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Abstract
Background: Infants	 with	 single-	ventricle	 (SV)	 physiology	 undergo	 the	 3-	stage	
Fontan	surgery.	Norwood	patients,	who	have	completed	 the	 first	 stage,	 face	 the	
highest	interstage	mortality.	The	Berlin	Heart	EXCOR	(BH),	a	pediatric	pulsatile	
ventricular	assist	device,	has	shown	promise	in	supporting	these	patients.	However,	
clinical	questions	regarding	device	configurations	prevent	optimal	support.
Methods: We	 developed	 a	 combined	 idealized	 mechanics-	lumped	 parameter	
model	of	a	Norwood	patient	and	simulated	two	additional	patient-	specific	cases:	
pulmonary	hypertension	(PH)	and	post-	operative	treatment	with	milrinone.	We	
quantified	the	effects	of	BH	support	across	different	device	volumes,	rates,	and	
inflow	connections	on	patient	hemodynamics	and	BH	performance.
Results: Increasing	device	volume	and	rate	increased	cardiac	output,	but	with	
unsubstantial	changes	in	specific	arterial	oxygen	content.	We	identified	distinct	
SV–	BH	interactions	that	may	impact	patient	myocardial	health	and	contribute	to	
poor	clinical	outcomes.	Our	results	suggested	BH	settings	for	patients	with	PH	
and	for	patients	treated	post-	operatively	with	milrinone.
Conclusions: We	present	a	computational	model	to	characterize	and	quantify	pa-
tient	 hemodynamics	 and	 BH	 support	 for	 infants	 with	 Norwood	 physiology.	 Our	
results	emphasized	that	oxygen	delivery	does	not	increase	with	BH	rate	or	volume,	
which	may	not	meet	patient	needs	and	contribute	to	suboptimal	clinical	outcomes.	
Our	findings	demonstrated	that	an	atrial	BH	may	provide	optimal	cardiac	loading	
for	patients	with	diastolic	dysfunction.	Meanwhile,	a	ventricular	BH	decreased	ac-
tive	stress	in	the	myocardium	and	countered	the	effects	of	milrinone.	Patients	with	
PH	showed	greater	sensitivity	to	device	volume.	In	this	work,	we	demonstrate	the	
adaptability	of	our	model	to	analyze	BH	support	across	varied	clinical	situations.
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1 	 | 	 INTRODUCTION

Infants	with	single-	ventricle	(SV)	physiology	undergo	the	
Fontan	palliation,	which	consists	of	the	Norwood,	Glenn,	
and	Fontan	operations.	This	three-	stage	surgery	separates	
the	pulmonary	and	systemic	circulations	by	re-	routing	the	
venous	circulation	to	pass	through	the	lungs	without	en-
tering	a	ventricle.	The	Norwood	procedure	occurs	when	
the	patient	 is	a	 few	days	old,	and	a	3–	4	mm	systemic-	to-	
pulmonary	 shunt	 is	 created	 to	 act	 as	 the	 only	 source	 of	
pulmonary	 blood	 flow.	 However,	 these	 infants	 are	 the	
most	vulnerable	during	the	Fontan	palliation	and	face	an	
interstage	 mortality	 of	 23%.1	 SV	 patients	 have	 benefited	
from	 support	 with	 the	 Berlin	 Heart	 EXCOR	 (BH).	 The	
BH	is	a	pulsatile,	extracorporeal	ventricular	assist	device	
(VAD)	 that	 has	 successfully	 bridged	 75%–	92%	 of	 all	 im-
planted	patients	to	transplant.2	The	device	consists	of	an	
air	chamber	and	blood	chamber,	separated	by	a	thin,	flexi-
ble	membrane.	High	pressure	in	the	air	chamber	displaces	
the	membrane,	which	in	turn	pushes	output	to	the	native	
circulation.	The	inflow	tubing	for	the	BH	blood	chamber	
can	be	connected	at	the	atrium	or	ventricular	apex,	with	
outflow	at	the	ascending	aorta.3	The	BH	comes	in	volumes	
from	 10	 to	 60	mL,	 and	 clinicians	 can	 modulate	 four	 set-
tings:	device	rate,	systolic	time,	and	systolic	and	diastolic	
drive	pressures	to	ensure	sufficient	device	output.

However,	 outcomes	 for	 Norwood	 patients	 on	 the	 BH	
are	 significantly	 worse	 than	 their	 biventricular	 counter-
parts.4	 In	 a	 multi-	center	 study,	 Weinstein	 et	 al.	 reports	
that	 SV	 patients	 face	 a	 success	 rate	 of	 42.3%,	 compared	
with	 72.5%	 for	 biventricular	 patients.4	 Among	 these	 SV	
patients,	 only	 11.1%	 neonates	 with	 Norwood	 palliation	
were	 successfully	 supported,	 compared	 with	 58.3%	 of	
Glenn	 and	 60%	 of	 Fontan	 patients.	The	 lower	 body	 sur-
face	area	of	Norwood	patients	does	not	thoroughly	explain	
their	outcomes.4	Rather,	clinicians	cite	difficulties	 in	de-
termining	 the	 appropriate	 BH	 volume,	 rate,	 and	 inflow	
placement	at	the	atrium	versus	ventricle.3,5	Outcomes	for	
Norwood	patients	are	also	 impacted	by	risk	factors	such	
as	pulmonary	hypertension	(PH),	which	is	associated	with	
heart	failure	and	mortality.3,5–	7

The	impact	of	the	Berlin	Heart	on	the	Norwood	patient	
physiology	 has	 not	 been	 widely	 studied.	 Clinical	 experi-
ences	are	limited	to	single-	center	reports,	whereas	prior	in	
vitro	studies	of	the	Norwood	physiology	have	not	included	
VAD	implantation.8–	10	Computational	modeling	offers	an	
avenue	to	investigate	the	hemodynamics	of	the	Norwood	
physiology	 and	 its	 relationship	 to	 patient	 outcomes.11–	15	
However,	prior	in	silico	studies	focused	primarily	on	con-
tinuous	flow	devices	in	children	with	the	Fontan	physiol-
ogy,	whereas	pulsatile	VADs	are	more	commonly	used	in	
Norwood	patients.4,8–	10,16–	20	Given	the	complex	physiolo-
gies	of	Norwood	patients	and	limited	clinical	experiences,	

computational	simulations	can	help	paint	a	fuller	picture	
of	the	hemodynamics	of	different	BH	configurations	and	
inform	decision-	making	on	patient-	specific	treatments.

