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Recently, continuous-flow ventricular assist devices (CF-VADs)
have supplanted older, pulsatile-flow pumps, for treating patients
with advanced heart failure. Despite the excellent results of the
newer generation devices, the effects of long-term loss of pulsatility
remain unknown. The aim of this study is to compare the ability of
both axial and centrifugal continuous-flow pumps to intrinsically
modify pulsatility when placed under physiologically diverse condi-
tions. Four VADs, two axial- and two centrifugal-flow, were eval-
uated on a mock circulatory flow system. Each VAD was operated
at a constant impeller speed over three hypothetical cardiac condi-
tions: normo-tensive, hypertensive, and hypotensive. Pulsatility
index (PI) was compared for each device under each condition.
Centrifugal-flow devices had a higher PI than that of axial-flow
pumps. Under normo-tension, flow PI was 0.98 *0.03 and
1.50*0.02 for the axial and centrifugal groups, respectively
(p<0.01). Under hypertension, flow Pl was 1.90*0.16 and
421 *£0.29 for the axial and centrifugal pumps, respectively
(p=20.01). Under hypotension, Pl was 0.73 = 0.02 and 0.78 = 0.02
for the axial and centrifugal groups, respectively (p=0.13). All
tested CF-VADs were capable of maintaining some pulsatile-flow
when connected in parallel with our mock ventricle. We conclude
that centrifugal-flow devices outperform the axial pumps from the
basis of PI under tested conditions. [DOI: 10.1115/1.4023525]
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1 Introduction

Mechanical circulatory support is an important and increasingly
prevalent therapy for patients with advanced heart failure. Ventricu-
lar assist devices (VADs) are broadly distinguished as either
volume-displacement (pulsatile-) or continuous-flow pumps. The
advantages and disadvantages of pulsatile versus nonpulsatile blood
flow have been chronicled and deliberated for decades [1,2]. How-
ever, the acceptance and increasing use of continuous-flow systems
has come about by ongoing research demonstrating excellent recov-
ery of failing end-organs and enhanced survival [3-5]. Rotary
VADs have alleviated several concerns that earlier volume-
displacement pumps experienced, including efficiency [6], ana-
tomic fit [7], durability [8], hemolysis [9], and reliability [10].
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Physically, the continuous-flow pumps have traded in a decrease in
pulse pressure for a smaller sized device. With the lasting effects of
chronic nonpulsatile flow unknown and the widespread and increas-
ing use of these devices, examination of VAD responses to inherent
fluctuations in preload and afterload and performance during mod-
erate pulsatile-flow is clinically relevant.

As the designs of CF-VADs continue to evolve, maintaining or
producing pulsatile-flow is a sought-after positive feature. Quanti-
fying the level of pulsatile-flow through a CF-VAD establishes a
metric by which different devices can be compared. Pulsatility
index (PI) is defined as a measurement for variability of the fluid
flow rate. PI is calculated to relate devices to the level of pulsatile
flow that is generated under a given condition. Some CF-VADs
report PI on the system monitor and use it for speed control
[11,12]. Even if PI is not reported, an estimated flow rate usually is,
so it is possible to estimate PI as the amplitude in flow rate varies.

We have observed clinically that various CF-VADs are capable
of greater PI than others. To date, however, no reports exist that
experimentally contrast multiple continuous-flow devices under
pulsating-type, hence physiologic, conditions. Comparison of
implanted devices involves too many variables for direct scientific
analysis and if attempted would require a very large sample group
to be statistically viable. A mock flow loop provides greater control
over the parameters in the circulation than the in vivo situation.
In vitro experiments designed to analyze VAD performance under
pulsating pressure and flow will show how they compare to one
another under physiologic conditions. Clinically, we are faced with
real, important challenges in patient management based on both the
loading (volume status) and unloading (hypertension) conditions of
the ventricle. In this study we investigate the variations in in vitro
pulsatility characteristics generated by four CF-VADs, two axial-
flow type and two centrifugal- (or radial-) flow design.

