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Publishinghstract

Most devices used for bench simulation of the cardiovascular system are based either on
a syringe-like alternating pump or an elastic chamber inside a fluid-filled rigid box. In these
devices it is very difficult to control the ventricular elastance and simulate pathologies
related to the mechanical mismatch between ventricle and arterial Joad (i.e. heart failure).
This work presents a possible solution to transforming a syringe-like pump with a fixed

ventricle into a ventricle with variable elastance.

Our proposal was tested in two steps: (1) fixing the ventricle“and the aorta and changing
the peripheral resistance (PHR); (2) fixing the aorta and€hanging the ventricular elastance
and the PHR. The signals of interest were acquiréd-io build the ventricular pressure-
volume (P-V) loops describing the different physiological cenditions and the end-systolic

pressure-volume relationships (ESPVR) were calculated with linear interpolation.

The results obtained show a good physiological behavior of our mock for both steps. (1)
Since the ventricle is the same, the systolic pressures increase and stroke volumes
decrease with the PHR: the ESPVR, @btained by interpolating the pressure and volume
values at end-systolic phases, is linear. (2%Each ventricle presents ESPVR with different

slopes depending on the ventricle elastance with a very good linear behavior.

In conclusion, this paper demonstrates that a fixed stroke alternating syringe ventricle can

be transformed into an adjustable elastance ventricle.

Keywords
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Recent years have seen an ongoing interest in biomechanical interventions designed to
improve or recover cardiovascular function, and many new implantable devices have been
developed, evaluated and introduced into clinical practice. Innovative cardiac valves
(transcatheter aortic valve implantation, TAVI), left ventricular dssist devices (LVAD),
ventricular and vascular biomechanical interventions (endovaseular aertic repair, EVAR)
increasingly represent an elective solution for many different cardiovascular pathologies '~
8.

Research and innovation, starting from an idea and ending with.implantation of the device,
is a long and expensive process comprising an in-depthwanalysis of biocompatible
materials, prototype realization, numerical simulation, ‘i-vitro testing and then animal and
human experimentation. In this difficult but necessary course of research, in-vitro testing
represents an increasingly important step. Geod“mechanical testing can help the
numerical simulation and yield important Suggestions for prototype optimization and in-vivo
experimentation. Accurate functional ‘agd“mechanical computer simulation of a device’s
behavior in different operative conditiens is“essential to guide the research process in the
right direction %19, but optical {observation and direct measurement on a mechanical
prototype is more convincing. Fer“this reason, many mechanical simulators of the
cardiovascular system varying in_complexity and approach (syringe-like, elastic chamber
inside a fluid-filled rigid” box, etc.) have been developed and are currently used both for
teaching and reseérch*!'-?2 Nevertheless, the paucity and cost of standardized
cardiovascular cemmefrcial qmocks (e.g., VivitroSuperPump, ViVitro Labs, Victoria, BC,
Canada) havefstimulated a continuous process of innovation and proposals aimed at

overcoming{the functional limitations of existing solutions.

The met€hanical behavior of a ventricle and its coupling with its atrial preload and arterial
loadfwas first_described by the time-varying elastance theory 2326, In recent years, the
model has been clinically validated in different cardiological and cardiovascular diseases
¢27-36gnd now constitutes the theoretical background necessary to build a reliable

mechanical simulator of the cardiovascular system.

The easiest way to build a mechanical ventricle is to use an alternating syringe with two
unidirectional valves. When the stroke volume (SV) of this pump is transferred into an

elastic wall chamber connected to a hydraulic resistance pipeline, a physiologically shaped
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Publishin@' erial pressure pulse can be obtained, which changes by adjusting the syringe stroke,

the volume and elasticity of the chamber and the hydraulic resistance of the line.