In	this	work,	we	leveraged	a	clinically	validated	model	
of	 the	Norwood	physiology	and	BH	to	characterize	how	
device	inflow	connection,	volume,	and	rate	impact	patient	
hemodynamics	and	device	performance.11,21	We	then	sim-
ulated	a	child	with	PH	and	investigated	device	support	in	
this	physiology.	Finally,	we	explored	the	combined	impact	
of	 VAD	 support	 and	 post-	operative	 pharmacologics	 by	
modeling	milrinone	infusion	together	with	BH	implanta-
tion.	To	 the	 best	 of	 our	 knowledge,	 we	 present	 the	 first	
computational	study	of	a	pulsatile	VAD	in	a	Norwood	in-
fant	which	explores	diverse	clinical	scenarios.

2 	 | 	 METHODS

We	 developed	 a	 combined	 idealized	 mechanics-	lumped	
parameter	model	of	the	Norwood	physiology	by	adapting	
previously	developed	models.11,22	The	BH	was	represented	
by	 an	 existing	 lumped	 parameter	 model	 based	 on	 ideal-
ized	 device	 mechanics.21	 Simulations	 were	 performed	
over	24	cardiac	cycles	(12	s).	For	a	heart	rate	of	120	beats	
per	minute	and	a	BH	rate	of	85	pumps	per	minute,	 this	
corresponds	to	the	minimum	time	for	an	integer	number	
of	BH	pumps	and	allows	full	exploration	of	SV–	BH	phase	
interactions.	The	initial	state	was	SV	systole.	Our	model	
converged	 after	 six	 cardiac	 cycles	 (3	s).	 Cardiac	 output	
(CO),	ventricular	stroke	work	(VSW),	specific	arterial	oxy-
gen	content	(SpO2),	and	other	clinically	relevant	metrics	
were	calculated	after	convergence	to	assess	patient	hemo-
dynamics,	physiologic	changes,	and	device	performance.

2.1	 |	 Model of Norwood physiology

Using	clinical	measurements	of	a	cohort	of	Norwood	pa-
tients,	we	represented	a	3-	month-	old	infant	with	Norwood	
physiology	and	a	BSA	of	0.33	m2	(Figure 1).11,13	Our	model	
consisted	of	six	components:

1.	 The	atria	and	SV	were	represented	using	the	1D	single-	
fiber	cardiac	model	to	capture	the	relationship	between	
myocardial	mechanics	and	organ-	level	behavior.22	The	
parameters	governing	myocardial	behavior	were	tuned	
to	 clinically	 reported	 end-	systolic	 and	 end-	diastolic	
volumes.11

2.	 A	non-	obstructive	atrial	septal	defect	(ASD)	was	mod-
eled	as	a	resistor	connecting	the	left	and	right	atria.11

3.	 The	inflow	and	outflow	valves	of	the	SV	are	represented	
using	 the	 simplified	 valve	 model	 from	 Mynard	 et	 al.,	
where	 the	 valve	 state	 ð	 depended	 on	 instantaneous	
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   | 3BERLIN HEART EXCOR SUPPORT IN NORWOOD PATIENTS

pressure	differences.23	We	define	ð,	(0	≤	ð ≤	1),	such	that	
ð	=	0	was	a	closed	valve	and	ð	=	1	was	open.

4.	 The	 systemic	 circulation	 was	 represented	 with	 the	
aorta	as	a	resistor-	inductor-	capacitor	(RLC)	circuit,	the	
upper	 body	 circulation	 as	 a	 resistor-	capacitor-	resistor	
(RCR)	 circuit,	 and	 the	 lower	 body	 circulation	 as	 an	
RCR	circuit.	We	obtained	systemic	vascular	resistance	
(SVR)	 and	 inductance	 from	 clinical	 measurements.11	
Aortic	 resistance	 was	 5%	 of	 total	 SVR.	 We	 assumed	
equal	resistive	and	capacitive	values	for	the	upper	and	
lower	body	to	capture	neonatal	physiology.11

5.	 The	pulmonary	circulation	was	modeled	with	the	pul-
monary	 artery	 (PA)	 as	 an	 RLC	 circuit	 and	 the	 distal	
circulation	as	an	RCR	circuit.	We	obtained	pulmonary	
vascular	 resistance	 (PVR)	 and	 inductance	 from	 clini-
cal	measurements;	resistance	of	the	PA	was	5%	of	PVR,	
and	 distal	 resistance	 was	 95%.11	 To	 simulate	 pulmo-
nary	 hypertension	 (PH),	 we	 doubled	 PVR	 to	 match	
clinically	measured	values	and	distributed	resistances	
as	described.32

6.	 A	nonlinear	element	represented	the	Blalock–	Taussig	
shunt	with	a	diameter	of	3.5	mm,	such	that	the	pressure	
drop	ΔP	across	the	shunt	was11:

where	k1	and	k2	are	proportionality	constants,	D	is	the	shunt	
diameter,	and	Q(t)	is	the	instantaneous	flow	across	the	shunt.