2 Materials and Methods

The mock circulation system (Fig. 1) consists of atrium (LA),
ventricle (LV), and lumped systemic (SCC) and pulmonary (PCC)
compliance/resistance chambers, similar to that described by Pan-
talos, et al. [13], hybridized with our open-loop flow system
described elsewhere [14]. Both artificial atrium and ventricle are
made of flexible polyurethane sacs, with the ventricular sac
housed in a pressurization chamber. The ventricle top supports
mounting for inflow (mitral) and outflow (aortic) prosthetic
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Fig. 1 Schematic of mock circulation loop with pulsatile capa-
bility. PCC/SCC, pulmonary/systemic compliance chamber(s);
LA, left atrium; LV, left ventricle. Not shown: unidirectional peri-
cardial valves at “top” of LV to represent mitral and aortic valves.
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Table 1 Cardiac conditions for pulsatile flow analysis. LVP, left
ventricular pressure (mm Hg); LAP, left atrial pressure (mm Hg);
MAP, mean arterial pressure (mm Hg); Qay average flow rate
through aortic valve (L/min)

Condition Model LVP LAP MAP Oav
1 Normo-tensive 110 15 90 0.5
2 Hypertensive 150 15 120 0.4
3 Hypotensive 80 5 60 0.3

valves. Porcine pericardial valves (Baxter, Deerfield, IL) are
employed for this experiment. Contraction and pulsatile-flow is
sustained by connection of the ventricular chamber to a pneumatic
controller. Additionally, the loop employs reservoirs filled with a
blood-analog fluid (~40% glycerin in water at 36 °C; Hi-Valley
Chemical, Centerville, UT) with a dynamic viscosity of 3.6 cP.
All connections between chambers and reservoirs are made using
Tygon® tubing (Saint-Gobain, Courbevoie, France). A manual
gate valve was placed after the SCC to adjust the resistance (after-
load). All items shown between the upper and lower reservoirs
were maintained on the same horizontal plane to minimize com-
pounding effects of gravity but are illustrated in the figure in a
vertical orientation for convenience.

With the mock circulation loop capable of pulsatile pressure
and flow, VADs are tested by simulated LV apex cannulation and
aortic anastomosis. The four VADs under analysis are the Heart-
Mate II (Thoratec Corp., Pleasanton, CA), the Jarvik 2000 (Jarvik
Heart Inc., New York, NY), the Levacor (WorldHeart Corp., Salt
Lake City, UT), and the VentrAssist (Ventracor Ltd., Sydney,
Australia), which are referred to as axial 1 (Al), axial 2 (A2),
centrifugal 1 (C1), and centrifugal 2 (C2), respectively. Investiga-

Table 2 Impeller radius and inlet area for each device. A, inlet
area (mm?); R, impeller radius (mm)

Axial 1 Axial 2 Centrifugal 1 Centrifugal 2
(A1) (A2) (&) (C2)
A 113 104 113 79
R 6 7 25 20

tion is carried out on each device under three pulsatile conditions:
normo-tensive, hypertensive, and hypotensive. Pressure values
significant and adjustable to each cardiac condition are displayed
in Table 1. All three conditions maintain a uniform beat rate of
100 beats per minute (bpm) and a stiff systemic compliance of
0.5mL/mm Hg. Outflow rate from the ventricle via the aortic
valve (Qav) is also contained in Table 1, where no significant dif-
ference was seen between devices.

The pump flow rate (Q) was measured with an ultrasonic flow
meter and flow probe (Transonic, Ithaca, NY). Pump preload, or
inflow pressure (P;), and pump afterload, or outflow pressure (P,),
are measured with fluid-filled transducers (Edwards LifeSciences,
Irvine, CA) and a pressure meter (Living Systems Instrumenta-
tion, St. Albans, VT). Acquisition of flow meter and pressure me-
ter data signals was performed at 40 Hz with a custom system
(National Instruments, Austin, TX). For data analysis and plotting,
MATLAB (v6.5; MathWorks, Natick, MA) and a spreadsheet pro-
gram (Excel 2007, Microsoft, Redmond, WA) were used.

Each analysis is done at a single impeller speed for each pump.
Because of the inherent differences between axial- and centrifugal-
flow pumps, running all four devices at the same speed (rpm) is not
feasible for allowing suitable comparisons. Thus, we selected speeds
for each pump that we have previously used as determined by

Table 3 Flow rate, pressure differential, flow and head coefficients, and pulsatility results for axial- and centrifugal-flow devices
under the pulsatile cardiac models. Q, flow rate (L/min); AP, pressure differential (mm Hg); ¢, flow coefficient; s, head coefficient;
Plq, flow pulsatility index; Ry, pulsatility ratio. One-way ANOVA was used for Q, AP, ¢, and y across both devices and conditions,

with p-values for column data in the last two rows.

