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 13 

Abstract: Aortic disease has a significant impact on quality of life. Involvement of the aortic arch 14 

requires preservation of blood supply to the brain during surgery. Deep hypothermic circulatory 15 

arrest is an established technique for this purpose although neurological injury remains high. Ad- 16 

ditional techniques have been used to reduce the risk although controversy still remains. A three- 17 

way cannulation approach, including both carotid arteries and the femoral artery or the ascending 18 

aorta, has been used successfully for aortic arch replacement and redo procedures. We have devel- 19 

oped circuits of the circulation to simulate blood flow during this type of cannulation set up. The 20 

aim is to analyse using CARDIOSIM©  cardiovascular simulation platform, how the haemodynamic 21 

and energetic parameters are affected and the benefit derived with particular reference to the cere- 22 

bral circulation. 23 

  24 

Keywords: Aortic surgery; Aortic arch; Three-way cannulation approach; Carotid artery perfusion; 25 

Pressure-volume loop; Lumped parameter model; Software simulation; Cardiovascular modelling. 26 
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 28 

1. Introduction 29 

Aortic disease has a significant impact on quality of life. Aneurysmatic dilatation and 30 

acute aortic dissection involving the aortic arch are the most devastating manifestation of 31 

aortic disease. Surgical or endovascular treatments for these conditions are currently 32 

available options. The outcome following successful total arch repair is satisfactory, but it 33 

still carries the risk of potentially devastating perioperative complications. Conventional 34 

aortic arch replacement can be offered to the majority of patients, although hybrid and 35 

endovascular techniques have gained popularity. Nevertheless, a less invasive approach 36 

can often be as technically challenging as open surgery with stroke and endo-leaks as 37 

early limiting factors and less favourable mid- to long-term outcome [1]. Mid-term out- 38 

comes and intra-operative complication rates with both hybrid and conventional aortic 39 

arch surgery remain heterogeneous and depend on centre experience and patient suita- 40 

bility [2]. Open repair with the elephant trunk technique [3] under hypothermic circula- 41 

tory arrest is widely used with satisfactory long-term outcome [4]-[5]. More recently, the 42 

frozen elephant trunk technique using the ThoraflexTM (Vascutek, Terumo, Inchinnan, 43 
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Glasgow, UK) or the E-vita OPEN PLUS (JOTEC, Hechingen, Germany) hybrid device has 44 

become a popular choice which allows subsequent endovascular procedures [6]-[7]. Hy- 45 

brid repair involves different techniques to debranch the aortic arch and create a suitable 46 

landing zone for an additional or staged endovascular procedure. Although aortic arch 47 

surgery has progressed significantly since the early attempts, [8]-[9], cerebral protection 48 

remains a matter of debate. Due to reduced oxygen demand and cerebral metabolism, 49 

profound hypothermia (18°C) with total circulatory arrest as the only mode of protection 50 

has been widely accepted [10] although at the expense of some neurological injury as the 51 

metabolism is never reduced to zero [11]. The use of retrograde cerebral perfusion as ad- 52 

ditional protective measure [12] has been challenged by its unpredictable effects and abil- 53 

ity to provide adequate cerebral capillary perfusion [13]-[17]. Although retrograde cere- 54 

bral perfusion is still used by some groups [18]-[19], antegrade selective cerebral perfusion 55 

has gained wide acceptance and popularity [20]-[22]. The combination of antegrade selec- 56 

tive cerebral perfusion with moderate hypothermia [20], [23] has reduced the potential for 57 

neurological injury and allowed more time for repair [24]-[26]. Controversy remains 58 

whether unilateral or bilateral perfusion should be more appropriate [27]-[29] in the pres- 59 

ence of completeness of the circle of Willis [30]. The “branch-first” technique without cir- 60 

culatory arrest or deep hypothermia has also been proposed [31]-[32]. 61 

The surgical approach consists of techniques involving different cannulation sites. 62 