To	reflect	the	typical	physiology	of	a	Norwood	patient,	
indexed	systemic	vascular	resistance	(SVRi)	and	indexed	
pulmonary	vascular	resistance	(PVRi)	were	set	to	21	Wood	
units*m2	and	3.5	Wood	units*m2,	respectively,	and	heart	
rate	(HR)	to	120	beats	per	minute	(bpm).13

2.1.1	 |	 Simulating	post-	operative	
management	with	milrinone

Milrinone	is	a	positive	inotrope,	vasodilator,	and	common	
post-	operative	 treatment	 in	 Norwood	 patients.24–	27	 We	
combined	data	from	clinical	and	experimental	studies	to	
simulate	 post-	operative	 milrinone	 infusion	 in	 Norwood	
patients.	In	a	cohort	of	neonates	with	congenital	heart	dis-
ease,	clinical	reports	measured	a	3%	increase	in	HR	and	a	
37.5%	and	27.2%	decrease	in	SVR	and	PVR,	respectively.28

We	then	leveraged	experimental	data	from	Gao	et	al.,	
to	quantify	changes	in	myocardial	dynamics	as	a	function	
of	μM	of	milrinone.	Given	clinically	measured	concentra-
tions	 of	 4.28	μM	 of	 milrinone	 in	 Norwood	 patients	 after	
24	h,	we	tuned	our	single-	fiber	model	of	the	SV	to	capture	
increases	of	5%	in	the	amplitude	of	sarcomere	shortening,	
50%	in	the	maximum	systolic	shortening	velocity,	and	20%	
in	the	maximum	diastolic	shortening	velocity.29

(1)ΔP =
k1
D4

Q(t) +
k2
D4

Q(t)2,

F I G U R E  1  Lumped	parameter	model	
of	an	infant	with	Norwood	physiology	
with	the	heart	outlined	in	green,	the	
aorta	in	orange,	the	systemic	circulation	
in	red,	the	systemic-	to-	pulmonary	shunt	
in	black,	the	pulmonary	artery	in	purple,	
and	the	distal	pulmonary	circulation	
in	blue.	
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4 |   BERLIN HEART EXCOR SUPPORT IN NORWOOD PATIENTS

2.2	 |	 Model of the Berlin Heart

Using	 a	 previously	 developed	 model	 in	 Yuan	 et	 al.,	 we	
simulated	the	BH	in	three	parts21:

1.	 The	 inflow	 and	 outflow	 tubing	 were	 modeled	 as	
Poiseuille	 resistors.	 Length	 and	 diameter	 were	 taken	
from	the	instructions	for	use	as	outlined	by	the	Berlin	
Heart	 GmBH.30

2.	 The	 inflow	and	outflow	valves	of	 the	BH	were	 repre-
sented	 using	 the	 valve	 model	 from	 Mynard	 et	 al.	 de-
scribed	in	Section 2.1.

3.	 The	air	and	blood	chambers	were	modeled	as	an	ide-
alized	 sphere	 divided	 by	 a	 thin,	 massless	 plate	 that	
is	 clamped	 along	 the	 edges.	 The	 displacement	 ω	 is	
measured	 from	 center	 plane	 to	 peak	 deflection.	 We	
assumed	linear	membrane	deformations	given	a	uni-
formly	distributed	pressure	load.	Displacement	of	the	
membrane	varied	as	a	function	of	the	pressure	differ-
ence	between	the	air	and	blood	chambers.	Based	on	
classical	 results	 for	 linear,	 elastic,	 clamped,	circular	
membranes,	 the	 following	 equation	 governs	 mem-
brane	dynamics:

where	r	is	the	radial	coordinate	from	the	membrane	center,	
ω	is	displacement	of	the	membrane,	Pa	is	the	prescribed	air	
chamber	pressure,	pin	is	the	pressure	in	the	BH	blood	cham-
ber,	and	D	is	the	stiffness	parameter	of	the	membrane.	The	
resulting	solution	is:

such	that

where	 ωmax	 is	 the	 maximum	 displacement,	 Pa	 is	 the	 air	
chamber	pressure,	pin	is	the	pressure	in	the	BH	blood	cham-
ber,	R	 is	 the	radius	of	 the	BH,	E	 is	Young's	modulus,	h	 is	
membrane	thickness,	and	μ	is	Poisson's	ratio.	By	integrating	
Equation  (3),	 the	volume	displaced	by	 the	BH	membrane	
can	be	calculated	as:

We	assume	equivalent	terminal	pressures	within	the	device	
and	 apply	 conservation	 of	 blood	 volume	 to	 complete	 the	
model.

2.3	 |	 Modeling BH implantation

We	 studied	 the	 relationship	 between	 patient	 hemody-
namics,	 BH	 performance,	 and	 three	 different	 device	
parameters—	inflow	 connection,	 volume,	 and	 rate.	 BH	
inflow	was	connected	at	either	the	atrium	or	ventricular	
apex,	with	outflow	at	the	ascending	aorta.	Volumes	of	10,	
15,	and	25	mL	were	simulated	as	they	are	recommended	
for	the	corresponding	age	and	BSA	of	Norwood	patients.30	
The	device	was	driven	at	220/−30	mm	Hg	and	85	pumps	
per	 minute	 (ppm)	 to	 represent	 average	 operating	 condi-
tions.4	To	study	device	rate,	we	simulated	a	10	mL	BH	at	
rates	 of	 [60,	 120]	 ppm,	 inclusive,	 at	 intervals	 of	 10	ppm.	
The	device	was	driven	at	220/−30	mm	Hg.

