
Laboratory or sample labeling errors were thought to
be responsible for this discrepancy. Of note, in their
analysis, Coyne et al. also reported a similar percent-
age (30%) (13).

Reduced blood processing was due to difficulties
with needle placement. Despite adequate staff train-
ing and commitment, four (4) cases of needle malpo-
sition (reversed needles) were identified. This was
observed in three synthetic grafts and an upper arm
native fistula. A complete knowledge of the position
and direction of flow in an AV access is fundamental
for the nursing staff in order to insert the needles in
the appropriate place. A simple drawing of an AV
access and the direction of its blood flow is highly
recommended for every patient’s dialysis chart.

In this study, we also investigated higher-than-
expected values of Kt/V. These values were always
due to false postdialysis sampling as blood was drawn
from the venous line of the dialysis circuit leading to
low urea concentration and higher Kt/V. This is easy
to identify as the postdialysis urea value is extremely
low and the calculated Kt/V is unexpectedly high
(Table 1, patient 2).

In conclusion, the results of this study demonstrate
that lower-than-expected Kt/V values are often due
to reduced blood processing (shorter dialysis, lower
blood flow, and recirculation) and higher due to inac-
curate postdialysis sampling. Although the percent-
age was rather low, it should not be neglected.
Dialysis flow sheets from the testing days should be
carefully evaluated in order to identify apparent
reasons for abnormal values. The nursing staff should
also be trained and familiar with urea kinetic model-
ing and blood sampling. Abnormal values of Kt/V
should always be repeated as soon as possible. Any
possible pitfall in Kt/V measurements should be
investigated before changing dialysis prescription in
a stable HD patient.
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catheter (PUCA) pump support on hemodynamics and
tissue perfusion in a sheep model of acute HF. In 14 sheep,
HF was induced by partial occluding the middle left cir-
cumflex coronary artery combined with pacemaker-
induced tachycardia. PUCA pump was then activated to
support the HF for 3 h. Hemodynamic parameters were
recorded at baseline, HF, and then every 30 min during
experiments. Blood samples were taken in carotid artery
(CA), pulmonary artery (PA), and coronary sinus (CS) for
the determination of oxygen saturation (SO2) and lactate
concentration as markers of tissue perfusion. Results
showed that HF model was induced successfully in 10
sheep and failed in four sheep due to refractory ventricular
fibrillation. PUCA pump support was successful in seven
out of 10 sheep for 3 h. Three cases failed due to technical
problems. After HF (n = 10), cardiac output (CO) was
decreased from 3.7 � 0.5 to 2.0 � 0.5 L/min (P � 0.001).
Mean arterial pressure (MAP) was lowered from 116.1 �
14.2 to 68.1 � 14.7 mm Hg (P � 0.001). In seven sheep sup-
ported with PUCA pump, MAP rose from 68.9 � 15.2 to
94.7 � 14.7 mm Hg (P = 0.005), systolic blood pressure
increased from 86.6 � 17.0 to 112.6 � 17.1 mm Hg (P =
0.009), and diastolic blood pressure increased from
57.7 � 12.6 to 79.9 � 13.9 mm Hg (P = 0.011). CO
remained at about 2.0 L/min. SO2 in CA, PA, and CS
decreased significantly after HF (P � 0.001), with an
increase after support (compared with HF, P � 0.001, 0.066
and 0.114, respectively). Lactate concentrations increased
gradually in CA, PA, and CS toward the end of experiments
without difference among different sampling sites. This HF
model in sheep is simple, easy to manipulate, reproducible
and reflecting clinical HF conditions. PUCA pump can
maintain the hemodynamic status for 3 h in this acute
HF model. Key Words: Left ventricular assist device—
Catheter pump—Heart failure—Sheep.