When central aortic cannulation is not feasible, arterial cannulation through one of the 63 

femoral arteries (either directly or via an end-to-side Dacron graft) is appropriate. Axillary 64 

artery cannulation [33] is gaining interest, but it is not without other risks and complica- 65 

tions [1], [34]. The innominate [35] and the common carotid artery [36] have also been 66 

considered as cannulation sites. A three-way cannulation approach, which can be used 67 

for complex and redo surgery in particular, has been recently proposed [37]. 68 

We have developed circuits of the circulation to simulate blood flow during different 69 

cannulation configurations including both common carotid arteries and either the femoral 70 

artery or the ascending aorta. CARDIOSIM©  was the numerical simulator platform used 71 

for this purpose [38]. The aim was to analyse how the haemodynamic and energetic pa- 72 

rameters were affected and the benefit derived with particular reference to the cerebral 73 

circulation. 74 

2. Materials and Methods 75 

2.1. Cannulation strategies for aortic arch surgery 76 

Figure 1 shows four different cannulation strategies for aortic arch surgery as the 77 

main subject of this study. The centrifugal pump draws blood and ejects it according to 78 

the following connections: 79 

• Right atrial (RA) cannulation to ascending aorta (AA) and bilateral common 80 

carotid artery (CC) return (top left panel), RA➔AA&CC. 81 

• Right atrial cannulation to right femoral artery (FA) and bilateral common 82 

carotid artery return (top right panel), RA➔FA&CC. 83 

• Right femoral vein (FV) and superior vena cava (SVC) cannulation to right 84 

femoral artery and bilateral common carotid artery return (bottom left panel), 85 

FV&SVC➔FA&CC. 86 

• Right femoral vein cannulation to right femoral artery and bilateral common 87 

carotid artery return (bottom right panel), FV➔FA&CC. 88 
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Figure 1. Schematic representation of the four cannulation strategies: right atrial to ascending aorta 90 
and bilateral common carotid artery return (top left); right atrial to femoral artery and bilateral com- 91 
mon carotid artery return (top right), femoral vein and SVC to femoral artery and bilateral common 92 
carotid artery return (bottom left), femoral vein to femoral artery and bilateral common carotid ar- 93 
tery return (bottom right). 94 

2.2. The heart and circulatory numerical network 95 

“In silico” study of cannulation for aortic arch surgery was performed developing 96 

new 0-D numerical modules of the cardiovascular network implemented in CARDIOSIM©  97 

platform [38]-[44]. These modules allow the reproduction of the behaviour of: native left 98 

and right ventricles; atria and septum; coronary circulation; ascending aorta and aortic 99 

arch; descending thoracic and abdominal aorta; upper limbs and head section; superior, 100 

inferior and abdominal vena cava section; renal and hepatic section; splanchnic and lower 101 

limbs sections; pulmonary circulation. Figure 2a shows an overview of the whole cardio- 102 

vascular network. The native left and right ventricles, atria and septum and the ventricu- 103 

lar, atrial and septal activity synchronized with the electrocardiographic (ECG) signal are 104 

implemented using the time-varying elastance concept [40],[41],[43],[44]. This numerical 105 

representation allows the simulation of inter-ventricular and intra-ventricular dyssyn- 106 

chrony. Specific modules of the coronary circulation are available in CARDIOSIM©  plat- 107 

form [38]. The module of the coronary circulation presented in [45] was selected for this 108 

study. Figure 2a shows two different electric analogues used to reproduce the behavior of 109 

the aortic (AV), mitral (MV), tricuspid (TV) and pulmonary (PV) valves [38]. A represen- 110 

tation with an ideal diode was chosen for this study: when the pressure across the valve 111 

was positive, the valve opened and allowed blood flow; when the pressure was less than 112 

or equal to zero, the valve closed and blood flow was zero. The whole pulmonary circu- 113 

lation was modelled as described in current literature [43], [44], [46], [47].  114 

 115 

Figure 2. a Schematic representation of the cardiovascular system implemented in CARDIOSIM©  116 
software platform. 117 

Figure 2b shows the electric analogue of the following compartments: ascending and 118 

descending aorta, aortic arch and abdominal tract. All these sections are modelled with 119 

resistance, inertance and compliance (RLC) elements. The thoracic compartment is mod- 120 

elled with two resistances (RTHOR and RATI), inertance (LATI) and compliance (CATI). The 121 

abdominal section is divided in two compartments both electrically represented with RLC 122 
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elements. Finally, the behavior of the superior vena cava section is reproduced with RC 123 

elements. The symbols used in Figure 2b are listed in Table 1.  124 

 125 

 126 

Figure 2. b Electric analogue of the ascending and descending aorta, aortic arch, thoracic and ab- 127 
dominal sections and superior vena cava. 128 