As	the	BH	ejection	is	not	synchronous	with	SV	systole,	
we	 captured	 SV–	BH	 interactions	 in	 all	 simulations	 by	
shifting	the	phase	of	BH	ejection	relative	to	SV	systole	by	
[−π,	π]	at	intervals	of	�

4
.	Given	previous	work	on	modeling	

the	BH,	phase	shifts	of	�
4
	were	simulated	to	save	computa-

tional	cost	as,	upon	initial	quantitative	analysis,	there	was	
no	significant	difference	between	simulation	results	for	�

8
	

and	�
4
.21

Results	 for	each	device	configuration	were	then	aver-
aged	over	time	and	phase.	For	each	HR-	device	rate	combi-
nation,	we	simulated	nine	phases,	with	results	from	each	
phase	averaged	over	9	s	of	simulation.	Thus,	for	each	HR-	
device	 rate	 combination,	 81	s	 were	 simulated.	 CO,	VSW,	
oxygen	delivery,	and	other	hemodynamic	variables	were	
quantified.	 We	 define	 BH	 efficiency	 as	 volumetric	 effi-
ciency,	which	is	the	observed	output	divided	by	the	theo-
retical	output,	which	in	turn	is	the	product	of	device	rate	
and	volume.	We	repeated	these	studies	on	device	volume,	
rate,	and	connection	for	a	Norwood	patient	with	PH	and	a	
patient	treated	post-	operatively	with	milrinone.

3 	 | 	 RESULTS

Simulation	 results	 are	 outlined	 in	 three	 subsections.	
Each	 subsection	 is	 stratified	 by	 patient	 physiology.	 We	
analyze	 the	 impact	 of	 varying	 device	 volume	 and	 rate	
and	 comparisons	 between	 atrial	 versus	 ventricular	 in-
flow	connections	are	drawn.	We	also	quantify	myocar-
dial	 active	 stress,	 which	 we	 define	 as	 the	 stress	 in	 the	
myocardium	at	end-	systole,	and	passive	stress,	the	stress	
in	 the	 myocardium	 at	 end-	diastole.	 Hemodynamic	 re-
sults	for	the	Norwood	patient,	patient	with	PH,	and	pa-
tient	 treated	 with	 milrinone	 were	 normalized	 by	 their	
respective	 baseline	 results,	 which	 are	 hemodynamics	
of	the	Norwood	patient	without	a	pump.	Table 1	shows	
the	baseline	results	for	an	average	Norwood	patient.11,13	
Table A1	presents	baselines	for	a	patient	with	PH	and	a	
patient	treated	with	milrinone.

(2)�

�r
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r

�
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=

(
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   | 5BERLIN HEART EXCOR SUPPORT IN NORWOOD PATIENTS

3.1	 |	 Norwood patient

3.1.1	 |	 Device	volume

We	 simulated	 the	 BH	 at	 a	 device	 rate	 of	 85	ppm,	 drive	
pressures	 of	 220/−30	mm	Hg,	 inflow	 connection	 at	 the	
atrium	or	the	ventricular	apex,	and	volumes	of	10,	15,	or	
25	mL.	While	the	ventricular	BH	had	negligible	effect	on	
Qp:Qs,	the	25	mL	atrial	BH	reduced	Qp:Qs	the	most	at	9.0%.	
As	device	volume	increased,	systemic	oxygen	delivery	in-
creased	for	both	inflow	connections	due	to	increased	car-
diac	output	(Figure 2).	However,	there	was	no	significant	
increase	 in	SpO2	 (80.7%	 to	81.3%	 increase	 from	baseline	
with	increasing	volume	from	10	to	25	mL	in	a	ventricular	
device;	 81.4%	 to	 83.4%	 increase	 with	 increasing	 volume	
in	 an	 atrial	 device).	 These	 results	 suggested	 that	 higher	
BH	 output	 from	 a	 larger	 device,	 not	 oxygen	 concentra-
tions,	drove	the	increase	in	delivery.	However,	independ-
ent	of	size,	device	implantation	greatly	improved	oxygen	
delivery.

Increasing	ventricular	BH	volume	raised	systolic	pres-
sures	on	average	by	5.3%,	10.1%,	and	15.9%,	and	decreased	
diastolic	pressure	by	4.5%,	6.7%,	and	11.8%	with	a	10,	15,	
and	 25	mL	 device,	 respectively.	 By	 contrast,	 increasing	
atrial	BH	volume	increased	both	systolic	pressure	by	5.6%,	
12.1%,	 and	 16.4%	 and	 diastolic	 pressure	 by	 0.5%,	 5.0%,	
and	 4.7%	 for	 the	 10,	 15,	 and	 25	mL	 device,	 respectively.	
Interestingly,	 mean	 pulmonary	 arterial	 pressure	 (PAP)	

decreased	across	both	connections.	However,	SV–	BH	in-
teractions	caused	a	wide	range	of	PAP	(Figure A1).

As	device	volume	increased,	total	CO	and	BH	CO	in-
creased	across	both	inflow	connections.	With	a	ventricu-
lar	BH,	total	output	increased	by	43.8%,	45.8%,	and	47.2%	
with	 a	 10,	 15,	 and	 25	mL	 device,	 respectively.	 With	 the	
BH	connected	at	the	atrium,	total	CO	increased	by	48.4%,	
55.6%,	and	60.9%	with	a	10,	15,	and	25	mL	device,	respec-
tively.	 Although	 total	 CO	 increased	 more	 with	 an	 atrial	
BH,	 the	 ventricular	 BH	 operates	 with	 higher	 stroke	 vol-
ume	and	output.	Moreover,	given	a	theoretical	output	of	
0.85,	1.28,	and	2.13	L/min	for	a	10,	15,	and	25	mL	device,	
respectively,	the	ventricular	BH	operated	at	a	higher	effi-
ciency	than	the	atrial	device—	with	efficiencies	of	68.5%,	
81.6%,	and	73.4%	for	the	10,	15,	and	25	mL	ventricular	de-
vice	versus	efficiencies	of	45.4%,	28.0%,	and	51.2%	in	the	
10,	15,	and	25	mL	atrial	devices.	Total	CO	was	higher	with	
an	atrial	device	because	of	greater	SV	CO.	Relative	to	a	pa-
tient	without	device	implantation,	the	SV	supplied	11.1%	
more	output	with	a	10	mL	atrial	BH	than	a	ventricular	BH,	
23.2%	with	a	15	mL	atrial	BH	versus	ventricular,	and	34.9%	
more	with	a	25	mL	atrial	BH.	These	differences	in	SV	CO	
were	also	reflected	by	trends	in	VSW.

