
© 2011 Wichtig Editore - ISSN 0391-3988

Int J Artif Organs (2011 ; :5) 442-45534

442

DOI: 10.5301/IJAO.2011.8361

INTRODUCTION

The pulsatile catheter pump (PUCA pump) and the intra-
aortic balloon pump (IABP) are both devices intended 
to support impaired ventricular function and assist heart 
recovery in cardiogenic shock, acute myocardial infarc-
tion, and other heart conditions characterized by a low 
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ABSTRACT
The pulsatile catheter pump (PUCA pump) is a left ventricular assist device that provides additional 
flow to the left ventricle. It is usually run in order to ensure a counterpulsation effect, as in the case 
of the intra-aortic balloon pump (IABP). Because of this similarity, a comparison between the PUCA 
pump and the IABP was conducted from both the hemodynamic and energetic points of view. Numer-
ical models of the two devices were created and connected to the CARDIOSIM cardiovascular simula-
tor. The PUCA and IABP models were then verified using in vivo experimental data and literature data, 
respectively. Numerical experiments were conducted for different values of left ventricular end systolic 
elastance (Els) and systemic arterial compliance (Csa). The energetic comparison was conducted tak-
ing into account the diastolic pressure time index and the endocardial viability ratio. Hemodynamic 
results expressed as cardiac output (CO) and mean coronary blood flow (CBF) show that both the 
IABP and the PUCA pump efficacy decrease with higher values of Els and Csa. The IABP especially 
shows higher sensitivity to these parameters, to the extent that in some cases CO actually drops and 
CBF does not increase. On the other hand, for lower values of Csa, IABP performance improves so 
much that the PUCA pump flow needs to be increased in order to ensure a hemodynamic effect 
comparable to that of the IABP. Energetic results show a trend similar to the hemodynamic ones. The 
study will be continued by investigating other energetic variables and the autonomic response of the 
cardiovascular system.
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output failure (1, 2).
The pulsatile catheter pump (PUCA pump) consists of a 
hydraulically or pneumatically driven membrane pump 
connected to a valved catheter. It is positioned with the tip 
into the left ventricle while an inflow valve permits blood to 
be aspirated from the ventricle. A second valve then en-
sures the ejection of blood into the ascending aorta (1). 
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latory system can be used (7-11). Numerical models have 
the advantage of being flexible and guaranteeing the re-
peatability of each experiment. Moreover, they enable the 
sensitivity of the combined system (cardiovascular system 
plus mechanical circulatory support system) to be dif-
ferentiated in response to each hemodynamic parameter 
change, one by one. The aim of this work was therefore to 
perform a comparison between the PUCA pump and the 
IABP in terms of hemodynamics and energy. To conduct 
this study, a previously developed circulatory model (12) 
was connected to a numerical model of the PUCA pump 
and of the IABP, respectively.

MATERIALS AND METHODS

The cardiovascular model

CARDIOSIM software is a numerical simulator of the car-
diovascular system that reproduces main hemodynamic 
phenomena in terms of pressures and flows. Each circu-
latory district was schematized by a lumped parameter 
model as shown in Figure 1. Nomenclature is reported in 
Table I. 
Atria are passive and were represented by single compli-
ances. For both ventricles, a time-varying elastance model 
was used for the representation of the ejection phase, and 
a sum of exponential functions for the representation of the 
filling phase (12-14).

One of the main advantages of the PUCA pump is that it 
can be introduced through an easily accessible artery, thus 
helping to reduce surgical trauma (3). 
The PUCA pump can be ECG-triggered with or without a 
delay after the ventricular systole or, in the case of a patient 
with severe arrhythmia, it can be switched to asynchronous 
functioning. It is also possible to set different synchroni-
zation ratios between the PUCA pump frequency and the 
heart rate. Indeed, beyond a certain heart rate, a synchro-
nization ratio of 1:2 or 1:3 is preferred, thus causing the 
PUCA pump to eject blood each second or third cardiac 
cycle and making the filling time long enough to ensure 
the device performs well (4). Considering that the pump is 
usually synchronized in counterpulsation modality and that 
it pumps blood from the left ventricle into the aorta, the two 
main expected effects are: an unloading of the left ventricle 
and an improvement of the coronary blood flow (5). These 
effects are quite similar to those of the intra-aortic balloon 
pump (IABP). The IABP provides a counterpulsation ac-
tion through the inflation and deflation of a balloon into the 
descending aorta, thus improving the coronary blood flow 
and the left ventricular oxygen supply (6). 
In spite of these similarities, the two devices have a dif-
ferent mechanical action and a comparison between them 
can be helpful to analyze their sensitivity to specific ven-
tricular and circulatory parameters. Naturally, the two de-
vices should be compared under the same hemodynamic 
conditions, a hard task for in vivo experiments which are 
characterized by intrinsic randomness. As a partial solution 
to this problem, comprehensive models of the cardiocircu-

Fig. 1 - Electric analogue of the 
cardiovascular system numeri-
cal model.