Condition Metric Axial 1 (A1) Axial 2 (A2) Centrifugal 1 (C1) Centrifugal 2 (C2)
Speed 9000 10,000 2000 2000
Normo-tensive Q0 *=SD 48*+1.6 3914 3.5%2.0 3.8%£2.0
AP = SD 55+24 66 * 28 68 =24 64 +29
¢ *SD 0.13 +0.04 0.09 +0.03 0.10 + 0.06 0.19 = 0.10
(p <0.001)
Y = SD 0.22 +0.10 0.17 £0.07 0.29 +0.11* 0.43 +0.19*
(p <0.001)
P, 0.96 1.00 1.49 1.51
Rou 0.56 0.80 1.40 1.04
Hypertensive Q+*SD 34+25° 3.1+2.1 1.9+3.1° 22+32°
AP = SD 70 + 38 81 + 40 82 +132° 73 * 41
¢ +SD 0.09 +0.07° 0.07 +0.05 0.05 +0.09° 0.11 +0.16°
W = SD 0.28 £0.15 0.20 = 0.10% 0.35 = 0.14° 0.49 * 0.28%
(p <0.001)
PI, 2.01 1.79 4.41 4.01
Rpul 1.03 1.25 3.96 2.17
Hypotensive 0=*SD 50*1.3 34+0.9° 45+13 46+13
(p <0.001)
AP = SD 53+ 19 47 +23% 59+ 18 63+21
(p <0.05)
¢ +SD 0.14 +0.04 0.08 +0.02* 0.13 £ 0.04 0.23 +0.07*
(p <0.001)
W = SD 0.21 +0.08 0.12 + 0.06™° 0.25 +0.08 0.43 +0.14*
(p <0.001)
Plg 0.74 0.72 0.76 0.80
Rpu 0.54 0.47 0.81 0.73
All 0 (¢) p<0.01 p<021 P <0.002 p=0.002
AP () p <0.09 p <0.004 p<0.02 p<0.53

“Indicates significant difference across row (single condition).
"Indicates significant difference among column (single device).
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comparison of pressure-flow performance curves, as well as clinical
experience [15]. Speeds selected for Al, A2, C1, and C2 pumps
were 9000, 10,000, 2000, and 2000 rpm, respectively. Tests were
repeated three times in order to account for variability in the system.

2.1 Calculations. A portion of the captured data yields a set
of points showing the variability of flow rate over time. The data
will be used to calculate pulsatility index for flow (Plg), which is
the difference between maximum and minimum flow rates divided
by the average flow rate, or Eq. (1). Choi, et al. described another
useful pulsatility metric as the pulsatility ratio [16,17]. The pulsatil-
ity ratio (Rp,y) is a ratio of pulsatility indices for flow and pressure
(Rpuw = PIo/Plxp). For this the preload and afterload data points
were used to compute a pressure differential waveform against
time. From the pressure differential waveform, a pulsatility index
for pressure differential (P/5p) will be computed via Eq. (2). The
calculations described here will be used to assess the level of
pulsatile-flow that the analyzed continuous-flow devices are able to
generate while connected in parallel with a synthetic heart.

P[Q _ Qmafo Qmin (1)
avg
APmax - APmin
Plxp = AP ()
avg

Flow rate and pressure data are compared using the dimension-
less coefficients for flow (¢) and head () [18], defined by Egs. (3)
and (4), where A is the area of inlet or outlet (m?), R is the radius of
impeller (m), Q is rotational speed of the impeller (rad/s), g is
acceleration due to gravity (m/s?), and H is head (Pa). Relevant
dimensions for coefficient calculation are presented in Table 2.

p=ros @)
H
V= )

Continuous flow rate, pressure differential, flow coefficient, and
head coefficient data are presented as mean = SD (Table 3). Per-
centages are used for categorical data. Results were compared by
t-test or by one-way analysis of variance. Statistical significance
was considered at p < 0.05.

3 Results

We first sought to create a physiologic in vitro model system that
allows for the dynamic, rather than static, testing of the axial- and
centrifugal-flow devices. Figure 2 graphically depicts three clini-
cally relevant baseline conditions: normo-tensive, hypertensive,
and hypotensive. As demonstrated, the peak systolic left ventricular
pressure (LVP) exceeds the nominal aortic pressure (AoP) signity-
ing that the aortic valve (AV) continues to open for all three condi-
tions. Opening of the AV during VAD implantation may also be
referred to as partial-support, as opposed to full-support, where the
AV does not open. The first condition, normo-tensive, was selected
as a partial-support baseline. The second and third conditions are
high and low variations, respectively, for relative pressures. As
expected, the hypertensive case shows the largest diastolic pressure
differentials of the three, with the hypotensive case showing the
smallest. All four pumps were subjected to each of the three pulsa-
tile cardiac conditions on the mock circulation loop.

