.5
L/min. Nevertheless, in this study, we found no significant
difference in the effect of balloon pulsation on gas exchange in
the sheep implants compared with the calf implants despite the
lower CO in the sheep.
The comparisons of the vCO2 and the extent of balloon
enhanced gas exchange in sheep versus calves were also not
significantly affected by the location of the catheter in the vena
cava (IVC vs RA positions) or the balloon size (13 vs 25 ml)
used in the catheter. There are several reasons why we may not
have seen a difference in the effect of balloon pulsation on gas
exchange in the sheep compared with the calf. First, we cannot
directly measure the blood flowrate past the catheter in the
vena cava, and, therefore, we use CO only as an index of
relative blood flowrate differences between the sheep and the
calf. This index may be too indirect or may not be appropriate
if there are other significant differences in venous hemodynamics between the sheep and calf, for example in the fractions of CO returning through the IVC versus SVC or the effect
of venous collateral veins bypassing these pathways. Another
factor may be that the blood flowrate past the respiratory
catheter in the sheep was indeed smaller than in the calf, but,
because of the smaller cross-sectional area of the sheep vena
cava, the average blood flow velocities past the catheter are
comparable in the sheep and calf (IVC OD measurements
were 21.8 and 25.7 mm for the sheep and calf, respectively,
and SVC OD measurements were 16.9 and 19.7 mm for the
sheep and calf, respectively). This smaller vasculature in the
sheep might account for the drop in CO for sheep number 2 in
Figure 1. The decrease in CO was most likely associated with
some drop in venous return because of flow resistance in the
vena cava by the device (a drop in CO was almost always seen
in calf experiments in which a 40 ml device with larger OD
was inserted). The similar gas exchange rates in the absence of
balloon pulsation in the sheep and calf may suggest that the
catheter was in similar blood flow environments in the vena
cava of these animals. An interesting series of tests are those
performed by Mihaljevic et al.,29 who lowered CO within the
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same animal by infusing dopamine, nitroglycerin, and noradrenaline to reduce cardiac contractility. In pilot studies, we
infused esmolol (250 mg bolus, drip at 10 ml/hr of 5000 mg
esmolol/500 ml NaCl) at the end of a calf experiment but were
unsuccessful at significantly lowering CO over a long enough
period to study gas exchange and the effect of balloon
pulsation.
The effect of balloon pulsation on gas exchange in the sheep
and calf implants differs from that seen in bench and in ex vivo
tests using the mock vena cava10,24 in which balloon pulsation
generally has a much larger impact on gas exchange of the
catheter.24 There are several possible reasons worth discussing. The flow environment in vivo most likely differs from the
flow environment in our mock vena cava test section. For
example, flow patterns in the vena cava are influenced by the
presence of bidirectional blood flow (SVC vs IVC directions)
past the catheter30,31 and veins draining into the vena cava
distributed along its length. A bench test of the respiratory
catheter that attempts to incorporate a more realistic venous
flow environment for the catheter would not be feasible because in vivo flow patterns would be difficult to quantify and
mimic, and variability most likely exists among animals even
of the same species. We also do not think that cavitation results
from the balloon pulsation of the catheter in vivo. In some of
our animal experiments, we measured pressure oscillations in
the vena cava immediately adjacent to the fiber bundle using
a high fidelity Millar pressure sensor (MPC-500, Millar Instruments, Inc., Houston, TX). Pressure oscillations caused by
balloon pulsation were nearly undetectable (less than ⵑ 1–2
mm Hg) because of the large overall compliance of the venous
system. Blood cavitation requires more significant negative
pressure swings, and, if it were to occur, it would most likely
enhance mass transfer because of local mixing associated with
bubble formation and collapse.32 We found less balloon enhanced gas exchange in vivo than in bench tests.
The gas exchange studies in sheep reported here were also
important because the IVOX respiratory catheter, which underwent human clinical trials in the early 1990s, used sheep
for its animal implant studies.14,15 Our respiratory catheter
with a 25 ml balloon had a CO2 exchange rate of 282 and 247
ml/min/m2 in the RA and IVC positions, respectively, in the
sheep. This compares favorably with the CO2 exchange rate of
191 ml/min/m2 reported by Zwischenberger et al.22 for the
IVOX catheter in acute sheep implants. Our goal for CO2
removal in COPD patients with acute exacerbation is 75 ml/
min, a level that we expect will avoid intubation and mechanical ventilation of these patients. The 0.17 m2 respiratory
catheters tested here achieved from 43 to 48 ml/min of CO2
removal in the sheep. On the basis of these studies, we are
developing a full-size version of our respiratory catheter with a
surface area of 0.3 m2 that can be percutaneously inserted in
patients for treatment of COPD with acute exacerbation.
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