037036
Highlight

037036
Highlight

PC01
Highlight



© 2011 Wichtig Editore - ISSN 0391-3988444

PUCA pump and IABP comparison 

TABLE I - ABBREVIATIONS USED IN FIGURE 1

Parameter Symbol Unit

Left (right) heart

Rli (Rlo) Left input (output) valve resistance [g cm-4 s-1]

Rri (Rro) Right input (output) valve resistance [g cm-4 s-1]

Pla (Pra) Left (right) atrial pressure [mmHg]

Plv (Prv) Left (right) ventricular pressure [mmHg]

QLI (QLO) Left  ventricular input (output) fl ow [l min-1]

QRI (QRO) Right  ventricular input (output) fl ow [l min-1]

MV (TV) Mitral valve (Tricuspid valve)

AV (PV) Aortic valve (Pulmonary valve)

Rinv Aortic valve inverse resistance [g cm-4 s-1]

V0LV (V0RV) Theoretical left (right) ventricular volume at zero pressure [cm3]

Els (Ers) End systolic left (right) ventricular elastance mmHg cm-3

Cla (Cra) Left (right) atrial compliance [cm3 mmHg-1]

Systemic (Pulmonary) Arterial Section

Rcsa (Rcpa) Systemic (pulmonary) characteristic resistance [g cm-4 s-1]

Lsa (Lpa) Systemic (pulmonary) inertance [mmHg cm-3 sec2]

Csa (Cpa) Systemic (pulmonary) arterial compliance [cm3 mmHg-1]

Lsa (Lpa) Systemic (pulmonary) inertance [mmHg cm-3sec2]

Csa (Cpa) Systemic (pulmonary) arterial compliance [cm3 mmHg-1]

Systemic (Pulmonary) Venous Section

Rsv (Rpv) Systemic (Pulmonary) resistance [g cm-4 s-1]

Csv (Cpv) Systemic (Pulmonary) venous compliance [cm3 mmHg-1]

Pvs (Pvp) Systemic (Pulmonary) venous pressure [mmHg]

Coronary Section

Racoro Resistance of coronary arteries [g cm-4 s-1]

Rvcoro Resistance of coronary veins [g cm-4 s-1]

Rcacoro Arterial capillary resistance [g cm-4 s-1]

Rcvcoro Venous capillary resistance [g cm-4 s-1]

Ccoro Intramyocardial compliance [cm3 mmHg-1]

Cacoro Arterial coronary compliance [cm3 mmHg-1]

Cvcoro Venous coronary compliance [cm3 mmHg-1]

CBF Mean coronary blood fl ow [cm3 min-1]

Pt Intrathoracic pressure [mmHg]

HR Heart rate [bpm]

CO Cardiac output [l min-1]

Parameter Symbol Unit
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volume is equal to the rate of change of blood displaced in 
the aorta. In particular, during diastole the balloon inflation 
provides a flow from the aorta towards the ventricle, while 
during systole the balloon deflation provides a flow in the 
opposite direction. The flow source can be replaced by a 
pressure source Piabp(t) describing the compressed air res-
ervoir and by a resistance Riabp of 667 g·cm-4 s-1 describing 
the equivalent resistance of the gas delivery system (18). 
In the case of incompressible gas, volume change in the 
balloon (Viabp) is related to the gas flow rate in the catheter 
(Qcat) just outside the balloon as follows:

ia bp ia bp

c a t

ia bp

dV P - P as
= Q =

dt R
   (Eq.) (3)

The maximum volume considered for the balloon is 40 cm3. 
The Piabp(t) is connected to a high pressure tank and a vacu-
um pressure tank alternately, able to fill and empty the bal-
loon according to the signal generated by the cardiovascu-
lar numerical model. Balloon filling and emptying sync times 
are calculated from the beginning of the cardiac cycle. A 
more detailed description is reported in (2, 12, 18-20).

The coronary circulation was described by an RC mod-
el (15, 16) shown in Figure 1. The model was connected 
with the cardiovascular system through the systemic ar-
terial compliance (Csa) and the right atrial compliance 
(Cra). Intramyocardial compliance (Ccoro) was polarized 
by intramyocardial pressure (G·Plv), which was related to 
the left ventricular pressure by the constant G. A signal 
corresponding to the beginning of ventricular ejection is 
generated in the model and can play the role of the ECG 
being used as a reference to synchronize the PUCA pump 
and IABP. 

The PUCA pump model

The numerical model of the PUCA pump, derived from a 
previous study (1), is able to reproduce the pressure drop 
between the catheter tip and the membrane pump accord-
ing to: 

 
  

2
driv e 1 v c

1 ëL
P - P = ñaL + ñv + K + K

2 d
   (Eq.) (1)

where Pdrive is the aspiration (ejection) pressure of the de-
vice; P1 is the left ventricular (systemic arterial) pressure; 
ρ is the blood density (1.060 g cm3); L and d are catheter 
length (40 cm) and diameter (we chose 21 Fr and 25 Fr), 
respectively; while a and v are the acceleration and the ve-
locity of the blood in the catheter, respectively. Kc is the 
resistance due to diameter change between the membrane 
and the catheter, and Kv is the resistance due to the in-
flow and outflow valves (Fig. 2). As the blood flowing in 
the catheter is assumed to be turbulent (Reynolds’ number 
>4.000) a resistance factor was introduced (1):

( )  1 0ë = 0.096 - 0.0157 ? log R e   
(Eq.) (2)

Blood is presumed to be Newtonian, with a dynamic vis-
cosity μ of 0.0036 Pa s. The numerical model is also able 
to synchronize the PUCA pump as it was discussed in the 
introduction. A more detailed description of the numerical 
model and of its interaction with the cardiovascular system 
is reported in (17). 