Peripheral Hydraulic Resistance (PHR)

P1

Aorta with J
variable e
elastance \

Fig. 1. Simple mechanical mock of the cﬂuz\la\r system with fixed stroke volume. (A) Syringe

connected to an alternating pump to simulate theueft ventricle; (B) Left atrium; (C) Mitral valve; (D) Aortic
valve; (AO) Aorta; (E) Rubber tube with a \n@rngl movable catheter to simulate the hydraulic peripheral
resistance; (F1) Electromagnetic flow r to\measure the aortic flow (AF); (P1) Pressure transducer to
measure the aortic pressure (AP (P{\ig e transducer to measure the ventricular pressure (VP). The

aortic elastance can be modified through arigid plastic tube (G) which can be progressively placed around

the aortic rubber tube (AO). \
This systemis u %/ascular simulations (i.e. studies on the mechanical behavior

of cardiac valves)«put it"does not accurately reproduce the different matching conditions

between physiologic ventricle and an arterial system, with consequent energy

management. In fact, the time variable ventricular elastance theory connects the energy

£

transfe_r\ thé ventricle to the artery to the instantaneous ventricular and arterial

elastances €>°83337 The instantaneous ventricular elastance changes over time and in a
ormal rt provides the best matching conditions in terms of energy transfer. Since the

erialjslastance is passive and depends on the elastic properties of the walls, the best

Mhing condition can be physiologically reached only by changes in ventricular behavior.

r example, if the aorta stiffens (with hypertension), the left ventricle increases its

elastance becoming hypertrophic 2728323435 |f the changes in arterial elastance are


http://dx.doi.org/10.1063/1.5030100

E | This manuscript was accepted by Rev. Sci.Instrum. Click to see the version of record. |

Publishin@z thologic and, for example, elastance suddenly increases, the ventricle will not be able to

ioillow the changes and a mismatch condition is reached (i.e. aortic dissection) 31:34.36.38,

In addition, a pathological change in ventricular contractile function (i.e. heart failure,
cardiac dilatation, etc.) may generate a mismatch between the pump and a normal arterial
load. In this case, the ventricle tries to adapt its contractile behaviour to the normal aorta

but the only outcome is progression of the mismatch and a worse prognosis 2°-%,

Inotropic drugs are commonly used in clinical practice to modify ventricular contractility. If
the effect is positive, the ventricular ESPVR changes, ventricular elastance increases and
aorto-ventricular matching improves. If the effect is negative,/the ESPVR slope decreases
and aorto-ventricular matching tends to worsen 3°. All'this clinical evidence demonstrates
that ventricular elastance changes in relation to spetific drugs, ventricular pathology and

shifts in arterial elastance.

For these reasons, the simple setup described i _Figi.1"cannot adequately mimic all these
aspects in many important physiologic¢al “eonditions (i.e. arterial dissection, arterial
hypertension, heart failure (HF), cardiogenic:shock, positive or negative inotropic drug
therapy, etc.) since the ventricular. elastance is not adjustable. To approximate real
situations, we can use tubes ,f different shapes, size and elasticity to improve the
reproduce the elastance of an asteral 'system, but it is very difficult to build pumping

systems with ventricular-like instantaneous elastances.

In some cases, the venfricle.is made of a chamber filled with liquid surrounded by air: the
ventricular elastance’ can«be adjusted by controlling the external air pressure and volume
separately from the.pdmping function. To do this, motors and valves and an external
electronic devi€e'must be added to the mock pumps to properly control these additional
parts 16-1921223041  Moreover, the elastance may also be changed according to
physiological values previously acquired from patients, and the Frank Starling mechanism

simulated:

These solutions need programmable modules (i.e. microprocessors, computers, etc.) to
drive thepump on the basis of previously established (theoretically or clinically) elastance
curves. This approach gives good results in terms of the correspondence between the set
and.experimental variable elastances, but needs an active computer-based control system

that can be expensive and difficult to program.

A previous paper of ours 4? described a simple system where an external chamber applied

to the alternating syringe core permitted a sort of mechanical feedback to change the SV

5
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Publishin%‘ d regulate the matching between the pump and the elastic load. The limit of this solution
was the impossibility to change the mechanical behavior (the elastance) of the ventricle in
a continuous way. By changing preload or afterload, the PV loops obtained differed but the

ESPVR was the same in all the simulated conditions.