Intra-aortic balloon pump (IABP) has been widely
used during the perioperative period to support
patients with low cardiac output (CO).The use of the
IABP has continued to increase, particularly over the
past decade with the expansion of interventional car-
diology, and the increasing age and acuity of cardiac
surgical patients (1,2). However, IABP can improve
CO by only 10–20%, and thus is inadequate in cases
requiring large doses of inotropic agents (3,4).
Patients with profound hemodynamic compromise
persisting after IABP insertion will likely survive
only with a ventricular assist device (VAD) (2,5).
Large-scale blood pumps can generate higher pump
flow but they are usually expensive and require tho-
racotomy and sophisticated cannulation. Thus, their
clinical application is limited. Pulsatile catheter
(PUCA) pump is a new device between IABP and
VAD, which is capable of generating higher pump
flow than IABP does (6). It not only provides direct
left ventricle (LV) unloading effect, but also aug-
ments the aortic pressure which in turn increases the
coronary flow. This study was aimed (i) to develop a
sheep model of acute heart failure (HF) to mimic the

clinical conditions and (ii) to assess the effect of
PUCA pump support on hemodynamics and tissue
perfusion in this sheep model of acute HF.

MATERIALS AND METHODS

The PUCA pump system consists of a 40-cm-long,
large bore (21 Fr.) thin-walled nickel-titanium rein-
forced indwelling catheter and an external transpar-
ent membrane pump,which can be activated from any
commercially available IABP driver. In the distal end
of the catheter,a combined inflow and outflow valve is
integrated in the catheter wall.The tip of the catheter
similar to a bird cage is integrated into the catheter
wall, which aspirates blood from the LV through it
when the membrane pump is driven pneumatically by
the IABP driver. When the tip of the catheter is posi-
tioned in the LV, the pump valve should be located a
few centimeters proximally from the native aortic
valve. During aspiration, the valve guides the blood
from the LV to the membrane pump, and the blood is
then ejected through the same catheter into the aorta
when it meets the pump valve (Fig. 1).In this study,the
pump was driven by an Arrow ACAT1 IABP driver
(Arrow International, Reading, PA, USA).

The experiments were conducted in 14 sheep with a
mean body weight of 36.8 � 2.9 kg (range 32~42 kg).

FIG. 1. Picture of the 21 Fr. open-chest version of the pulsatile
catheter and 40-mL membrane pump (PUCA pump) with a
detailed drawing of the tilting valve, and the schematic drawing of
the PUCA positioned in the LV.
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All animal experiments were performed according
to the rules of the Ethical Committee on Animal
Research at the Shanghai Jiaotong University, School
of Medicine and conducted in compliance with the
Declaration of Helsinki guidelines for the care and
use of animals in research. Anesthesia was induced
with 10~20 mg/kg of ketamine given intramuscularly.
The sheep were ventilated with a Dräger breathing
machine (Model 10348, Dräger, Lubeck, Germany).
Anesthesia was maintained with a continuous infu-
sion of ketamine and midazolam. Continuous electro-
cardiograms were recorded from standard limb leads
on a Hewlett Packard monitor 54S (Hewlett-Packard,
Palo Alto, CA, USA). The sheep were put at right
recumbent position on the table. A pressure line was
introduced into the left carotid artery (CA) for moni-
toring systemic arterial blood pressure including sys-
tolic blood pressure (SBP), diastolic blood pressure
(DBP), and mean arterial pressure (MAP) and
obtaining arterial blood gas samples. The blood gas
was analyzed by ABL 5050 (Radiometer, Copen-
hagen, Denmark). A catheter was inserted into the
right ventricle through the left external jugular vein
for right ventricular end-diastolic pressure (RVEDP)
recording.A Swan-Ganz catheter was positioned into
the pulmonary artery (PA) via the left femoral vein for
CO measurements by a CCO-Baxter Vigilance com-
puter (Vigilance system SvO2/CCO, Baxter Edwards
Laboratories, Irvine,CA,USA) and for measuring the
central venous pressure (CVP) as well as for blood
sampling.A left thoracotomy was performed through
the fourth intercostal space. The lung was gently
retracted, and the left azygos vein was ligated. To
facilitate the collection of blood samples from the
coronary sinus (CS) for measurements of oxygen satu-
ration (SO2) and lactate concentration, cannulation of
the left azygos vein was performed (Fig. 2A). The
pericardium was thus opened and sewn to the wound
edge. Left atrial pressure (LAP) and left ventricular
end-diastolic pressure (LVEDP) lines were inserted,
respectively, through the left atrial appendage. All
pressure lines and cannulae were filled with heparin
solution (5000 IU/100 mL 0.9% saline solution).