The IABP model

According to Jaron et al (2, 18), the IABP is considered 
as a flow source because the rate of change of balloon 

Fig. 2 - Schematization of PUCA pump and IABP. They can be con-
nected, one at a time, to the same cardiovascular simulator. A signal 
corresponding to the beginning of ventricular ejection is generated 
within the model (SYNC) and can play the role of the ECG being used 
as a reference to synchronize PUCA pump and IABP.

ρ ρ
λ

λ 
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Simulation of PUCA pump working conditions 

According to a previous study (3) a transvalvular device 
such as the PUCA pump may cause an aortic regurgita-
tion. For this reason we carefully analyzed experimental 
data starting from acquisitions before PUCA pump inser-
tion. Attention was focused on the analysis of the systemic 
arterial pressure (Pas) decay during diastole. It can be ap-
proximated by an exponential function:

tot

t
- 

R ? C s a
0P as = P as ? exp            (Eq.) (4)

where Pas0 is the pressure at the beginning of the dias-
tole; t is the time; and Rtot is the total arterial resistance that 
causes the discharge of the Csa. Using an experimental 
Pas decay waveform, before catheter insertion, the prod-
uct Rtot ·Csa can be estimated. If no aortic regurgitation 
occurs, the Rtot is coincident with the systemic arterial re-
sistance Rsa, which can be calculated using the following 
equation:

P as - P vs
R sa =

C O
               (Eq.) (5)

where Pvs is the mean systemic venous pressure, and CO 
is the cardiac output. 
Using Eqs. (4) and (5) together, it is possible to calculate 
the value of Csa before catheter insertion. The same value 
of Csa was used before and after catheter insertion since 
the variation in mean Pas was not particularly significant 
(less than 8 mmHg) (21). 
As a second step, Eq. (4) was used also to analyze experi-
mental Pas decay after PUCA pump insertion (but not yet 
running). Using the previously calculated Csa value, and 
considering the Pas decay waveform, it is possible to ob-
tain a new Rtot value. From Eq. (5), then, the new value of 
Rsa after PUCA insertion was calculated as well. An Rsa 
value higher than Rtot indicates that Csa discharges on a 
resistance lower than the Rsa estimated using Eq. (5). 
The aortic regurgitation can be schematized by a resis-
tance Rinv (Fig. 1) able to reproduce a blood back-flow from 
the aorta into the left ventricle during diastole. As a first 
approximation, the Rtot can be expressed as:

+
tot

1 1 1
=

R R s a R cs a + R inv
         (Eq.) (6)

where Rcsa is the systemic characteristic resistance of the 
arterial section. 

PUCA pump numerical model verification

Experimental data collection

The system, comprising a PUCA pump and the cardio-
vascular simulator, was configured based on in vivo data 
collected from two pigs. Experimental data were used 
to configure the model and verify the hypotheses tested 
for simulations. Experiments were performed according 
to the rules of the ethical committee on animal research 
at the University Medical Center Groningen, The Nether-
lands. Pigs with a body weight of 70 kg and 76 kg were 
prohibited from any food for at least 8 h before opera-
tion. Anesthesia was induced with intramuscular injec-
tion of ketamine and diazepam followed by continuous 
inhalation of 2% isoflurane with 100% oxygen. During 
experiments, a triple-lumen Swan-Ganz catheter was in-
serted via the jugular vein towards the pulmonary artery 
to measure the central venous pressure, right ventricular 
pressure, and pulmonary arterial pressure. Then the ca-
rotid artery was set free and a cannula was inserted to-
wards the ascending aorta to measure the mean arterial 
pressure. Afterwards, the chest was opened with a me-
dian sternotomy. A double-lumen Swan-Ganz catheter 
was positioned via the left auricle into the left ventricle 
to measure the left atrial pressure and left ventricular 
pressure. Heart rate was recorded by an electrocardio-
gram and cardiac output was determined by the ther-
modilution technique with a pulmonary artery catheter 
(Vigilance; Edwards Lifesciences, Irvine, CA, USA). Ex-
periments were divided into three steps. After a basal 
measurement, the PUCA pump catheter (connected to 
a membrane pump) was inserted into the left ventricle 
through the ascending aorta. After a period of animal 
stabilization of 5 min, a second set of hemodynamic 
data was recorded. Then the PUCA pump was activated 
by an IABP driver and continued for 5 minutes prior to 
data recording. We analyzed two acquisitions for each 
experimental step. 
To resume, for each animal, experimental data comprised 
the hemodynamic condition before PUCA pump insertion, 
after PUCA pump positioning (but not yet running) and af-
ter PUCA pump activation. The first experimental data set 
was used as control to analyze the PUCA pump working 
conditions. The remaining experimental data sets were 
used to define PUCA pump simulation parameters. 
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Then, the Eij of the 4 experiments were used to calculate 
the average of the percentage error (Emj, Esdj) as follows:

 

( )

∑

N M E X P

E X P

i=1

4

Xij - Xij
E ij = 100 ?