From that first prototype we moved to a new solution described in this paper which permits
a more flexible operation with continuous regulation. This setdp allows the ventricular
elastance to be adjusted continuously from the condition of adixed)stroke syringe (infinite
elastance) to very low elastance values simulating ventricular ‘HF, cardiac rupture or
massive infarct (very low elastance) and also to simulate ‘and analyze the mechanical
matching or mismatching between ventricle and artery This is not the final solution:
additional technical interventions have to be introduced o obtain a ventricular mock

adequately simulating a physiological system.

Material and methods

The proposal is based on two solutiors; 4)<how to change a fixed stroke pumping syringe
system into a variable stroke one; 2)<how te.obtain adjustable elastance conditions of the

pump and, consequently, load matching-related variable strokes.

The solution concept is simildr to that tested in previous papers 4>-**: an elastic chamber of
selected elasticity (volume, material and wall thickness) is connected to the syringe output
in parallel with the artérial™line. To avoid continuous back flow exchange between the
chamber and the syringe.during diastole, a unidirectional valve was put on the lateral

chamber entrance and‘a variable resistance line was back connected to the syringe output
(Fig. 2).
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Peripheral Hydraulic Resistance (PHR)

T

Aorta with
variable
elastance

Lateral
chamber
(LC)

Connection Line
Hydraulic
Resistance
(CLHR)

to the atrium (B)

5-8"“-

to the ventricle (A)
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Q

) Mechanical mock of the cardiovascular system with variable ventricular elastance and stroke
olume and (b) picture of the system in use. (A) Syringe; (LC) Lateral ventricular chamber; (B) Left atrium;
(C) Mitral valve; (D1) Aortic valve; (E) Hydraulic peripheral resistance; (F1) Electromagnetic flowmeter to
measure AF; (P1) Pressure transducer to measure AP; (P2) Pressure transducer to measure VP; (D2) Valve
to prevent back flow during diastole; (P3) Pressure transducer to measure the pressure of the lateral
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PUb|IShIn§ amber (LC). Both the aortic and ventricular elastances can be modified through rigid plastic cylinders (G1,

, which can be progressively placed around the aortic rubber tube and the lateral ventricular chamber.
The connection line hydraulic resistance (CLHR) allows the pressures in the aorta and lateral chamber to be

balanced.

The CLHR line is necessary for the lateral chamber to empty ddring diastole. With this
apparently complex setup the aortic valve closes at the end of syringe.ejection, and the
time constant of the arterial pressure decay depends only on“the arterial elastance and
PHR. During the filling phase, the syringe receives flow from the reservoir simulating the
atrium and from the lateral chamber line, depending ‘'on the.lateral chamber pressure
(LCP) and connection line hydraulic resistance (CLHR). The €LHR should be adjusted to
have the same pressure in the artery as the lateral chambet, at the start of ejection. That
means having the same time constant of the ‘artéry and the lateral chamber, but with
different compliances. This is obtained by regulating-the CLHR. For a continuous and
accurate regulation of the hydraulic resistance«of the connection line we used the solution

shown in Fig. 2.

With the described setup we obtaiged.a veantricle with an adjustable elastance and an
arterial load with specific elastanee and PHR. We can easily measure the physical work
transferred (Wt) to the artery by the arierial pressure (AP) and flow (AF) product integral
(eq 1) and the work produced by«ihe syringe (Wp) and the pressure-flow (SP, SF) product
at the syringe output (eq 2)."A transducer measures the pressure while an electromagnetic
transducer placed after the_syringe acquires the flow. The transferred and produced work
comparison shows how the efficiency (¢) of energy production and transfer changes by

adjusting the laterakchamber elastance (ventricle), arterial elastance and the PHR (eq 3).

(eq 1) Wt =< AP(t) - AF(t) - dt

(eq 2) Wp [ SP(t)-SF(t)-dt

.
(eq 3)e = ?