Before the insertion of the PUCA pump catheter,
heparin was given systemically at a dosage of
1.5 mg/kg of body weight. The activated clotting time
was then kept around 300 s.A purse string suture was
made on the descending thoracic aorta just beyond
the subclavian artery. The PUCA pump catheter was
inserted into the aorta through a stab wound in the
center of the purse string. Its tip was then guided into
the LV through the aortic valve using a guide wire
and a cardiac catheter. The catheter was used for
monitoring the pressure and positioning as described

previously (6). Tourniquets were tightened to control
bleeding. The catheter was de-aired and connected
to a 40-mL single-pore primed membrane pump
(heparin 5000 IU/200 mL 0.9% saline solution). A
pair of pacing leads was attached to the myocardium
and connected to an external pacemaker (Medtronic
5330, Minneapolis, MN, USA) to control the heart
rate. To prevent ventricular arrhythmias, 50-mg
Lidocaine was given as a slow intravenous bolus
before the left circumflex coronary artery (LCx) was
partially occluded.

Baseline hemodynamic parameters and blood
samples were taken after 10 min of stabilization in
hemodynamics with the said operative procedure
finished. HF model was induced by partially occlud-
ing the middle LCx combined with pacemaker-
induced tachycardia (Fig. 2B). After a period of
15 min for stability, further cardiac dysfunction was

A

B

FIG. 2. (A) The venous drainage of LV in sheep and cannulation
of the left azygos vein. (B) Posterior view of an arterial diagram of
ovine heart and site of partial occlusion of LCx. Crosshatched
area represents the flow distribution of the middle LCx. The
stippled area depicts the distribution of M1. The stippled and
crosshatched areas depict the distribution of LCx. LAV, left
azygos vein; ImV, intermediate branch of the great cardiac vein;
CS, coronary sinus; MCV, middle cardiac vein; LCx, circumflex
branch of left coronary artery with marginal branches labeled M1
and M2; RCA, right coronary artery; Br.LAD, apical branches of
LAD.
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induced by intermittent stepwise pacemaker-induced
tachycardia, which was achieved by triggering the
heart rate from 120 to 180 beats/min with an incre-
ment of 10 beats/min for every 5 min until the
establishment of HF. Myocardial ischemia was evi-
denced by electrocardiographic changes, including
ST-segment elevation and T wave inversion. The fol-
lowing criteria were set to define HF: a decrease of
�25% in MAP, combined with a decrease of �25%
in CO from the baseline. About 10 min after success-
ful induction of ischemic HF, hemodynamic param-
eters were recorded and blood samples were taken as
scheduled. The PUCA pump was then activated to
support the hemodynamics for 3 h. Pump frequency
was set at a fixed rate of 80 beats/min. Further
recording on hemodynamic parameters was taken
every 30 min. Blood samples were also taken every
15 min, then every 30 and 180 min. SO2 and lactate
concentration was measured in CA, PA, and CS,
which were used as tissue perfusion markers.

Mean and SD were derived for each parameter
analyzed. Analysis of variance (ANOVA) was
applied for the evaluation of the effect of time on a
parameter’s profile and comparisons were done by
least significant difference. Statistical significance was
reached at P � 0.05.

RESULTS

HF model was induced successfully in 10 sheep and
failed in four sheep due to refractory ventricular
fibrillation resulting from occluding the middle LCx
combined with pacemaker-induced tachycardia. In 10
HF sheep, the measured hemodynamic results are
listed in Table 1. CO decreased from 3.7 � 0.5 to
2.0 � 0.5 L/min (P � 0.001). MAP lowed from 116.
1 � 14.2 to 68.1 � 14.7 mm Hg (P � 0.001). CVP
rose from 7.1 � 2.2 to 10.7 � 3.5 mm Hg (P � 0.05),
and LAP increased from 8.1 � 2.1 to 12.0 � 4.
6 mm Hg (P � 0.01).