Xij

abs(E ij)
E mj =

4

          (Eq.) (7)

XijNM is the mean value of the hemodynamic variable j, 
relative to the experiment i-th, obtained from the numeri-
cal model. XijEXP is the mean value of the hemodynamic 
variable j, relative to the experiment i-th, obtained from 
experimental data. This analysis was performed for both 
conditions before and after PUCA pump activation. The 
analyzed hemodynamic variables were: mean Pas, Pap, 
Pvs, Pla, CO, QLO, and QPUCA.

IABP numerical model verifi cation

The verifi cation of the IABP numerical model and of its 
interaction with the cardiovascular system was based on 
in vivo clinical data taken from the literature (22). Results 
concern both hemodynamic conditions before and straight 
after IABP activation. In this case as well a comparison 

From this equation, the value of Rinv, in the case of aortic 
regurgitation (Rtot<Rsa), can be estimated. To calculate Rinv 
it was assumed that diastolic Plv ~ average Pvs.
This procedure was used for each experiment in order to 
evaluate the presence of an aortic regurgitation and esti-
mate Rinv if necessary. The other cardiovascular param-
eters of the animal, once the catheter is inserted but is not 
yet running, were estimated as indicated in Table II (second 
column). 
As the fi nal step, experimental data after PUCA pump ac-
tivation were considered and the new consequent hemo-
dynamic conditions were characterized and reproduced 
numerically, following the procedure described in Table II 
(third column). 
The method described so far was used to reproduce nu-
merically the hemodynamic conditions of all experiments 
(two for each animal) both before and after PUCA pump 
activation. 

Comparison between experimental and simulation 
PUCA pump data 

The difference between experimental and simulated data 
was evaluated by the percentage error (Eij). Eij was calcu-
lated for each experiment and each hemodynamic variable. 

TABLE II - ESTIMATION OF HEMODYNAMIC PARAMETERS BEFORE AND AFTER PUCA PUMP ACTIVATION

Variables Before PUCA pump activation After PUCA pump activation

HR HR1 was estimated from experimental data before 
PUCA activation

HR2 was estimated from experimental data after 
PUCA activation

V0LV A value of 25 cm3 was chosen for all experiments Unchanged

Rsa Rsa1 was estimated according to eq. 5 considering 
experimental data before PUCA activation

Rsa2 was estimated according to eq. 5 considering 
experimental data after PUCA activation

Csa Csa was estimated according to eq. 4 considering 
experimental data before PUCA insertion

Unchanged

Rinv Rinv was estimated according to eq. 6 considering 
experimental data before PUCA activation

Unchanged

Els Els value was set in order to reproduce experimental 
CO value before PUCA activation

Unchanged

Mean PUCA 
pump fl ow (QPUCA) -

Obtained from experimental data after PUCA 
activation

PUCA pump temporization
-

Estimated on the basis of experimental PUCA fl ow 
waveforms after PUCA activation

Variables Before PUCA pump activation After PUCA pump activation
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a higher aspiration of blood from the left ventricle could 
ensure better PUCA pump performance (P5 in Tab. III). 
The temporization of the PUCA pump was set according 
to experimental data (counterpulsation modality) for all 
experiments. For IABP simulations, the temporization was 
set to maximize both CO and CBF.
For both groups of experiments, CO and CBF were the he-
modynamic variables used for comparison. Besides, as this 
work was also aimed at analyzing the energetic effects of the 
devices, a specifi c analysis of the tension time index (TTI) 
and the diastolic pressure time index (DPTI) was performed. 
TTI and DPTI provide information about the oxygen demand 
and supply to the myocardium, respectively (25). 
TTI and DPTI were calculated as follows:

∫
s ys tole

T T I = P lv ? dt                     (Eq.) (9)
 

( )∫
dia s tole

DP T I = P as - P lv ? dt         (Eq.) (10)

Their ratio is the endocardial viability ratio (EVR), an impor-
tant index for the evaluation of the IABP counterpulsation 
performance (26): 

E V R =DP T I /T T I                  (Eq.) (11)

These variables are commonly used to evaluate IABP per-
formance but in this work their use was also extended to 
the PUCA pump, as it is usually run in order to assure a 
counterpulsation effect.

was performed between simulated data and data from the 
literature. As the literature data already referred to the aver-
age hemodynamic conditions of 15 patients (both before 
and after IABP activation), a percentage error Ej was cal-
culated as follows:

( )N M L IT

L IT

Xj - Xmj
E j = 100 ?

Xmj
            (Eq.) (8)

where XmjLIT is the mean value of the hemodynamic variable 
j taken from (22), and XjNM is the mean value of the hemody-
namic variable j, obtained from the numerical simulation. 