Congidering the syringe and the lateral chamber as basic components of the mechanical
ventricle, the instantaneous ventricular volume is the sum of the instantaneous lateral
chamber volume (LCVol) plus the syringe volume (SVol), paying attention to operate in a
limited pressure range, where the arterial elastance and the elastance of the lateral

chamber can be assumed to be constant. We can obtain the P-V loop by starting from the

8
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Publishin@ >ction starting point and measuring the corresponding pressure, SVol and LCVol. The
subsequent pressure and volume points of the P-V loop can be obtained by directly
measuring the ventricular pressure (VP) and calculating the ventricular volume (VVol) as

the sum of the instantaneous measurement of the LCVol and SVol.

This setup can verify if the mock accomplishes the Suga—Sagawa’ linear ESPVR 232537,
For this it should be sufficient to operate the system, adjust the peripheral arterial
resistance and see if the left upper corners of the P-V curves{obtained stay on a straight
line. If they do, the mock can be claimed to simulate thewphysiglogical behavior of a
ventricle. But the most important innovation of the proposaliis the, possibility to simulate
different ventricular elastances, and the linear ESPVR test'must be repeated by changing
the ventricular elastance from a condition of ventricular fixedistroke (infinite elastance) to a
condition of arterial pressure and flow reduction due to“impaired ventricular elastance,

described by the change in the ESPVR slope.

An alternating 50 mL syringe system with fixed 22 mL normal saline SV was used. Three
different pressure sensors (Baxter, Edwards,«ITrueWave) were used to measure the aortic
pressure (AP), VP and LCP. The syringeixed flow (SFF) was measured with a standard
electromagnetic flowmeter (BL610 flowmeter 8mm, Biotronex Lab, Chester, MD, USA). All
these analog signals were then éonditioned, sampled at 1KHz with a resolution of 12bit,
stored and analyzed with a commercial device (Anscovery System, Sparkbio Srl, Bologna,
Italy) 4.

The LCVol was measured in real time with a modified Simpson method applied to a video
acquisition made With a‘digital camera (EX-SH20, Casio Computers Co., Tokyo, Japan) 46.
Since the caméra,_works_at 30fps, the LCVol was sampled at that rate, the ventricular
pressure sighals,acquired with the Anscovery System were down-sampled at 30Hz with a

cubic spline interpolation before building the P-V loops.

The experimental protocol was divided into two main steps. The first was to verify the
existence of a linear ESPVR by changing the PHR and maintaining the same ventricle and
aorta. Six.different conditions were set by changing the position of the cursor PHR with a
fixed heart rate (HR) of 60 bpm. The second step was to simulate three different conditions
of yventricular elastance by acting on the G2 rigid tube (Fig. 3a) and setting three PHR
values for each condition (Fig. 3b) calculating three ventricular elastance-related P-V

loops. HR was fixed at 60bpm.
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set to obtain the same pressure values for AP and LCP at the start of ejection.

B

(vi) (v2) (v3)

(b) _PHR: condition 1 (R1) (L_ )

A\

: ‘-""\
Ventricle 1 Ventricle 2 Ventricle 3 KS

_ PHR: condition 2 (R2) “_
Y|

I E
<

PHR: condition (R3)

/]

Fig. 3. (a) Different/conditions ofventricular elastance, ranging from V1 (lowest elastance) to V3 (completely

stiff rigid tube) btaMchanging the position of the rigid plastic tube around the lateral chamber. (b)
Three periphéral resistances (R1, R2, R3) obtained by changing the insertion length of the catheter inside

the peripheral ves

i~ 4

For gach cos1d| ion of both steps, the following parameters were calculated:
)Ventr ar volume (VVol): t was evaluated by summing the instantaneous values of
&AQ d SVol (obtained by integrating the syringe flow curves). The volume of the water
}s'rde the rigid tubes, stopcocks and connections inside the ventricle is constant and was
glected.

2) Systolic, diastolic and mean aortic pressure (SAP, DAP, MAP): for each condition, ten

cardiac cycles were considered and the signals of interest (AP and VP and SFF) mediated

10
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with their statistical errors (standard deviations).

3) SV was calculated as the difference between the end-systolic and end-diastolic

volumes.