Table 1 129 

Symbol Description Unit 

AoP [AAP] Aortic [ascending and aortic] pressure mmHg 

LAP [RAP] Left [right] atrial pressure mmHg 

LVP [RVP] Left (right) ventricular pressure mmHg 

DAP [SVCP] 
Descending aortic [superior vena cava] 

pressure 
mmHg 

THP [ABPI] Thoracic [abdominal] pressure mmHg 

HDP [ARP] Brain [Arm] pressure mmHg 

LLEP [RLEP] Left (right) leg pressure mmHg 

Pt Intrathoracic pressure mmHg 

PB Breathing pressure mmHg 

SP [ABPII] Splanchnic (abdominal II) pressure mmHg 

HP [KP]  Hepatic (renal) pressure mmHg 

IVCP Inferior vena cava pressure mmHg 

RAA1 [RAA2] 
Ascending [descending] and aortic 

arch resistance 
mmHg·cm-3·sec 

LAA1 [LAA2] 
Ascending [descending] and aortic 

arch inertance 
mmHg·cm-3·sec2 

CAA1 [CAA2] 
Ascending [descending] and aortic 

arch compliance 
mmHg-1·cm-3 
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RTHOR [RSupVC] 
Thoracic [superior vena cava] 

resistance 
mmHg·cm-3·sec 

CSupVC Superior vena cava compliance mmHg-1·cm-3 

RAT1 [RAB1] Thoracic [abdominal] resistance mmHg·cm-3·sec 

LAT1 [LAB1] Thoracic [abdominal] inertance mmHg·cm-3·sec2 

CAT1 [CAB1] Thoracic [abdominal] compliance mmHg-1·cm-3 

RLFA [RLFV] 
Left femoral arterial [venous] re-

sistance 
mmHg·cm-3·sec 

RRFA [RRFV] 
Right femoral arterial [venous] re-

sistance 
mmHg·cm-3·sec 

CLLE [CRLE] Left [right] femoral compliance mmHg-1·cm-3 

RARM1 and RARM2 

[CARM] 
Upper limb resistances [compliance] 

mmHg·cm-3·sec   [mmHg-

1·cm-3] 

RHD1 and RHD2 [CHD] Brain resistances [compliance] 
mmHg·cm-3·sec   [mmHg-

1·cm-3] 

RinfVC1 and RinfVC2 

[CInfVC] 

Inferior vena cava resistances 

(compliance) 

mmHg·cm-3·sec    

[mmHg-1·cm-3] 

RHEP1 and RHEP2 [CHEP] Hepatic resistances (compliance) 
mmHg·cm-3·sec   [mmHg-

1·cm-3] 

RKID1 and RKID2 [CKID] Renal resistances (compliance) 
mmHg·cm-3·sec   [mmHg-

1·cm-3] 

RSP1 and RSP2 [CSP] Splanchninc resistances (compliance) 
mmHg·cm-3·sec   [mmHg-

1·cm-3] 

RABII [CABII] Abdominal (II) resistance (compliance) 
mmHg·cm-3·sec  [mmHg-

1·cm-3] 

LABII Abdominal (II) inertance mmHg·cm-3·sec2 

RAbdVC [CAbdVC] 
Abdominal vena cava resistance 

(compliance) 

mmHg·cm-3·sec  [mmHg-

1·cm-3] 

EesLeft [EesRight] 
Left (right) ventricular end-systolic 

elastance 
mmHg/ml 

EaS [EaP] 
Systemic (pulmonary) arterial elas-

tance 
mmHg/ml 

EaS/EesLeft 

[EesRight/EaP] 

Left (right) ventricular-arterial cou-

pling 
----- 

The circuit representation of the upper and lower limbs and the head sections with 130 

the four different cannulation strategy implemented in CARDIOSIM©  are illustrated in 131 

Figure 2c. The nomenclature of the symbols is listed in Table 1. The lower limb section 132 

consists of two parts reproducing left and right limb circulation. The left (right) arterial 133 

circulation of the lower limb is modelled with a variable resistance RLFA (RRFA), the re- 134 

sistance RLFV (RRFV) reproduces the venous circulation and the capacitor CLLE (CRLE) repre- 135 

sents the left (right) compliance. The upper limbs are modelled with two resistances RARM1 136 