PUCA pump and IABP comparison

The comparison between the PUCA pump and the IABP 
was performed under the same hemodynamic conditions. 
To this aim, the hemodynamic situation of one of the ani-
mals was chosen as the initial conditions in order to test the 
performance of both devices. Comparison between the two 
devices was performed basing on two considerations:
–  clinical experience showed that IABP effects are smaller 

for higher values of Els whereas the PUCA pump improves 
hemodynamic conditions in these cases as well (3, 23). 

–  the counterpulsation effect is strongly infl uenced by the 
stiffness of the vascular system (24). 

Therefore, after the reproduction of the initial hemody-
namic conditions, ventricular (Els) and circulatory (Csa) 
parameters were changed, performing the simulations for 
both the IABP and the PUCA pump (Tab. III). In the case 
of the PUCA pump, additional simulations were performed 
changing QPUCA and catheter diameter to understand if 

TABLE III -  CHARACTERIZATION OF NUMERICAL EXPERIMENTS USED FOR THE COMPARISON BETWEEN PUCA PUMP 
AND IABP

Numerical Experiments IABP PUCA pump

Experiment symbol I1 I2 P1 P2 P3 P4 P5

Els [mmHg cm-3]                                       0.65 – 1.0 – 1.35 – 1.7

Csa [cm3 mmHg-1] 3.3 1.0 3.3 3.3 1.0 1.0 1.0

Catheter d [Fr] - - 21 21 21 21 25

QPUCA [l min] - - 2.9 3.4 3.0 3.7 5.0

Rinv [g cm-4 s-1] Rinv=∞ 1738 1738 1738 1738 1738

Parameters values used for all experiments: Rsa 958 g cm-4 s-1, Rsca 29 g cm-4  s-1, Csv 82.5 cm3 mmHg-1, Rap 135 g cm-4 s-1, Rsv 7 g cm-4 s-1, V0LV 25 cm3 , V0RV 5 
cm3 HR 97 bpm.
Variables correspond to the hemodynamic conditions of one of the 4 experiments used for collecting in vivo data. “Experiment symbol” specifi es the abbrevia-
tions used in the text to identify each numerical experiment.

Numerical Experiments IABP PUCA pump

Experiment symbol I1 I2 P1 P2 P3 P4 P5
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acterized in terms of cardiovascular parameters accord-
ing to the procedure indicated in Table II. All results are 
summarized in Table IV. As an example, in Figure 3 the 
comparison between simulated and experimental Pas and 
Plv waveforms is shown for one of the 4 experiments after 
characterization of the parameters. 
The accuracy of numerical simulations was tested consid-

RESULTS

Results are resumed in Figures 3, 4, and 5 and in Tables 
IV, V, and VI. The fi rst part of this work was focused on 
the reproduction of the working conditions of the PUCA 
pump according to the experimental data. To this aim, the 
hemodynamic conditions of each experiment were char-

TABLE IV - PARAMETER VALUES OF THE HEMODYNAMIC CONDITIONS OF THE FOUR EXPERIMENTS 

Animal Exp HR1

[bpm]
Rsa1

[g cm-4  s-1]
HR2

[bpm]
Rsa2

[g cm-4  s-1]
Rinv
[g cm-4  s-1]

Els
[mmHg cm-3]

Csa
[cm3 mmHg-1]

V0LV

[cm3]

1 1 97 951 114 859 1080 0.85 3.72 25

1 2 138 927 138 801 325 0.85 3.72 25

2 3 86 562 85 686 ∞ 1.35 3.30 25

2 4 95 707 97 958 1738 1.35 3.30 25

Average 104 787 109 826 1048 1.10 3.51 25

SD ±23 ±186 ±23 ±114 ±707 ±0.29 ±0.24 ±0

Subscript 1 and 2 refer to hemodynamic values before and after PUCA pump activation. For Rinv both Average and Standard Deviation (SD) were calculated consi-
dering only Experiments 1-2-4. 

Animal Exp HR1

[bpm]
Rsa1

[g cm-4  s-1]
HR2

[bpm]
Rsa2

[g cm-4  s-1]
Rinv
[g cm-4  s-1]

Els
[mmHg cm-3]

Csa
[cm3 mmHg-1]

V0LV

[cm3]

TABLE V - PUCA PUMP: COMPARISON BETWEEN EXPERIMENTAL AND SIMULATED DATA

Before PUCA

Pas Pvs Pla Pap CO QLO QPUCA

[mmHg] [mmHg] [mmHg] [mmHg] [l min] [l min] [l min]

Exp1 57.4 7.1 10.3 15.9 4.23 - -
Sim1 59.2 7.0 10.6 16.8 4.39 - -
Exp2 62.0 6.6 10.3 18.0 4.77 - -
Sim2 57.7 6.9 11.1 18.9 4.70 - -
Exp3 54.7 4.1 7.2 13.5 7.20 - -
Sim3 54.6 4.2 7.6 14.0 6.93 - -
Exp4 55.2 2.6 4.6 12.3 5.95 - -
Sim4 57.8 2.8 4.6 12.7 6.10 - -