4) PHR was calculated as the ratio between the mean aortic preZure less the atrial one
and mean aortic flow. Since the difference in height (h) between the atrum (Figs. 2a-B, 2b-
B) and the aorta (figs 2a-A0O, 2b-A0) is fixed at 20cm, the r@ pressure (pgh, where

p=density of water and g= gravity acceleration) results 15mm(Hg.\g‘
5) ESPVR was calculated as the best line interpolatingall -systolic points on the P-V
loops. A squared Pearson’s coefficient (R?) higher than“0.8"'was considered significant to

demonstrate a good linear trend of the ESPVR angia nsehuent positive outcome for our

(A
Results \\\

An example of the analog signals obtaﬁh%y:he mock is shown in Fig. 4. The shapes of

the waves are physiological, but sin \l-hﬁ Q sure transducers are next to the aortic valve

the pressure signals present so&n&5 coinciding with the valve movements. This high-
e

frequency noise does not aff&ktke urements of interest.
as | L JCOLL LT
A N s

model.

(mV)

SF N,

(mlis)

Lo >
p=

=

AP
(mmHg)

Fig. 4. Example of signals (EKG, syringe flow, ventricular and aortic pressure) acquired with the Anscovery

System (SparkBio Srl). EKG was generated through a microswitch connected to the syringe. Since the
11
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prasent some noise and irregular shapes due to local vortex and reflections. Since these artifacts are

stem comprises valves, transducers, tubes of different diameter and bifurcation, the acquired signals

random, they disappear after the mediation of ten cardiac cycles.

AP, SV and vascular resistances for the six conditions of step 1 are shown in Table 1.

Systolic Diastolic
sure
Case PHR (mmHg s /ml) Pressure Pressure }N\ SV (ml)
mHg)
(mmHg) (mmHg) «

1 4.73 11241 7611 / 15.4+0.2

2 5.07 11922 7742 \z ~ ‘91¢3 15.0£0.2

3 5.28 125+2 7&&1“‘ \\ 93+4 14.8+0.1

4 7.05 15043 { _1_.02?&) 11815 14.5+0.2

5 9.34 17714 130+ 14515 13.9+0.2

P til)

6 10.71 18943 4 14743 1614 13.60.1
Table 1 Systolic, diastolic and mean pressures.ihﬂsqdbmes and peripheral resistances for the six
different simulated conditions.

\

The six ventricular pressure curve ured and used for P-V loop construction of step 1
are shown in Fig. 5a. The si venx volumes” calculated for the six conditions of step

1 are shown in Fig. 5b.

...Q
NS

12
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- =Case 3
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Case 5

50

Ventricular Pressure (mmhg)

" - - ’
0.00 0.20 0.40 \{
tM
Ventricular v Iumwesx the different conditions ( b)

185.00

180.00 \\

175.00 >
E 170.00 — Case 1
g / . /- - =(ase2
5 N . ..a' ¢ — Case 3
S 165.00 +—m ™ 4 eeoeCased
> 5 \\\\ .'oa.---“. ’/ C 5

k - h\ / , - ase
feb : s n:..“:_:'-_. 4 — 350 6

155.00 -

)

-
15Q,00 ; ; ' - '
0.00 0.20 0.40 0.60 0.80 1.00

\‘) time (s)
LG

ig. 5. (a) Ventricular pressure waves corresponding to the different conditions of PHR. The systolic

pressure increases with increasing PHR. The minimal ventricular pressure is the same for all the conditions.

(b) Ventricular volumes waves obtained as the sum of the instantaneous lateral chamber and syringe

volumes.
13
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N NS R1 R2 R3
\b . (3.940.2) (11.520.4) (18.2+0.7)
\ mmHg/ml mmHg/ml mmHg/ml
SAP (mmHg) 96+2 16613 222+3
vt DAP (mmHg) 35+3 1102 159+4

The six P-V loops of step 1, with ESPVR are shown in Fig. 6

PV loops for different values of peripheral resistances
250 +
200
o
E 150 - —_— e Casel
- e Case2
g.. — =(ase 3
g ------ Case 4
m 100 - Case 5
] If- C
- s . — 350 6
=% ’ | - - ESPVR
50 - | T
!\ cie A
et
0 | 1y | B (- R _ _
155.00 160.00 16 \ 170.00 175.00 180.00 185.00
\ lume (ml)
Fig. 6. P-V loops for the considered conditions. Along with the increase in PHR, the end-systolic volume and

pressure increase. The best linearinterpolation of these points is linear with a squared Pearson’s coefficient
of 0.98.