(variable resistance) and RARM2 reproducing arterial and venous circulation respectively 137 

and compliance CARM. The arterial and venous cerebral circulation is reproduced with a 138 

variable resistance RHD1 and a resistance RHD, respectively; the capacitor CHD mimics the 139 

vessel compliance.  140 

Figure 2d shows the electrical analogue of the second abdominal tract modelled with 141 

RLC elements. The variable resistance RSP1 and the resistance RSP2 allow the simulation of 142 

the arterial and the venous circulation of the splanchnic tract; the capacitor CSP mimics its 143 

compliance. 144 

 145 
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  146 

Figure 2. c Electric analogue of the upper and lower limbs and the head. The six switches allow the 147 
activation of one of the four cannulation strategies. 148 

 149 

 150 

Figure 2. d Electric analogue of abdominal section (II), splanchnic, renal, hepatic, inferior and ab- 151 
dominal vena cava sections. 152 
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The behaviour of the arterial and venous renal (hepatic) section is simulated with a 153 

variable resistance RKID1 (RHEP1) and the resistance RKID2 (RHEP2), respectively. The compli- 154 

ance of the renal and hepatic vessels is modelled with the capacitors CKID and CHEP, respec- 155 

tively.  156 

2.3. Numerical models of the cannulae and centrifugal pump 157 

Figure 2c shows the four different cannulation strategies implemented in CARDI- 158 

OSIM©  platform. In the first one, the centrifugal pump draws blood from RA and ejects it 159 

in the ascending aorta and in the common carotid artery bilaterally (RA➔AA&CC). In 160 

this case the switches SW5 (which opens the input cannula connected to the right atrium), 161 

SW3 (which opens the output cannula connected to the common carotid artery) and SW6 162 

(which opens the output cannula connected to the ascending aorta) are ON and the other 163 

switches are OFF. When the second type of cannulation is activated, the centrifugal pump 164 

draws blood from the right atrium and ejects it in the FA and in the common carotid artery 165 

bilaterally (RA➔FA&CC). This connection is obtained by switching SW5, SW3 and SW4 166 

(which opens the output cannula connected to the femoral artery) ON and setting SW1, 167 

SW2 and SW6 OFF. In the connection (FV➔FA&CC), the pump draws blood from the 168 

femoral vein and ejects it in FA and CC. The cannulation can be configured by setting SW1 169 

(which opens the input cannula connected to the femoral vein), SW3 and SW4 ON. Finally, 170 

in the last connection, the centrifugal pump draws blood from FV and the superior vena 171 

cava and ejects it in FA and CC. The cannulation (FV&SVC➔FA&CC) can be activated by 172 

switching SW1, SW2 (which opens the input cannula connected to SVC), SW3 and SW4 173 

ON whilst SW5 and SW6 are switched OFF. All the cannulae are modelled with RLC ele- 174 

ments [43].  175 

The numerical model of the centrifugal pump implemented in CARDIOSIM©  has 176 

been previously described in [43],[48]. 177 

2.4. Simulation Protocol 178 

The results of the simulations performed in this work were obtained starting from 179 

basal conditions and setting heart rate (HR), left and right ventricular and septal elastance, 180 

arterial and venous resistances and compliances for all compartments to achieve minimal 181 

physiological conditions characterized by HR=90 beat/min, systolic aortic pressure 182 

(AoPsys)=90 mmHg, LAP=21 mmHg, RAP=10 mmHg, PAP=18 mmHg, CO=4.3 l/min. Start- 183 

ing from basal conditions, each cannulation configuration was activated by setting the 184 

centrifugal pump speed to 2000, 2500, 3000, 3500, 4000 and 4500 rpm. The effects induced 185 

by different cannulations on the left and right ventricular loop and on the left atrial loop 186 

are presented and discussed. Furthermore, the instantaneous waveform of the aortic and 187 

pulmonary arterial pressures for each cannulation configuration is included in the result 188 

section. Finally, an analysis of the percentage variations of the haemodynamic and ener- 189 

getic variables calculated with respect to basal conditions for each cannulation configura- 190 

tion and different speeds of the centrifugal pump was carried out in this study. Haemo- 191 

dynamic variables such as mean aortic pressure, PAP, LPA, RAP, CO, left (right) ventric- 192 

ular-arterial coupling EaS/EesLeft (EesRight/EaP), cerebral, renal and superior vena cava flow 193 

together with energetic variables such as left and right ventricular external work (EW) 194 