After PUCA        
Exp1 59.4 7.0 10.0 15.9 4.89 2.34 2.55
Sim1 60.0 7.5 8.5 14.7 4.93 2.56 2.36
Exp2 59.1 6.6 10.2 17.8 5.24 2.99 2.25
Sim2 56.5 7.2 9.9 17.3 4.94 2.87 2.06
Exp3 65.0 3.8 7.0 14.5 7.13 4.23 2.90
Sim3 61.7 4.0 6.9 14.1 6.70 3.93 2.76
Exp4 64.4 2.6 4.7 13.4 5.16 2.46 2.70
Sim4 67.9 2.5 4.0 13.6 5.55 2.64 2.90
Mean Percentage Error

EmPas EmPvs EmPla EmPap EmCO EmQLO EmQPUCA

Before PUCA 3.64 4.04 3.97 4.27 1.06 - -
After PUCA 3.94 6.89 8.64 3.69 5.06 7.01 7.03

Upper rows: Mean values of pressures and fl ows before and after PUCA pump activation. Expi refers to i-th experimental values and Simi refers to values of the i-th 
numerical simulation. Lower rows: average of percentage error (Emij) between experimental and simulated data before and after PUCA pump activation. Before PUCA 
pump activation QPUCA=0 while after PUCA pump activation CO=QPUCA+QLO (with QLO left ventricular fl ow).

Before PUCA

Pas Pvs Pla Pap CO QLO QPUCA

[mmHg] [mmHg] [mmHg] [mmHg] [l min] [l min] [l min]
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A similar evaluation for the IABP simulation was realized 
using literature data (22) referring to the average hemody-
namic conditions of 15 patients before and after IABP acti-
vation. In this case percentage error Ej was calculated us-
ing Eq. (8). Table VI shows that for IABP as well, simulated 
variables differ from the literature data by less than 10%.
After verifi cation of the PUCA and IABP models, the next 
step was the comparison between the PUCA pump and 
the IABP. As explained above, the comparison analysis was 
feasible because both devices were implemented on the 
same cardiovascular simulator. The study was conducted, 
in fact, by starting from the same hemodynamic situation 
(corresponding to Exp. 4 in Tab. IV) and then connecting 
the PUCA pump or the IABP model to the cardiovascular 
simulator. Each group of simulations, resumed in Table III 
(I1-P1-P2 and I2-P3-P4, P5), is therefore characterized by 
the same hemodynamic parameters with the only excep-
tion of Rinv. In the case of the IABP, the balloon is posi-
tioned in the descending aorta and no aortic regurgitation 
was simulated.
The effects of the PUCA pump and the IABP were as-
sessed by evaluating the percentage variations of he-
modynamic/energetic variables before and after device 
activation. In Figure 4, IABP and PUCA pump effects of 
experiments I1-P1-P2 in terms of CO and CBF (a-b) and 
in terms of energetic variables DPTI and EVR (c-d) are 
compared. 
In the second part of the comparison analysis, the ef-
fects of both devices were analyzed in the case of a stiff-
er arterial system (experiments I2-P3-P4-P5 in Fig. 5). 
Also in this case the comparison analysis was performed 

ering the average of the percentage errors calculated as in-
dicated in Eq. (7). Table V shows good agreement between 
numerical simulations before PUCA pump activation and 
the corresponding experimental data. In fact, the percent-
age errors are less than 10% for each hemodynamic vari-
able, with the sole exception of Pla. After PUCA pump acti-
vation, the percentage errors remain in the same range. 

TABLE VI - IABP COMPARISON BETWEEN EXPERIMENTAL AND SIMULATED DATA

IABP HR 
[bpm]

EDV
[cm3]

ESV 
[cm3]

EDP 
[mmHg]

ESP
[mmHg]

Pas
[mmHg]

SV 
[cm3]

Literature value before IABP (22) 76 272 212 11.3 92 71 53.3

Literature value after IABP (22) 76 266 199 9.7 76 82 60.5

Simulation value before IABP 76 264 209 10.5 85 73.8 55.3

Simulation value after IABP 76 260 201 9.0 80 77.8 58.9

Percentage error EHR EEDV EESV EEDP EESP EPas ESV

Before IABP 0 -2.9 -1.5 -7.1 -7.6 3.9 3.8

After IABP 0 -2.2 1.2 -7.2 5.3 -5.1 -2.6

Upper rows: literature and simulated data of the IABP assistance. These data were used to calculate the percentage error Ej indicated in the last rows of the table. 
EDV is the end-diastolic left ventricular volume, ESV is the end-systolic left ventricular volume, ESP is the end systolic Pas, ESP is the end systolic Pas, SV is the 
stroke volume. 

IABP HR 
[bpm]

EDV
[cm3]

ESV 
[cm3]

EDP 
[mmHg]

ESP
[mmHg]

Pas
[mmHg]

SV 
[cm3]

Fig. 3 - Left ventricular (Plv) and systemic arterial (Pas) pressure 
waveforms: the upper fi gure refers to the comparison between ex-
perimental data (Pas exp and Plv exp) and simulated data (Pas sim 
and Plv sim) before PUCA pump activation; the lower fi gure refers to 
the comparison between experimental data and simulated data after 
PUCA pump activation. 
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DISCUSSION

Results show that both numerical models can reproduce 
the behavior of the PUCA pump and the IABP with good 
accuracy (percentage errors <10%).

in terms of percentage variation of hemodynamic and 
energetic variables before and after devices onset. In 
particular, in Figure 5a and b, CBF and CO percentage 
variations are shown, while Figures 5c and d refer to the 
corresponding percentage variations of DPTI and EVR. 