(s
The ESPVR %&blt ed by building the best interpolation line of the values
corresponding tolthe end-systolic phase for each simulated condition. The slope of the line

i$9.9m ny-l d the squared Pearson’s coefficient is 0.98.
= 4

Table 2 sh§ws the values of systolic, diastolic mean pressures and stroke volumes (+
‘\
tandagj eviations) for the different simulated conditions of step 2.
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Publishirlg MAP (mmHg) 56+3 129+3 180+4
SV (ml) 11.240.2 8.7+0.1 7.4%0.2
SAP (mmHg) 13043 207+3 276+3
DAP (mmHg) 59+4 1512 2214
V2
MAP (mmHg) 834 1693 / 239+4
SV (ml) 15.620.3 14.0£0.24€ \\ 13.8+0.3
=
SAP (mmHg) 15243 293 ) 42743
DAP (mmHg) 66+2 2&4\\ 3332
V3 p ]
MAP (mmHg) 95+3 <23}14 N 364+3
‘-"'i
SV (ml) 21.640.3 . 21603 21.640.3

Table 2 Pressures and SV values for all the simulated conN'tioQBach value is represented with the

corresponding standard deviation. C

? -
For each ventricle, SAP, DAP and MAP 'nsx% gether with the resistances. For each
resistance, the SV increase together wme ntricular elastance: when the ventricle
stiffens, more blood flows into the oﬂ&@he SV is larger. In the last condition (V3),

the ventricle is completely stiff so b/elume changes are related only to the syringe

pumping and are the same for al lues. The pressures reached with R2 and R3 are
higher than physiological va‘sxet the increase is consistent with the corresponding
simulated condition and demonstrates the correct behavior of our system.

The P-V loops obtaineduin thelthree different ventricular elastance conditions by changing

the vascular res/ist cesare wn in Fig. 7.
£
— V.
)
U
w ~

15
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g PV-Loops for the different ventricles and increasing peripheral resistances
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Fig. 7. Ventricular pressure-volume loops in the different simulated conditions.

N
The ESPVR for V2 and V3 wer\b)% ed by building the best interpolation line of the
values corresponding to the end-Systolic phase for each simulated condition. The slopes of

the lines are 9.6ml/m and 15.6ml/mmHg respectively for V1 and V2 (squared

Pearson’s coefficient,0fQ.99 far both of them). Since V3 is completely stiff and the volume

is fixed, the ESPVR is a‘ve [ line (infinite slope).

Discussio 3\
This papér d/es ibes an inexpensive method to transform a fixed stroke alternating syringe
|

ventricle an/adjustable elastance ventricle. It is not a simple solution as it requires the

——
integration Sf)f mechanics and computer science, but it simulates pathophysiological
onditio hich are very difficult or even impossible to obtain on animal preparations. Our
9 osél is based on the insertion of a lateral chamber of adjustable elastance at the

mtp,gt of a fixed-stroke pumping syringe “? and before the aortic valve to simulate (as seen

m the aorta) a variable elastance ventricular pump. During the systolic phase, the fluid
ejected by the syringe moves to the aorta or to the lateral chamber, depending on their set

elastances. The instantaneous “volume” of the ventricle is the sum of that of the syringe

16
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chamber elastances. All the pressures and flows are monitored and ventricular work
production and the efficiency of mechanical energy transfer can be calculated. In
physiological mechanical matching, aorta and ventricle have comparable elastance and
the energy transfer efficiency is optimal. If the two elastances no longer match, the aorta or
the lateral chamber are filled abnormally to simulate pathological €onditions like HF, aortic

dissection or cardiogenic shock, ventricular hypertrophy, etc. 43#44759,

To change the elastance of both aorta and ventricle, the €elastic¢chambers are inserted
inside a rigid cylinder that can be progressively superimposed on, the tubes to cause a

progressive stiffening of the chamber.