and right ventricular pressure volume area (PVA) were analysed. 195 

3. Results 196 

Figure 3 shows the effects induced on the left (top left panel) and right (bottom left 197 

panel) pressure-volume loops by different rotational speed of the centrifugal pump ap- 198 

plied when the cannulae are connected in RA➔FA&CC mode. The right panel of the fig- 199 

ure shows the right atrial to femoral artery and bilateral common carotid artery cannula- 200 

tion. The different left and right ventricular loops were obtained in basal conditions (black 201 

dashed line) and when the rotational pump speed was set to 2000, 2500, 3000, 3500, 4000 202 
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and 4500 rpm. When the rotational pump speed increased, the left (right) ventricular loop 203 

shifted to the left (right) with a decrease (increase) in left (right) ventricular end-diastolic 204 

(EDV) and end-systolic (ESV) volume. 205 

 206 

Figure 3. Top (bottom) left panel shows the left (right) ventricular pressure-volume loops in basal 207 
conditions (dashed black line) and for RA➔FA&CC cannulation with centrifugal speed pump set 208 
to 2000 rpm (dashed lilac line), 2500 rpm (green line), 3000 rpm (continuous black line), 3500 rpm 209 
(red line), 4000 rpm (dashed brown line) and 4500 rpm (lilac line). The ventricular loops obtained 210 
using CARDIOSIM©  were stored in excel files and subsequently plotted. The right panel shows the 211 
RA➔FA&CC cannulation in which the centrifugal pump draws blood from the right ventricle and 212 
ejects it in the femoral artery and common carotid artery bilaterally. 213 

Figure 4 shows the comparison of the four different methods of cannulation obtained 214 

setting the rotational pump speed to 2000 rpm. Left ventricular pressure-volume loops 215 

obtained using the software simulator were stored in excel files and subsequently plotted. 216 

The top panel shows the left ventricular pressure-volume loop in basal conditions (dashed 217 

black line) following RA➔AA&CC cannulation, obtained connecting the input cannula 218 

to the right atrium and the output cannulae to the ascending aorta and common carotid 219 

artery bilaterally (red line); RA➔FA&CC cannulation (green line); FV➔FA&CC cannula- 220 

tion, obtained connecting the input cannula to the femoral vein and the output cannulae 221 

to the femoral artery and common carotid artery bilaterally (blue line) and 222 

FV&SVC➔FA&CC cannulation, obtained connecting the input cannulae to the femoral 223 

vein and the superior vena cava and the output cannulae to the femoral artery and com- 224 

mon carotid artery bilaterally (lilac line). The middle (bottom) panel shows the left atrial 225 

(right ventricular) pressure-volume loops. 226 
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 227 

Figure 4. The top (middle) panel shows the left ventricular (atrial) pressure volume loop obtained 228 
in basal conditions and following the four different methods of cannulation when the centrifugal 229 
pump speed was set to 2000 rpm. The bottom panel shows the right ventricular pressure-volume 230 
loops. The dashed black loop is obtained in basal conditions. The red, green, light blue and lilac 231 
loops are obtained following RA➔>AA&CC, RA➔FA&CC, FV➔FA&CC and FV&SVC➔FA&CC 232 
connection, respectively. . 233 

 234 
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Figure 5. shows the aortic pressure (AoP) and pulmonary arterial pressure (PAP) waveforms simu- 235 
lated in basal conditions and following FV&SVC➔FA&CC cannulation with pump rotational speed 236 
set to 2000, 3500 and 4500 rpm. 237 

 238 

Figure 5. AoP (top left panel) and PAP (bottom left panel) waveforms obtained in basal conditions 239 
and with FV&SVC➔FA&CC cannulation when the pump rotational speed was set to 2000, 3500 and 240 
4500 rpm. The right panel shows the FV&SVC➔FA&CC cannulation in which the centrifugal pump 241 
has two input cannulae (from superior vena cava and femoral vein) and two output cannulae (to 242 
femoral and common carotid arteries). 243 