Fig. 4 - Comparison between 
I1, P1 and P2 experiments: per-
centage variation of (a) CO, (b) 
CBF, (c) DPTI , and (d) EVR due 
to PUCA/IABP activation for 
different values of Els. 

Fig. 5 - Comparison between I2, 
P3, P4 and P5 experiments: per-
centage variation of (a) CO, (b) 
CBF, (c) DPTI , and (d) EVR due 
to PUCA/IABP activation for dif-
ferent values of Els. 
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P4, and 5 l min-1 for P5). This permits results comparable to 
those of the IABP to be obtained for a stiffer cardiovascular 
system as well. 
From Figures 4 and 5 it is evident how different the effects 
of a change in Csa are on the two devices. Probably in 
the case of a stiffer cardiovascular system, the presence 
of aortic regurgitation plays a role in redistributing blood 
flows in coronary and systemic circulations, thus apprecia-
bly affecting hemodynamic results. 
In addition, from energetic point of view it must be said that 
in the case of the PUCA pump, the simulation of an aortic 
regurgitation caused a change in the morphology of Plv 
and Pas waveforms in the diastolic phase: the mean dia-
stolic Plv increases and the mean diastolic Pas decreases. 
This contributes to reducing the difference between Pas 
and Plv used in Eq. (10) to calculate DPTI, especially for 
severe aortic regurgitation it is particularly important that 
these equations be used. To verify this hypothesis, a Rinv 
of 325 g·cm-4  s-1 was considered, according to Exp. 2 (Tab. 
IV). For these new hemodynamic conditions, the values of 
DPTI before and after PUCA pump activation were calcu-
lated. It was found that for Csa = 3.3 cm3 mmHg-1 and Csa 
= 1 cm3 mmHg-1, DPTI is about one half and one-third of 
the DPTI obtained under the same hemodynamic condi-
tions but without aortic regurgitation, respectively.
In a previous work, the oxygen supply was evaluated using 
the diastolic time index (DTI) calculated as follows (3):

∫ a o

dia s tole

DT I = P dt? HR              (Eq.) (12)

where Pao is the pressure in the ascending aorta.
Using Eq. (12), DTI values obtained for both devices 
(PUCA pump with aortic regurgitation and IABP without 
aortic regurgitation) are closer, so that it was possible to 
compare percentage variations relative to both devices. 
But on the other hand, Eq. (12) does not take into account 
that the driving force generated by the ventricle is partly 
related to the difference between Plv and Pas (27). Be-
sides, if we compare Eqs. (10) and (12) without consider-
ing HR and with the approximation Pas= Pao it is possible 
to write:

(Eq.) (13)

   

Comparison results, shown in Figures 4 and 5, were ob-
tained simulating the hemodynamic conditions of one of 
the 4 experiments used for collecting in vivo data (Exp. 4 
in Tab. IV). Experiment 4 was chosen in order to consider a 
higher Rinv value. From Table IV it is evident that Rinv is a 
critical parameter. In fact, not all the experiments showed 
an aortic regurgitation (i.e., Exp. 3). This would lead to the 
assumption that aortic regurgitation is strictly dependent 
on catheter position, but the amount of experimental data 
does not permit this hypothesis to be confirmed. For this 
reason, a relatively high value of Rinv was considered so 
that it would not overly affect the results of the comparison 
analysis between the PUCA pump and the IABP.
The results in Figure 4 show that the performance of both 
devices reduces as Els increases and IABP performance 
especially seems to be strongly influenced by this ven-
tricular variable. For lower values of Els, the effects of the 
PUCA pump in terms of the increment in CO and CBF are 
similar to those of the IABP. The difference between the 
two devices becomes progressively more marked for high-
er values of Els. In this case, the PUCA pump seems to en-
sure an improvement in hemodynamic conditions as well, 
while the IABP assistance does not lead to an increment 
in CO or CBF. P2 simulations were conducted in order to 
understand if a higher PUCA pump flow could assure a 
better hemodynamic effect. Results show that P2 ensures 
a higher effect in comparison to P1 in terms of both hemo-
dynamic and energetic variables.
In the second step of the comparison, attention was fo-
cused on the influence of Csa on both devices. For this 
purpose similar experiments were conducted taking into 
account a lower value of Csa (I2, P3, P4, and P5 in Fig. 5). 
In this case, the performance of both devices was signifi-
cantly improved. The IABP pump especially showed a high 
sensitivity to the stiffness of the system, making the he-
modynamic results of I2 better than both P3 and P4. This 
gap is attenuated for energetic variables, so that DPTI and 
EVR changes are comparable for both P3 and I2. Under 
these new hemodynamic conditions an additional experi-
ment was conducted for the PUCA pump by considering 
a catheter diameter of 25 Fr providing a flow of 5 l/min. 
Results show an improvement in PUCA pump effects in 
terms of CO, CBF, DPTI, and EVR, making its performance 
remarkably better than that of the IABP. In general, both 
energetic and hemodynamic results show that the PUCA 
pump offers a better performance as the PUCA pump flow 
is progressively increased (3.0 l min-1 for P3, 3.7 l min-1 for 
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formance analysis is traditionally based on DPTI and EVR, 
directly describing the balloon action. In spite of their limi-
tations, ror these reasons it was decided to use DPTI and 
EVR for energetic analysis. 
The last remark concerns the number of animals used, 
which precludes the possibility of any statistical analysis. It 
must be said that the aim of this work was not to validate 
the numerical model of the IABP or the PUCA pump, as 
this has already been done in previous works (1, 2, 5, 18). 
For this reason, experimental data were used with the main 
purpose of reproducing the possible working conditions of 
a left ventricle in the presence of a PUCA pump. 