With	increasing	device	volume,	VSW	decreased	across	
both	 inflow	 connections.	 However,	 the	 ventricular	 BH	
offloaded	 the	 SV	 by	 2.5%–	6.3%	 more.	 The	 ventricular	
BH	reduced	VSW	more	across	all	device	volumes	by	off-
loading	 myocardial	 stress	 throughout	 the	 entire	 cardiac	

Parameter
Clinical 
measurement

Tuned 
simulation result %Error

CO	(L/min) 2.04	±	0.56 2.01 1.47%

Qp	(L/min) 1.07	±	0.37 1.09 1.87%

Qs	(L/min) 0.96	±	0.27 0.92 −4.17%

Qp:Qs 1.17	±	0.40 1.18 0.85%

Satart 72.8%	±	4.9 76.1% 4.53%

Satven 48.1%	±	5.6 50.2% 4.37%

Sys	O2	delivery	(mL/min) 156.84	±	45.41 155.06 −1.13%

ΔAVO2	(mL/dL) N/A 5.73 N/A

SpO2	(mL/dL) N/A 10.11 N/A

EDV	(mL) 31.0	±	3 30.78 −0.71%

ESV	(mL) 14.0	±	3 13.77 −1.64%

BP	(mm	Hg) 104	±	14/45	±	6 97/39 6.7%/13.3%

PAP	(mm	Hg) 13	±	3 17.3 33.1%

VSW	(mm	Hg*mL) N/A 1348.59 N/A

Note:	Results	are	presented	from	simulations	with	tuned	parameters	to	match	clinical	data.
Abbreviations:	ΔAVO2,	arteriovenous	oxygen	content	difference;	BP,	blood	pressure;	EDV,	end-	diastolic	
volume;	ESV,	end-	systolic	volume;	PAP,	mean	pulmonary	arterial	pressure;	Qp,	pulmonary	flow;	Qs,	
systemic	flow;	Qp:Qs,	the	ratio	of	pulmonary	to	systemic	flow;	Satart,	arterial	oxygen	saturation;	Satven,	
venous	oxygen	saturation;	SpO2,	arterial	oxygen	content;	sys	O2	delivery,	systemic	oxygen	delivery;	VSW,	
ventricular	stroke	work.

T A B L E  1 	 Comparison	between	
clinical	cohort	of	Norwood	patients	and	
baseline	model.11,13

 15251594, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/aor.14544 by Institito C

linico H
um

anitas, W
iley O

nline L
ibrary on [03/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 |   BERLIN HEART EXCOR SUPPORT IN NORWOOD PATIENTS

cycle.	At	phases	when	SV	systole	coincided	with	ventric-
ular	BH	filling,	the	SV	pumped	into	the	BH,	which	had	a	
lower	pressure	than	the	ascending	aorta,	thus	decreasing	

afterload	 and	 VSW.	 When	 SV	 diastole	 coincided	 with	
ventricular	BH	 filling,	a	 synergistic	decrease	 in	pressure	
facilitated	 SV	 filling	 and	 offloaded	 the	 myocardium.	

F I G U R E  2  Normalized	mean	hemodynamic	outcomes	for	a	Norwood	patient	before	BH	implantation	(blue)	and	after	device	
implantation	for	volumes	of	10	(purple),	15	(light	pink),	and	25	mL	(fuchsia)	with	inflow	connection	at	the	(A)	ventricular	apex	and	(B)	
atrium.	The	raw	values	for	BH	CO	are	presented,	as	normalization	by	Norwood	output	would	diminish	the	differences	in	output	between	
device	volumes.	All	other	findings	are	normalized	by	baseline	hemodynamic	results	of	a	Norwood	patient	without	BH	implantation.
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   | 7BERLIN HEART EXCOR SUPPORT IN NORWOOD PATIENTS

However,	cycle-	to-	cycle	variability	in	SV–	BH	interactions	
caused	 both	 cardiac	 offloading	 and	 overloading	 as	 the	
SV	and	BH	oscillated	between	favorable	and	unfavorable	
phases	(Figure A1).	By	contrast,	myocardial	active	stress	
increased	with	the	atrial	BH	due	to	SV–	BH	interactions;	
when	 SV	 systole	 coincides	 with	 BH	 ejection,	 the	 ventri-
cle	must	pump	against	a	higher	afterload	(Figure A2).	The	
atrial	BH	decreased	myocardial	passive	stress	as	it	shunted	
preload	to	the	BH	instead	of	the	SV.	However,	there	was	
consistent	offloading	with	the	atrial	BH	as	the	device	does	
not	directly	interact	with	the	SV	(Figure A1).

3.1.2	 |	 Device	rate

A	 10	mL	 BH	 was	 simulated	 with	 drive	 pressures	 of	
220/−30	mm	Hg,	inflow	connections	at	the	ventricular	apex	
or	atrium,	and	device	rates	of	[60,	120],	inclusive,	at	inter-
vals	of	10	ppm.	Increasing	BH	rate	decreased	SV	CO	while	
increasing	 device	 output	 across	 both	 inflow	 connections	
(Figure  3A,B).	 Consistent	 with	 previous	 findings,	 the	 SV	
supplied	10.9%	to	16.0%	less	output	with	a	ventricular	BH	
than	atrial.	The	ventricular	device	provided	53.3%	to	85.7%	
more	output	than	the	atrial.	Overall,	total	CO	did	not	vary	
significantly	between	device	rates	or	connections.	As	SV	CO	
decreased,	increasing	device	output	maintained	total	CO.	In	
both	devices,	greater	flow	from	the	BH	drove	systemic	oxy-
gen	delivery	up,	but	with	no	substantial	changes	in	SpO2.