The pulsatile, dimensionless coefficient waveforms ¢ and yr cal-
culated for each device under all conditions on the mock loop are
shown in Fig. 3. The waveforms are displayed over a brief 3 s win-
dow during the operation of each device. With all devices the peak
in ¢ coincides closely with the dip in 1. Thus, highest flow occurs
during systole when the AV is open and the transaortic pressure
gradient is minimal. Data from the waveforms are used to compute
pulsatility characteristics, which are presented in Table 3.
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Fig. 2 Baseline oscillating pressure waveforms associated
with each simulated cardiac condition: normo-tensive, hyper-
tensive, and hypotensive. AoP, aortic pressure; LVP, left ven-
tricular pressure (mm Hg).

Under the normo-tensive condition, (first column in Fig. 3), the
average Q for axial devices is slightly greater (16%) than centrifu-
gal ones; however, the Pl and Ry, are much greater for centrifugal
devices, as are the flow and head coefficients, ¢ and Y. Pl was
0.98 £0.03 and 1.50 = 0.02 for the axial and centrifugal groups,
respectively (p < 0.01). Similarly, the second and third columns in
Fig. 3 show pulsatile ¢ and {y waveforms for each pump under the
hypertensive and hypotensive models, respectively. A point of in-
terest under the hypertensive case shows that both centrifugal devi-
ces experience negative, or reverse, flow, also known as pump
regurgitation. Negative flow can have a significant impact on the
physiological system, as well as on computation of PI. Pl and R,
of centrifugal devices under hypertension is double that of the axial
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Fig. 3 Oscillating head and flow coefficient waveforms under all tested conditions for axial (A1, A2) and centrifugal (C1, C2)
continuous-flow pumps. ¢, flow coefficient; s, head coefficient. Left column are waveforms for all pumps under normo-tensive
condition, middle column under hypertensive condition, right column under hypotensive condition.

pumps. Plg was 1.90 = 0.16 and 4.21 £ 0.29 for the axial and cen-
trifugal groups, respectively (p =0.01).

No statistical significance was seen when comparing the Q or
AP under normo-tensive or hypertensive conditions, but after nor-
malization there were significant differences in {y under these con-
ditions. Additionally, hypotension shows variation in mean Q and
AP for A2 (further illustrated in Fig. 4), as well as ¢ and . The
similarity between Q and AP yields Pl that is nearly uniform
between the pumps: 0.73 = 0.02 and 0.78 = 0.02 for the axial and
centrifugal groups, respectively (p=0.13). Interestingly, Ry, for
the centrifugal devices remain above those yielded by axial-flow
pumps. Ry, was 0.50 £0.05 and 0.77 = 0.06 for the axial and
centrifugal groups, respectively (p < 0.04).

Figure 4 presents the pressure-flow—both AP versus Q and
versus ¢-relationship for each device under all three simulated
cardiac conditions. The pressure-flow performance curve, or
dynamic characteristic curve, for each device follows a clockwise
loop, with systole covering the right and lower portions of
the loop and diastole over the left and upper sections. The size
of a performance loop is directly related to the amount of hydrau-
lic power supplied by each device. Hydraulic power, calculated

034505-4 / Vol. 135, MARCH 2013

by integrating the area within the performance loops, is displayed
in Fig. 5. All devices show distinctively greater power in hyper-
tension and lower power in hypotension. Al is markedly lower
than the other three devices in all conditions, except for C1 under
hypertension. However, power differences between the groups
(axial versus centrifugal) are not statistically significant.

4 Discussion

The common goal of all VADs is to augment systemic cardiac out-
put and reduce the load on the ventricle during the cardiac cycle with-
out leading to significant biological or hematological complications.
Accomplishing this goal while maintaining evolutionarily preserved
physiology, i.e., pulsatility, may influence the ability of these devices
to provide beneficial and durable support for the advanced heart fail-
ure patient. Comparative efficacy of pulsatile- and continuous-flow
VADs have extensively documented their effects on ventricular
unloading [19,20], hemodynamics [21,22], end organ function, and
microcirculation [23], as well as vascular reactivity [24]. While
continuous-flow devices are not pulsatile by design, we show that
some designs exhibit greater induced pulsatility than others.