The mock is scaled to mimic a medium-sized animaly(dog, small pig, etc.) usually used in
experimental surgery laboratories. A higher scale factor would create major problems for
the pumping apparatus, valves and elastic tubes. For the validation, the pulse frequency
was maintained at quite low values (60 bpm)+p facilitate the quantitative evaluations, but a
wide range of settings is possible (from 40 t0*420 bpm). This could seem a major limitation
of our system, but since the settings parameters are maintained constant in time for each
condition of ventricular elastance, arterial elastance and peripheral resistances, the results

obtained are reliable and can beg“safely extrapolated to larger animals and humans
42,44,47,48,50_

The basal conditions of €lasiance and vascular resistance were set to have a physiological
shape and values (figure 5) of the aortic pressure pulse for a fixed SV and HR (22ml,
60bpm). The SV pvas lower (22ml) than that of a normal patient to adapt for the smaller

size of the tube§and valgs, avoiding turbulence and other undesired phenomena.

The mechahicall mock includes a limited Frank-Starling mechanism. This important
mechanism acts beat by beat and describes the ability of the heart to change its force of
contraction (and/herefore the stroke volume) in response to changes in venous return %'-
54 Since the preload was fixed in each simulated condition, the Frank-Starling mechanism
Wwas considered unnecessary to describe the ventricle-arterial coupling and unrelated to
the different arterial and aortic elastances.

Todest our proposal, in a first step we fixed the elastance of the aorta and ventricle and
changed the peripheral resistance in a physiological range. In this way, the mechanical
properties of the ventricle are assumed to be unchanged and the ESPVR, built by

connecting the end-systolic points of the P-V loops obtained with different resistances,

17


http://dx.doi.org/10.1063/1.5030100

E I P | This manuscript was accepted by Rev. Sci.Instrum. Click to see the version of record. |

Publishin%* ould lie on a straight line according to the variable elastance ventricular model (Suga

and Sagawa) 23,25,26,33,37,55_

As shown in Fig.6, our results are in line with this assumption. This was a good result, but
to complete the validation it was necessary to demonstrate that changing the ventricular

elastance the slope of the ESPVR changes accordingly (lower elastance = lower slope).

The second step of the research set three different values of ventricular elastance and for
each of them the vascular resistance was changed to obtain the ESPVR. Fig. 7 shows the
results demonstrating the change in ESPVR slope with ventricular eélastance. The group of

the first three P-V loops refers to a pure syringe (elastan€e = ©) and'the ESPVR is vertical.

The cases we simulated in the second step of olir work“gover the extreme range of
physiological conditions, thereby demonstrating. the, hypothesis that the intermediate

situations can be easily simulated with the same‘approach.

With respect to our previous experiment 2 in whieh by~ehanging preload or afterload the P-
V loops obtained differed but the ESPVR%was"the same in all the simulated conditions, the

new proposal yields more physiologicakand.accurate results.

Our approach presents two more “eriticalvaspects: the first is the dynamic optical
measurement of the lateral chamber velume to calculate the instantaneous volume values
to build the P-V loop 46. Thegecond aspect is the need to adjust the resistance of the line
connecting the lateral chamber to“the syringe (CLHR) for each change in system
parameter (vascular resistanee, aortic elastance, lateral chamber elastance, SV, HR). This
is mandatory becauée at'the start of syringe ejection the pressure in the lateral chamber
and aorta must be the same, otherwise we will have a preferential flow which alters the
behaviour. Although these aspects need particular care and attention, they are
inexpensivel_and readily feasible in a research laboratory housing a syringe-like

mechani€al mock of the cardiovascular system.

In ceneclusion, & fixed stroke alternating syringe ventricle can be transformed into an
adjustable elastance ventricle to study how the mechanical efficiency of energy transfer

depends on matching the elastic properties.
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Ventricular pressure waves for the different conditions
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