CONCLUSIONS

The numerical models of both the PUCA pump and the 
IABP make it possible to reproduce in vivo experiments 
and literature data with good accuracy so that they can 
be used to assess the performance of both devices under 
different working conditions. Numerical experiments show 
that both IABP and PUCA pump efficacy strongly dimin-
ishes with improved hemodynamic conditions (increase in 
Csa and Els). In the case of the PUCA pump, good perfor-
mance is ensured in all cases both in terms of the increment 
in CO and CBF and in terms of the increment in DPTI and 
EVR . The IABP performance is strongly reduced for higher 
values of Els and Csa and in some cases the effect of IABP 
is the opposite of what might be expected: CBF does not 
increase and CO actually drops. But on the other hand, for 
lower values of Csa the performance of the IABP strongly 
improves in comparison to the PUCA pump. Further stud-
ies should be conducted to assess the hemodynamic and 
energetic effects of both pump systems on the simulated 
cardiovascular system by also taking into account the dif-
ferent pump synchronization ratios. To perform an analysis 
going beyond the short-term effects of both devices, the 
transformation of the model into what is called a virtual pa-
tient should be started, taking into account the autonomic 
response of the cardiovascular system and the autoregula-
tion phenomena of coronary vasculature. 
A preliminary, important general conclusion can in any 
case be drawn on the basis of the performed comparison. 
The choice of one device or the other is not univocal but 
depends on several factors, including important circulatory 
and ventricular parameters. Both the type and the control 
strategy of the assistance should therefore be “tailored” to 

Considering the variation of DPTI before and after PUCA 
pump activation it is possible to write:

( )∫2 1 1 2

dia s tole

ÄDP T I = DP T I - DP T I = ÄDT I + P lv - P lv ? dt    

where subscripts 1 and 2 refer to data before and after 
PUCA pump activation, respectively.
As the PUCA pump contributes to unload the ventricle and, 
as a consequence, to decrease the diastolic left ventricular 
pressure (5), the difference between Plv1 and Plv2 will as-
sume positive values. From one point of view, the use of 
DTI permits comparable values for both the PUCA pump 
and the IABP to be obtained. But on the other hand, DTI 
may lead to underestimating the increment in oxygen avail-
ability due to the counterpulsation effects.
As pointed out earlier, this analysis takes into account 
the short-term effects of both devices on hemodynamics 
and energetics. Some comments on this methodology are 
necessary. The choice to take into account short-term ef-
fects of assistance corresponds to the idea that mechani-
cal assistance, in the forms of both the PUCA pump and 
the IABP, should create the conditions for the onset of a 
virtuous circle leading to the recovery of the failing ven-
tricle. The evolution of the ventricular conditions from this 
“starting point” and the outcome of the assistance depend 
on several factors (such as the primary cardiomyopathy 
process, the timing when the assistance is initiated, medi-
cal therapy, assist device weaning protocol (28)) and are 
hardly predictable using this modeling tool. 
The whole circulatory model was used without any auto-
nomic features as the aim of the study was to analyze and 
compare the short-term effects of the PUCA pump and the 
IABP and their sensitivity to specific circulatory and ven-
tricular parameters. For this reason, the absence of auto-
nomic controls in the circulatory model, and especially in 
the coronary circulation model, is not critical as the com-
parison between devices is possible in any case. This re-
mark does not exclude of course the need to develop the 
model including autonomic controls among its features. 
Another remark concerns the use of variables such as DPTI 
and EVR to analyze energetics of the assistance. Ventricu-
lar energetics could certainly be better analyzed using vari-
ables as external work, pressure-volume area, and cardiac 
mechanical efficiency. On the other hand, these variables 
are not easily measurable and are not universally used in 
clinics. It should also be taken into account that IABP per-

∆ ∆ (Eq.) (14)
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the single patient, by analyzing his or her initial circulatory 
conditions and evaluating first of all ventricular end sys-
tolic elastance and systemic arterial compliance. Finally, it 
is worth remarking that an important feature of the PUCA 
pump is its flexibility, enabling its performance to be mod-
ulated in relation to clinical needs, something that is not 
possible with the IABP.
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