When the pump speed was set to 2000 rpm, the AoP and PAP waveforms (blue) 244 

moved downward compared to basal conditions. 245 

Figure 6 shows the effects induced on the right ventricular pressure-volume loop (top 246 

left panel) and instantaneous PAP waveform (bottom left panel) by FV➔FA&CC cannu- 247 

lation when the rotational pump speed was set to 2000, 2500, 3000 and 3500 rpm. This type 248 

of cannulation generated limited effects compared to basal conditions (black dashed line) 249 

when the centrifugal pump speed was set to 2000 rpm (red line). When the pump rota- 250 

tional speed increased, the right ventricular pressure volume loop shifted to the right in- 251 

creasing both ESV and EDV. Instantaneous PAP waveforms were also affected by high 252 

pump rotational speeds. 253 
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 254 

Figure 6. Right ventricular pressure-volume loops (top left panel) and instantaneous PAP wave- 255 
forms (bottom left panel) obtained in basal conditions (black dashed line) and with FV➔FA&CC 256 
cannulation when the pump rotational speed was set to 2000 (red line), 2500 (blue line), 3000 (green 257 
line) and 3500 (light blue line) rpm. The ventricular loops and the instantaneous waveforms ob- 258 
tained using CARDIOSIM©  were stored in excel files and subsequently plotted. In FV➔FA&CC can- 259 
nulation (right panel), the centrifugal pump draws blood from the femoral vein and ejects it in the 260 
femoral artery and common carotid artery bilaterally. 261 

The outcome of RA➔AA&CC cannulation on the left atrial pressure-volume loop 262 

and on the aortic pressure (AoP) is shown in Figure 7. This type of cannulation produced 263 

negligible effects when the speed of the pump was set to 2000 rpm (red lines in the top 264 

and bottom left panels). At higher pump speeds, the loops (top left panel) move to the 265 

right for high values of the left atrial end-diastolic volume. AoP increased considerably 266 

when the pump rotational speed was set to 3000 rpm (lilac waveforms in the bottom 267 

panel). 268 

 269 
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 270 

Figure 7. Left atrial pressure-volume loops (top left panel) and instantaneous AoP waveforms (bot- 271 
tom left panel) obtained in basal conditions (black dashed line) and with RA➔AA&CC cannulation 272 
when the pump rotational speed was set to 2000 (red line), 2500 (blue line) and 3000 (lilac line) rpm. 273 
The ventricular loops and the instantaneous waveforms obtained using CARDIOSIM©  were stored 274 
in excel files and subsequently plotted. In RA➔AA&CC cannulation (right panel) the centrifugal 275 
pump draws blood from the right atrium and ejects it in the ascending aorta and common carotid 276 
artery bilaterally. 277 

Figure 8 shows the initial analysis of percentage variation of AoP, CO, left (right) 278 

atrial pressure LAP (RAP) for the four different cannulation strategies compared to basal 279 

conditions when the rotational pump speed was set to 2500 rpm. Percentage variation of 280 

mean AoP, CO and LAP decreased for RA➔FA&CC and FV&SVC➔FA&CC cannula- 281 

tions. A decrease in percentage variation of the right atrial pressure was observed for 282 

FV&SVC➔FA&CC cannulation (bottom right panel). 283 

Figure 9 shows the relative changes of cardiac output calculated in comparison to 284 

basal conditions for the four methods of cannulation. The simulations were performed 285 

setting pump rotational speed to 2000, 2500, 3000, 3500, 4000 and 4500 rpm. In the case of 286 

RA➔AA&CC (FV➔FA&CC) cannulation, CO increased up to 58% (52%) when the pump 287 

speed was set to 4500 rpm (top left panel and bottom right panel). On the contrary, in the 288 

case of RA➔FA&CC cannulation CO decreased by 17% when the pump speed was set to 289 

4500 rpm (upper right panel).  290 
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 291 

Figure 8. Relative changes calculated in comparison to basal conditions for the four different meth- 292 
ods of cannulation with a pump rotational speed set to 2500 rpm. The top (bottom) left panel shows 293 
the relative changes in the aortic pressure AoP (left atrial pressure). The top (bottom) right panel 294 
shows the relative changes in the cardiac output CO (right atrial pressure). 295 

 296 

Figure 9. Relative CO changes calculated in comparison to basal conditions for the four different 297 
cannulation strategy at different pump rotational speed. The top (bottom) left panel shows the rel- 298 
ative changes in CO induced by RA➔AA&CC (FV&SVC➔FA&CC) cannulation. The top (bottom) 299 
right panel shows the relative changes in cardiac output induced by RA➔FA&CC (FV➔FA&CC) 300 
cannulation. 301 
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For FV&SVC➔FA&CC cannulation, the outcome of the simulations showed that car- 302 

diac output took a positive turn when the rotational pump speed was set to 3000 rpm 303 