Both	 inflow	 connections	 results	 in	 cardiac	 offloading	
on	average	(6.8%	to	9.6%	reduction	with	a	ventricular	BH;	
2.3%	 to	 5.6%	 reduction	 with	 an	 atrial	 BH).	 The	 narrow	
range	 of	 SV	 CO	 suggested	 that	 variations	 in	 ventricular	
pressure	caused	the	range	of	VSW.	The	ventricular	BH	re-
duced	VSW	by	a	greater	extent	on	average,	but	produced	
oscillations	 between	 cardiac	 loading	 and	 overloading	
(Figure 3C).	The	ventricular	device	offloaded	myocardial	
active	and	passive	stress,	whereas	 the	atrial	BH	reduced	
only	passive	stress	(Figure A2).

3.2	 |	 Norwood patient with pulmonary 
hypertension

3.2.1	 |	 Device	volume

Increasing	BH	volume	in	a	patient	with	PH	displayed	simi-
lar	trends	in	total	CO,	SV	CO,	Qp:Qs,	and	SpO2.	Although	
SV	CO	decreased	with	increasing	volume,	its	contribution	
only	fell	below	baseline	values	with	the	ventricular	BH	at	
larger	 volumes	 (−7.9%	 and	 −33.7%	 with	 a	 15	 and	 25	mL	
device,	respectively).	Increasing	atrial	BH	volume	reduced	
Qp:Qs,	whereas	a	ventricular	device	had	little	effect.	Our	re-
sults	showed	that	Norwood	patients	with	PH	require	larger	
devices	 to	 pump	 against	 higher	 vascular	 resistances	 and	
achieve	comparable	reductions	in	SV	CO	and	Qp:Qs	com-
pared	with	those	without	(Figure 4).	SpO2	did	not	increase	
significantly	with	larger	volumes	(42.2%	to	42.6%	increase	
from	baseline	with	a	ventricular	BH;	42.0%	to	45.2%	for	an	
atrial	BH).	These	findings	supported	that	changing	device	
volume	may	not	affect	systemic	oxygen	concentrations.

Results	 for	 VSW	 were	 consistent	 with	 previous	 find-
ings	 that	 the	 ventricular	 BH	 reduced	 VSW	 more	 than	
the	atrial	BH	(Figure A3).	Similar	SV–	BH	interactions	to	
those	 described	 in	 Section  3.1	 also	 governed	 VSW.	 The	
atrial	BH	decreased	myocardial	passive	stress	by	lowering	
preload,	 whereas	 the	 ventricular	 BH	 reduced	 active	 and	
passive	stress,	offloading	the	SV	to	a	greater	extent	overall	
(Figure A3).	Decreased	variability	in	cardiac	loading	was	
observed	with	the	atrial	BH	across	all	device	volumes.

Increasing	ventricular	BH	volume	reduced	PAP	by	2.0%,	
2.8%,	and	4.9%	with	a	10,	15,	and	25	mL	device,	respectively	
(Figure A3).	Systolic	pressure	increased	by	5.3%,	10.1%,	and	
15.8%	for	a	10,	15,	and	25	mL	device,	 respectively.	For	an	
atrial	BH,	increasing	volume	raised	systolic	pressure	up	to	
19.2%,	diastolic	pressure	up	to	10.8%,	and	PAP	up	to	4.0%	
(Figure A3).	Both	atrial	and	ventricular	BH	implantation	
resulted	in	extremes	of	PAP.	Most	notably,	for	both	ventric-
ular	and	atrial	connections,	 the	maximum	PAP	is	greater	

F I G U R E  3  BH	device	rate	versus	(A)	total	CO	(purple),	SV	CO	(red),	and	BH	CO	(blue)	for	a	ventricular	BH,	(B)	total	CO	(purple),	SV	
CO	(red),	and	BH	CO	(blue)	for	an	atrial	BH,	and	(C)	VSW	for	ventricular	and	atrial	devices.	Ranges	for	each	metric	are	indicated	by	bars	to	
reflect	phase	shifts	(from	−π	to	π)	and	variations	in	SV–	BH	interactions.	

(A) (B) (C)
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8 |   BERLIN HEART EXCOR SUPPORT IN NORWOOD PATIENTS

at	all	pump	volumes	than	without	BH	implantation.	These	
extrema	 in	PAP	occurred	due	 to	unfavorable	phase	 shifts	
between	 the	SV	and	BH.	Our	 findings	demonstrated	 that	
Norwood	patients	with	PH	may	be	more	vulnerable	to	ex-
treme	blood	pressures	when	upsizing	the	BH.

3.2.2	 |	 Device	rate

As	 device	 rate	 increased,	 SpO2	 did	 not	 increase	 signifi-
cantly	(41.9%	to	42.5%	for	a	ventricular	BH;	42.5%	to	43.5%	
for	an	atrial	BH);	however,	device	implantation	improved	

F I G U R E  4  Normalized	mean	hemodynamic	outcomes	for	a	Norwood	patient	with	PH	before	BH	implantation	(blue)	and	after	device	
implantation	for	volumes	of	10	(purple),	15	(light	pink),	and	25	mL	(fuschia)	with	inflow	connections	at	the	(A)	ventricular	apex	and	(B)	
atrium.	The	raw	values	for	BH	CO	are	presented,	as	normalization	by	Norwood	output	would	diminish	the	differences	in	output	between	
device	volumes.	All	other	findings	are	normalized	by	baseline	hemodynamic	results	of	a	Norwood	patient	without	BH	implantation.	
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   | 9BERLIN HEART EXCOR SUPPORT IN NORWOOD PATIENTS

oxygen	 circulation	 over	 baseline	 measurements,	 inde-
pendent	 of	 rate.	 Qp:Qs	 did	 not	 vary	 significantly	 from	
baseline	 values	 with	 increasing	 device	 rate.	 Overall	 CO	
increased	slightly	as	 the	BH	contributed	more	output	 to	
compensate	for	decreasing	SV	CO	(Figure 5).	This	trend	
supported	 previous	 results	 in	 Section  3.2.	 However,	 the	
ventricular	 BH	 affected	 SV	 contribution	 more	 than	 the	
atrial	BH,	suggesting	that	patients	with	PH	may	be	more	
sensitive	 to	 inflow	 connection.	 The	 narrow	 range	 of	 SV	
CO	 across	 both	 connections	 further	 demonstrated	 that	
oscillations	 between	 cardiac	 offloading	 and	 overloading	
were	driven	by	changes	in	ventricular	pressures.