PUCA pump support was succeeded in seven of 10
sheep for 3 h. For the three failed sheep, one had a
sudden cardiac arrest and refractory ventricular
fibrillation which could not be resuscitated following
1-h PUCA pump support. The other two cases had
technical problems in cannulation. Hemodynamic
parameters are depicted in Table 2 (ANOVA, P � 0.
001, �0.001, �0.001, �0.001, 0.886, 0.969, 0.806, and
0.533, respectively). During the 3-h support, MAP
rose from 68.9 � 15.2 to 94.7 � 14.7 mm Hg (P = 0.
005), SBP increased from 86.6 � 17.0 to 112.6 � 17.
1 mm Hg (P = 0.009), and DBP increased from
57.7 � 12.6 to 79.9 � 13.9 mm Hg (P = 0.011). No sig-
nificant change was found in CO, CVP, RVEDP, LAP,

and LVEDP. However, in one sheep that successfully
developed HF but did not receive effective support
due to technical problems in cannulation, MAP
and CO dropped, respectively, to �20 mm Hg and
�1.0 L/min after 3 h, which was much worse than the
supported animals.

The values of SO2 in CA, PA, and CS decreased
significantly after HF. They were 99.8 � 0.3,
82.2 � 1.4, and 80.9 � 2.1% for baseline, while
95.0 � 0.6, 70.5 � 2.6, and 66.5 � 2.4% for HF
(P � 0.001, �0.001, and �0.001, respectively). By
supporting with PUCA pump, they rose to 99.5 � 0.4,
74.4 � 3.2, and 71.1 � 6.7% at 180-min time point
(compared with HF, P � 0.001, 0.066, and 0.114,
respectively) (ANOVA, P � 0.001, �0.001, and
�0.001, respectively) (Table 3). Lactate concentra-
tions in CA, PA, and CS varied significantly. They
were 3.3 � 0.6, 3.1 � 0.5, and 3.1 � 0.5 mM for base-
line, and 3.4 � 0.5, 3.3 � 0.5, and 3.2 � 0.5 mM for
HF (compared with baseline, P = 0.826, 0.579, and
0.617, respectively). However, when at 180 min, they
increased to 4.1 � 0.8, 4.2 � 0.9, and 4.1 � 0.9 mM
(compared with baseline, P = 0.004, �0.001, and
0.001, respectively; compared with HF, P = 0.007,
0.001, and 0.003, respectively) (ANOVA, P = 0.025,
0.001, and 0.002, respectively). Looking at lactate
values in CA, PA, and CS at the same time points,
they were very close (ANOVA, P = 0.632, 0.787,
0.987, 0.647, 0.507, 0.662, 0.906, 0.986, and 0.981,
respectively) (Table 4).

DISCUSSION

HF may be induced experimentally by overload-
ing pressure or volume, myocardial infarction,
or pacemaker-induced tachycardia. Among these
methods, myocardial infarction is considered the
most suitable method for assessing new circulatory
assist devices (7,8). The easiest way to induce myo-
cardial infarction and the subsequent HF seems to be
a coronary occlusion by ligature or injection of

TABLE 1. Hemodynamic parameters at baseline and after
HF induction (n = 10)

Baseline HF P

CO (L/min) 3.7 � 0.5 2.0 � 0.5 �0.001
SBP (mm Hg) 133.6 � 10.2 86.0 � 15.8 �0.001
DBP (mm Hg) 106.5 � 15.8 58.1 � 13.4 �0.001
MAP (mm Hg) 116.1 � 14.2 68.1 � 14.7 �0.001
CVP (mm Hg) 7.1 � 2.2 10.7 � 3.5 0.022
RVEDP (mm Hg) 6.1 � 3.6 9.9 � 4.4 0.050
LAP (mm Hg) 8.1 � 2.1 12.0 � 4.6 0.008
LVEDP (mm Hg) 8.5 � 4.2 13.1 � 10.6 0.190