(lower left panel). A percentage increase in excess of 32% (compared to the basal condi- 304 

tions) in CO was observed when the pump speed was set to 4500 rpm. 305 

The analysis of the two parameters that measure the coupling between the circulatory ar- 306 

terial network and the two ventricles and of the left and right ventricular external work is 307 

summarized in Figure 10 for all the cannulations with pump rotational speed set to 3500 308 

rpm. 309 

 310 

Figure 10. The top left (right) panel shows the relative changes of left (right) ventricular- arterial 311 
coupling EaS/EesLeft (EaP/EesRight) for different cannulations applied with pump rotational speed set 312 
to 3500 rpm. The relative changes estimate respect to basal conditions of the energetic variable (EW) 313 
for the left (right) ventricle is reported in the bottom left (right) panel. 314 

An increase in EaS/EesLeft (top left panel) for both RA➔FA&CC and 315 

FV&SVC➔FA&CC cannulations was observed when pump rotational speed was set to 316 

3500 rpm. On the contrary, the right ventricular-arterial coupling showed a percentage 317 

reduction compared to the basal values for all types of cannulation (top right panel). Only 318 

the RA➔FA&CC cannulation configuration underwent a reduction in left ventricular EW 319 

of less than 2%. EW increase up to 7% was observed for the RA➔AA&CC cannulation 320 

method (bottom left panel). When the pump speed was set to 3500 rpm, a modest percent- 321 

age increase in right ventricular EW compared to baseline conditions (bottom right panel) 322 

was observed for all the cannulation configurations. 323 

An analysis of the percentage changes in left ventricular EW (right ventricular PVA) 324 

for FV➔FA&CC, FV&SVC➔FA&CC and RA➔AA&CC cannulation configurations 325 

when the pump rotational speed was set to 2000, 2500, 3000, 3500, 4000 and 4500 rpm is 326 

shown in the top left (right) panel of Figure 11. When the pump speed was set to 4500 327 

rpm, an increase of more than 15% in left ventricular EW and about 25% in right ventric- 328 

ular PVA was observed for the RA➔AA&CC cannulation configuration. 329 
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 330 

Figure 11. The top left (right) panel shows the relative changes in left (right) ventricular EW (PVA) 331 
observed for three different cannulations with pump rotational speed set to 2000, 2500, 3000, 3500, 332 
4000 and 4500 rpm. The bottom left (right) panel shows the relative changes in right (left) atrial 333 
pressure compared to basal conditions for FV➔FA&CC, FV&SVC➔FA&CC and RA➔AA&CC 334 
cannulation configurations with pump rotational speed set to 2000, 2500, 3000 and 3500 rpm. 335 

Percentage variation in RAP (LAP) compared to basal conditions are available in the 336 

bottom left (right) panel for FV➔FA&CC, FV&SVC➔FA&CC and RA➔AA&CC cannu- 337 

lation configurations simulated by setting the pump rotational speed to 2000, 2500 3000 338 

and 3500 rpm. A percentage reduction in LAP (bottom right panel) is observed for 339 

RA➔AA&CC cannulation with each pump rotational speed. 340 

Figure 12 shows the effects induced by the four different cannulation strategies on 341 

cerebral blood flow when the pump rotational speed was set to 3500 rpm (top left panel). 342 

The top right panel shows the effect induced by RA➔FA&CC cannulation on cerebral 343 

blood flow, superior vena cava flow and CO when the pump speed was set to 2500 rpm. 344 

The relative changes in cerebral blood flow*, SVC* and CO* have been evaluated when a 345 

little increase in the resistance of the ascending aorta tract was simulated.  346 

 347 
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 348 

Figure 12. The top left panel shows the relative changes in cerebral blood flow induced by three 349 
different cannulation configurations with pump rotational speed set to 3500 rpm. The relative 350 
changes in cerebral blood flow, superior vena cava flow and cardiac output for RA➔FA&CC can- 351 
nulation with pump speed set to 2500 rpm are available in the top right panel. Relative changes in 352 
CO*, cerebral blood flow* and SVC* blood flow have been evaluated when a little increase in as- 353 
cending aorta resistance was considered during the simulation. Kidney flow*, hepatic flow* (bottom 354 
right panel), PAP* and LAP* (bottom left panel) have been evaluated in the same conditions when 355 
the pump rotational speed was set to 2500 and 3500 rpm, respectively. 356 