With	increasing	rate	in	both	atrial	and	ventricular	BHs,	
passive	stress	in	the	myocardium	decreased	(Figure A4).	
While	the	atrial	BH	increased	active	stress	in	the	myocar-
dium	for	all	device	rates,	the	ventricular	BH	decreased	ac-
tive	stress,	which	may	be	beneficial	for	patients	with	PH	or	
with	an	overloaded	SV.	Device	rate	and	cardiac	offloading	
varied	nonlinearly,	emphasizing	the	effects	of	phase	and	
SV–	BH	interactions,	in	addition	to	the	importance	of	se-
lecting	an	appropriate	device	rate.

3.3	 |	 Norwood patient with milrinone

3.3.1	 |	 Device	volume

As	 BH	 volume	 increased,	 systemic	 oxygen	 delivery	 in-
creased	without	significant	changes	to	SpO2	at	any	device	
size—	in	contrast	to	previous	findings	in	Sections 3.1	and	
3.2,	 where	 BH	 implantation	 increased	 SpO2.	 However,	
taken	together,	these	findings	consistently	supported	that	
higher	BH	output	drove	increases	in	delivery	without	im-
proving	 oxygen	 concentration.	 Similar	 trends	 in	 SV	 CO	
and	BH	CO	were	also	observed	(Figure 6).	For	a	ventricu-
lar	BH,	SV	CO	increased	by	18.0%	with	a	10	mL	device	but	
decreased	 slightly	 with	 the	 15	 and	 25	mL	 BHs.	 With	 an	
atrial	BH,	SV	CO	increased	by	33.5%,	26.7%,	and	19.9%	for	

a	10,	15,	and	25	mL	device,	respectively.	Consistent	with	
previous	results,	the	ventricular	BH	supplied	more	output.	
There	 were	 no	 significant	 changes	 in	 systolic	 pressure.	
Increasing	device	volume	decreased	diastolic	pressure	by	
up	 to	 24.0%	 with	 a	 ventricular	 BH	 and	 up	 to	 8.4%	 with	
an	atrial	BH.	Similarly,	PAP	decreased	up	to	22.4%	with	a	
ventricular	BH	and	up	to	16.0%	with	an	atrial	BH.	Device	
support	complemented	the	vasodilating	properties	of	mil-
rinone,	which	decreases	PVR.	No	significant	changes	 in	
Qp:Qs	 were	 observed	 with	 increasing	 device	 volume	 for	
the	ventricular	and	atrial	BHs.

VSW,	 active	 stress,	 and	 passive	 stress	 decreased	 non-
linearly	with	ventricular	BH	volume	(Figures A5	and	A6).	
Device	implantation	countered	the	therapeutic	effects	of	
milrinone,	which	increases	ventricular	contractility.	With	
an	atrial	BH,	VSW	increased	by	9.3%	and	6.6%	with	the	10	
and	15	mL	devices,	respectively.	However,	VSW	decreased	
by	8.1%	for	a	25	mL	atrial	BH.	Although	myocardial	active	
and	 passive	 stress	 increased,	VSW	 decreased	 because	 of	
lower	SV	output	and	higher	BH	output.	The	atrial	BH	was	
synergistic	with	milrinone	by	increasing	myocardial	stress	
and	thus,	ventricular	contractility.	Our	findings	quantified	
the	relationship	between	BH	configurations,	milrinone	in-
fusion,	and	SV	contractility.

3.3.2	 |	 Device	rate

Across	all	device	rates,	the	ventricular	and	atrial	devices	
increased	 total	 CO	 by	 comparable	 magnitude	 (41.9%	 to	
45.5%	with	a	ventricular	BH;	47.0%	to	52.3%	with	an	atrial	
BH).	Consistent	with	previous	results,	increasing	BH	rate	
in	 a	 Norwood	 patient	 with	 milrinone	 in	 turn	 decreased	
SV	contribution	(−22.2%	to	−12.0%	for	a	ventricular	BH;	
−35.8%	 to	 −30.2%;	 Figure  7).	 While	 SV	 CO	 was	 greater	
than	 the	 baseline	 at	 all	 device	 rates,	 this	 was	 likely	 due	
to	milrinone	increasing	ventricular	contractility.	At	all	de-
vice	rates,	the	ventricular	BH	provided	more	output	than	

F I G U R E  5  BH	device	rate	versus	(A)	total	CO	(purple),	SV	CO	(red),	and	BH	CO	(blue)	for	a	ventricular	BH,	(B)	total	CO	(purple),	SV	
CO	(red),	and	BH	CO	(blue)	for	an	atrial	BH,	and	(C)	VSW	for	ventricular	and	atrial	devices	in	a	Norwood	patient	with	PH.	Ranges	for	each	
metric	are	indicated	by	bars	to	reflect	variations	in	SV–	BH	interactions.	
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10 |   BERLIN HEART EXCOR SUPPORT IN NORWOOD PATIENTS

the	atrial	BH,	consistent	with	previous	results.	At	higher	
rates,	more	flow	from	the	ventricular	and	atrial	BHs	drove	
systemic	oxygen	delivery	upward.	No	significant	changes	
in	 SpO2	 or	 Qp:Qs	 were	 observed	 for	 both	 connections	
across	 all	 device	 rates.	 In	 contrast	 to	 trends	 observed	 in	

Sections 3.2	and	3.3,	implanting	the	BH	with	either	con-
nection	did	not	offload	the	native	SV.