Mean values with SD.
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microspheres. However, because of the background
of normal coronary arteries, it is extremely difficult to
obtain stable HF after acute coronary occlusion in
animals, particularly in larger species. Either cardio-
genic shock or compensatory changes may immedi-
ately happen after coronary occlusion. Therefore HF,
an intermediate situation, is difficult to establish
(7,9). However, the major problem with the rapid
pacing-induced HF model is that biochemical and
hemodynamic alterations revert nearly to normal
values soon after pacing is ceased (9–11). Because of
these, we tried to develop HF with a coronary steno-
sis, that is, partial instead of total occlusion of the
artery. The advantage of this method is that hearts
with normal coronary arteries have the ability to
adapt ischemic process. In this study, we used sheep
as experimental animals because sheep are a widely
available large animal and can withstand operation
well. In addition, in sheep, LV myocardium, including
the septum, is almost exclusively perfused by the left
coronary artery, whereas the venous drainage of the
LV can be totally confined to the CS after experimen-
tal ligation of the left azygos vein (Fig. 2A).This char-
acteristic allows cannulation of the left azygos vein to
facilitate the collection of blood samples from the CS
for the study of LV myocardial metabolism and
oxygen consumption (12,13).

The ideal model should be safe, easy to manipulate,
and reproducible as well as reflecting clinical HF con-
ditions. As reported by Mihaylov and associates (14),
it is hard to control the degree of the coronary steno-
sis when a tourniquet is placed around the coronary
artery.Therefore, they developed a Delrin screw-type
constrictor to solve this problem. Compared with
their relatively complicated method, in our experi-
ment, the degree of the coronary stenosis was shown
by the degree of myocardial ischemia which was evi-
denced by electrocardiographic changes. Therefore,
it is easier to manipulate. From previous reports
(9,14,15), HF was usually caused by stenosis or occlu-
sion of the proximal LCx. However, as we found
earlier (16), ventricular arrhythmias and ventricular
fibrillation happened early and often led to death.Too
large an area of myocardial infarction involving the
posterior septum, the inferior and lateral walls, the
junction of the right ventricle with the posterior and
right walls of LV (12),and the lack of collateral vessels
in sheep may be responsible for the early deaths. In
this study, partial occlusion of the middle LCx was
applied to avoid this problem (Fig. 2B).

As known in literature, the Hemopump can directly
unload LV through aspirating the blood from the left
ventricular cavity and expelling it in the ascending
aorta (17). In contrast to Hemopump, IABP exerts its
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effect by volume displacement. It has two principle
effects; the first is to augment coronary blood flow,and
thus myocardial oxygen supply, by increasing diastolic
perfusion pressure. The blood displaced during
balloon inflation reduces ventricular work by reduc-
ing afterload with rapid balloon deflation in systole,
thus decreasing myocardial oxygen consumption
(18). The PUCA pump in fact combines the direct
LV-unloading effect of the Hemopump with the coun-
terpulsation effect of IABP (17,19). In this study, a
significant increase in MAP, SBP, and DBP was found
during PUCA pump support, which indicated the
improvement in hemodynamics and elevation in per-
fusion pressure for the failing heart. However, there
was no significant improvement in CO and the filling
pressures such as LAP and LVEDP, which was likely
due to the severity of this HF model so that the natural
heart had contributed little during this initial 3 h of
support. Moreover, under such an HF condition that
the retained LV volume of the failing heart was
mechanically suctioned by the catheter pump, the
Frank-Starling mechanism might not be function well
to increase CO. Furthermore, it was not certain
whether the asynchronous ejection mode between the
fixed pumping rate (80 beats/min) and the varying
heart rate would have a negative effect on the overall
cardiac performance (20).

The blood lactate level following surgery was
usually elevated to 40~60 mg/dL (4.4~6.7 mM) and
took about 6~8 h to return to normal (21). In our
study, the lactate level increased gradually toward the
end of experiment, indicating that the high level of
blood lactate was fundamentally ascribed to surgical
operation. In contrast, we found an almost similar
level of lactate concentrations in the CA, PA, and CS.
Actually, a higher concentration of lactate would
be expected in CS than in CA and PA should any
anaerobic metabolism occur in the ischemic myocar-
dium as a result of inadequate perfusion (22). In this
context, PUCA support may have improved myo-
cardium perfusion. From our results, SO2 appeared
more sensitive than blood lactate to changes in hemo-
dynamics. Robison and associates (23) indicated that
anaerobic metabolism was demonstrated by the rise in
the arterial lactate concentration greater than 1.0 mM
and a reduction of SO2 to less than 40%. In contrast to
this, Takatani (21) suggested that an SO2 level of
10~15% in PA seemed to be the lower anaerobic
threshold.As discussed earlier, and taking our results
into consideration, blood gas parameters and blood
lactate levels reflected adequate tissue perfusion with
the PUCA pump support after HF.