Transactions of the ASME
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Fig. 5 Hydraulic power (mW), supplied by each VAD in a typi-
cal cycle under the pulsatile cardiac conditions: (1) normo-
tensive, (2) hypertensive, and (3) hypotensive

Our study compares pulsatility characteristics of two axial-flow
and two centrifugal-flow VADs under varying physiologic condi-
tions. We show the centrifugal-flow device design to produce
greater pulsatile flow than the axial-flow device, when connected
in parallel with a synthetic, pulsating ventricle. The difference is
most notable under low-flow, high-pressure circumstances, which
agrees with typical design environment settings for centrifugal-
flow pumps [18].

Journal of Biomechanical Engineering

We further show that pulsatility ratio is higher in the centrifugal
rather than the axial-flow devices. Choi, et al. show that ventricu-
lar suction events occur with a decrease in R, and state that it is
a more reliable metric to mitigate suction events than is the Pl
metric [16]. We postulate that R, can be employed as a qualita-
tive metric to predict which device design will be more or less
prone to alleviate suction events. Ultimately, suction events are a
function of patient anatomy, physiological condition, inflow ori-
entation, and more. However, Ry, should be considered as a via-
ble metric that may abate the occurrence of such events.

The influence of VAD therapy on positive cardiac remodeling
and improvement in LV function remains an active, and often dis-
puted, field of investigation [25,26]. It is unknown to what extent
the differences observed in Pl between the axial-flow pumps and
centrifugal-flow pumps have on the potential for LV recovery. Re-
covery is thought to be associated with unloading the LV. How-
ever, long-term full-support, or complete unloading, where the
aortic valve ceases to open during the cardiac cycle, may lead to
muscle atrophy. Our study does not consider the full-support case,
to which many VAD recipients are subject immediately after im-
plantation. This study only considers partial-support for all ana-
lyzed cardiac conditions, which may be preferred for long-term
support. More volume unloading could have been achieved by
increased impeller speed in each device; however, speeds com-
mon to current clinical implementation were employed. Limita-
tion in this study is also due to the Newtonian fluid used as a
blood-analog, where the implementation of a non-Newtonian fluid
may have further insight into pump performance and variability.

MARCH 2013, Vol. 135 / 034505-5



The AP-Q performance loop illustrates the considerable distinc-
tion between systole and diastole that a pump experiences during
implantation. Typical in vitro analysis, under continuous-flow
conditions, yields pressure-flow performance to be a single curve
for a given impeller speed [27]. However, we show that the clini-
cal application of the continuous-flow rotary pump connected in
parallel with a pulsing system yields a noticeably altered perform-
ance curve, or in this case, performance loop. This illustrates the
dynamic environment to which the VAD is subject. End-diastole
to early-systole appears to be similar to steady-state hydrody-
namic performance curves in most cases, but end-systole to early-
diastole is divergent. With LVP alternately increasing and
decreasing throughout the cardiac cycle, the output variable(s) (O,
AoP) form a rate-dependent hysteresis loop. The hysteresis loop
occurs due to the relative sinusoidal waveform oscillations of
pressure and flow (i and ¢) being out of phase with one another:
That is, AP (i) increases while Q (¢) decreases, and vice versa,
which is due to overall dynamic lag in the system. The lag is due,
in part, to the compliant nature of the various chambers through-
out the experimental test loop. The phase imbalance is also due to
the design of each pump system, primarily the speed tolerance
within the motor controller. We expect analogous alteration of
pressure and flow to be present in the implanted configuration.
Similar to the AP-Q loop, the dimensionless y/-¢ performance
loop illustrates the difference in design between the four devices,
where some - instances do overlap each other, but the average
head and flow coefficients are markedly different due to funda-
mental hydraulic design variations [14].

5 Conclusion

In conclusion, our study indicates that both axial and centrifu-
gal continuous-flow pump designs maintain some pulsatile flow
when connected in parallel with the ventricle. Of the two designs,
the centrifugal-flow provides significantly greater pulsatility index
when exposed to physiologic conditions of varying preload and
afterload. Further, the pulsatility ratio exhibited by the
centrifugal-flow designs lead us to believe that they are more
likely to abate suction events. Improved response to changes in
LVP may continue to increase induced pulsatility of continuous-
flow devices.
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