The effects induced by the RA➔FA&CC cannulation strategy on PAP and LAP (kid- 357 

ney and hepatic flow) with pump rotational speed set to 3500 (2500) rpm are shown in the 358 

bottom left (right) panel. Percentage variation in kidney flow*, hepatic flow* (bottom right 359 

panel), PAP* and LAP* (bottom left panel) have been evaluated when a little increase in 360 

ascending aorta resistance was considered during the simulation.  361 

The effects induced by different cannulation strategies on SVC and hepatic flow have 362 

been further analysed. Figure 13 shows the relative changes in SVC (top left panel) and 363 

hepatic flow (bottom left panel) obtained when the rotational pump speed was set to 3500 364 

rpm. A percentage decrease was observed during RA➔FA&CC cannulation configura- 365 

tion. The top (bottom) right panel shows the relative changes in cerebral (kidney, hepatic 366 

and SVC) blood flow obtained when the FV&SVC➔FA&CC cannulation method was 367 

simulated with different rotational pump speeds. A trend reversal is observed when the 368 

pump speed is greater than or equal to 3000 rpm.  369 
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 370 

Figure 13. The top (bottom) left panel shows the relative changes in SVC flow (hepatic flow) induced 371 
by four different cannulation strategies obtained when the pump rotational speed was set to 3500 372 
rpm. The top (bottom) right panel shows the cerebral flow (kidney, hepatic and SVC flow) for 373 
FV&SVC➔FA&CC cannulation method when the pump rotational speed was set to 2000, 2500, 374 
3000, 3500 4000 and 4500 rpm. 375 

4. Discussion 376 

The management of aortic arch disease either in the context of acute type A aortic 377 

dissection or in the presence of aneurysmatic disease is quite challenging and still a matter 378 

of significant debate [49], [50]. Open repair for aortic arch disease remains the standard of 379 

care in high volume centres, although endovascular treatment has become quite an estab- 380 

lished approach in the presence of significant comorbidities [51]. Protection of cerebral 381 

blood flow remains the key issue during aortic arch replacement.  RA➔AA&CC and 382 

FV➔FA&CC cannulation configurations increase and maintain cerebral perfusion appro- 383 

priately up to 27% and 14% (Figure 12) confirming their adaptability according to the clin- 384 

ical setting. RA➔AA&CC cannulation would be quite appropriate for an elective aortic 385 

arch replacement due to severe aneurysmatic dilatation whilst FV➔FA&CC would be 386 

more appropriate in the presence of significant haematoma and dissection involving the 387 

whole aortic arch. An additional arterial cannula can be added before commencement of 388 

cardiopulmonary bypass to restore antegrade flow through the side branch of the Dacron 389 

graft after completion of the distal anastomosis during reconstruction of the aortic arch. 390 

RA➔FA&CC and FV&SVC➔FA&CC are suitable alternative but more dependent on 391 

pump setting and flow conditions (Figure 9 and 13). RA➔AA&CC and FV➔FA&CC can- 392 

nulation configurations increase cardiac output up to 58% and 52% (Figure 8 and 9). The 393 

two cannulation configurations are consistent with increased cardiac output following 394 

stepwise increase in pump rotational speed The PV-loop analysis shows appropriate un- 395 

loading of the left ventricle whilst the right ventricle seems less affected (Figure 4). This 396 

would be addressed by suction as required in routine cardiac surgery. FV&SVC➔FA&CC 397 

is consistent with increased cardiac output when pump rotational speed is at least 3000 398 

rpm or above. Progressive decrease in cardiac output is observed with stepwise increase 399 

in pump rotational speed following RA➔FA&CC cannulation configuration. 400 
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5. Conclusion 401 

The outcome of the simulations supports the successful set up of the three-way can- 402 

nulation approach observed in clinical practice for aortic arch surgery with particular ref- 403 

erence to RA➔AA&CC and FV➔FA&CC cannulation configurations. A close co-opera- 404 

tion between cardiac surgeons, vascular surgeons and interventional radiologists remains 405 

essential to address aspects that are not completely within the domain of individual spe- 406 

cialists. The contribution of engineering scientists may add a different dimension to clini- 407 

cal problem-solving. 408 
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