In conclusion, we have developed an ischemic HF
model in sheep by partially occluding the middle LCx

combined with pacemaker-induced tachycardia. This
HF model in sheep is simple, easy to manipulate,
reproducible and reflecting clinical HF conditions.
PUCA pump can maintain the hemodynamics for 3 h
in this acute HF model and provide sufficient blood
flow to ensure adequate tissue perfusion.
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A Flow Sensor Suitable for Use
With Split-flow Ventilation—First

Preclinical Data
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Abstract: Volutrauma caused by artificial ventilation rep-
resents a major morbidity risk for premature infants. Our
working group has recently developed an innovative “split-
flow ventilation” system aiming at the reduction of tidal
volumes (TVs). The main problem for the practical use of
this system is the fact that conventional measurements of
commercially available flow sensors are distorted by the
split flow. In this study, we present the first preclinical data
from testing an adapted flow sensor combination recogniz-
ing the split flow. A preterm infant test lung was conven-

tionally ventilated, modified by insertion of a split-flow line.
In addition to the customary flow sensor (FS-1), a second
flow sensor (FS-2) was integrated into the split-flow line,
and a third (FS-3) was placed at the exit of the test lung
for reference measurements. The signals of all three flow
sensors were read and processed by a computer. The
program was set to graphically add up flow curves 1, 2, and
3 during one ventilation loop. After 10 runs, a mean curve
of FS-1+2 was calculated and compared to the mean curve
of FS-3. Furthermore, the mean TV of 10 runs measured by
FS-1+2 was calculated and compared with the mean TV
calculated by FS-3. The summation curve FS-1+2 proved
identical to the reference curve FS-3. FS-1+2 yielded
a TV of 6.6 � 0.01 mL (inspiratory) and 6.7 � 0.02 mL
(expiratory). The corresponding values of FS-3 were
6.5 � 0.20 mL and 6.6 � 0.09 mL, respectively. According
to our results, the presented flow sensor constellation
allows exact flow measurements in the experimental setting
and appears suitable for usage in a split-flow ventilation
circuit under clinical conditions. Key Words: Mechanical
ventilation—Very low birth weight infants—Dead space
—Volutrauma.

Artificial ventilation of premature infants entails a
number of serious side effects. In particular, overex-
pansion of alveoli by large tidal volumes (TVs) has
been proven to contribute significantly to the devel-
opment of chronic lung disease (1–3).

Since this causal relation has been recognized,
efforts have been made to reduce volutrauma by
keeping the TV as low as possible (4). A major factor
counteracting these endeavors is the “apparatus dead
space” (aDS) in which breathing gas is shifted back
and forth without taking part in gas exchange.

“Split-flow ventilation” is a method recently in-
vented by our working group which offers a way of
functional aDS diminution (5,6). Part of the flow gen-
erated by the ventilator is branched off the afferent
limb of the ventilation circuit via an additional tube
which bypasses the Y-piece and the flow sensor, and
rejoins the patient limb at the level of the connection
piece of the endotracheal tube (ETT) (Fig. 1). It is
mainly during the pause between expiration and
inhalation that the bypass or “split” flow fills the flow
sensor with fresh breathing gas in retrograde fashion
thus washing out its aDS. A major disadvantage of
the prototype of this system is the fact that conven-
tional expiratory flow measurement with a flow
sensor in the patient limb of the Y-piece yields wrong
(too high) values due to the addition of this split flow.
In order to overcome this problem, we have inserted
an adapted flow sensor combination into the venti-
lation circuit. This arrangement was tested in an
experimental setting. The aim of the study was to
demonstrate that with this flow sensor combination,
clinical implementation of split-flow ventilation is
possible with limited technical support.
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