The	 10	mL	 atrial	 BH	 resulted	 in	 cardiac	 overload-
ing	 at	 all	 device	 rates	 (VSW	 increased	 by	 7.5%–	9.2%;	
Figure  A6).	 Myocardial	 active	 and	 passive	 stress	

F I G U R E  6  Normalized	mean	hemodynamic	outcomes	for	a	Norwood	patient	with	milrinone	treatment	before	BH	implantation	(blue)	
and	after	device	implantation	for	volumes	of	10	(purple),	15	(light	pink),	and	25	mL	(fuschia)	with	inflow	connections	at	the	(A)	ventricular	
apex	and	(B)	atrium.	The	raw	values	for	BH	CO	are	presented,	as	normalization	by	Norwood	output	would	diminish	the	differences	in	
output	between	device	volumes.	All	other	findings	are	normalized	by	baseline	hemodynamic	results	of	a	Norwood	patient	without	BH	
implantation.	
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   | 11BERLIN HEART EXCOR SUPPORT IN NORWOOD PATIENTS

increased	for	all	rates	with	the	atrial	device,	indicating	
greater	SV	contractility	and	synergy	with	the	inotropic	
effects	 of	 milrinone	 (Figure  A6).	 For	 all	 device	 rates,	
the	ventricular	BH	increased	passive	stress	and	reduced	
active	stress	compared	with	baseline	values.	The	nega-
tive	derivative	of	myocardial	stress	with	respect	to	de-
vice	rate	in	a	ventricular	BH	suggested	that	higher	rates	
may	 increasingly	 lower	 myocardial	 stress	 and	 oppose	
milrinone.	 Additionally,	 the	 ventricular	 BH	 offloaded	
the	 SV	 at	 85	 and	 90	ppm,	 where	 SV–	BH	 interactions	
favored	extreme	offloading	and	reduced	VSW	on	aver-
age	 (Figure  7).	 Patients	 with	 milrinone	 infusions	 may	
be	more	sensitive	to	modulating	device	rate,	which	can	
impact	SV–	BH	interactions	that	in	turn	govern	ventric-
ular	loading.

4 	 | 	 DISCUSSION

Placing	the	BH	in	Norwood	patients	has	shown	improve-
ments	in	post-	operative	outcomes	and	survival.	However,	
the	relationship	between	patient	hemodynamics	and	de-
vice	 size,	 rate,	 and	 inflow	 connection	 is	 not	 thoroughly	
characterized.	This	in	turn	makes	it	difficult	to	determine	
appropriate	device	configurations.3,5	Computational	mod-
eling	can	clarify	interactions	between	the	BH	and	native	
circulation	for	a	wide	range	of	clinical	scenarios	and	in-
form	decision-	making	on	treatments.

To	 this	 end,	 we	 developed	 a	 mechanical–	physiologic	
lumped	model	of	a	Norwood	patient	to	analyze	the	cellular	
and	organ-	level	outcomes	of	modulating	BH	volume,	rate,	
and	 inflow	 connection	 across	 three	 different	 clinical	 sce-
narios.	While	previous	models	explored	continuous	VADs	
in	 SV	 physiology	 and	 did	 not	 change	 device	 settings,	 our	
study	simulated	a	pulsatile	VAD	and	its	performance	over	
different	 device	 configurations,	 which	 is	 more	 clinically	
realistic.19	We	demonstrated	that	our	model	can	be	readily	
adjusted	to	analyze	diverse	clinical	scenarios,	from	various	

patient	 physiologies	 to	 post-	operative	 therapies.	 By	 quan-
tifying	 changes	 in	 pressures,	VSW,	 and	 oxygen	 saturation	
after	BH	implantation,	we	painted	a	fuller	picture	of	device	
support	 and	 suggest	 explanations	 for	 poor	 performance	
and	mixed	clinical	outcomes.	Additionally,	our	model	ex-
amines	bulk	myocardial	dynamics	and	offers	a	mechanistic	
understanding	of	cardiac	unloading,	which	was	lacking	in	
prior	models.11,13,19,21	Our	findings	emphasized	how	device	
parameters	may	be	modulated	to	achieve	post-	operative	tar-
gets	and	balance	hemodynamic	outcomes	in	patients	with	
varied	pathophysiologies	and	treatments.

First,	 across	 all	 device	 rates	 and	 volumes	 for	 all	 pa-
tient	 scenarios,	 device	 support	 reached	 clinical	 targets	
of	 Qp:Qs	<	1.26,31	 In	 patients	 with	 and	 without	 PH,	 SpO2	
increased	 significantly	 for	 ventricular	 and	 atrial	 BHs.	
However,	increased	device	rate	and	volume	did	not	raise	
SpO2,	 suggesting	 that	 oxygen	 concentration	 is	 indepen-
dent	of	BH	output.	These	results	emphasize	that	despite	
increasing	 device	 support,	 oxygen	 delivery	 does	 not	 rise	
as	expected.	This	phenomenon	may	contribute	to	subopti-
mal	clinical	outcomes	in	Norwood	patients	as	the	BH	may	
not	adequately	meet	their	oxygen	needs.

Secondly,	 our	 study	 investigated	 the	 mechanisms	
of	 BH	 support	 in	 Norwood	 patients	 with	 PH	 (PVR	=	7.0	
WU)	 and	 suggests	 that	 a	 BH	 with	 a	 larger	 volume	 and	
ventricular	 connection	 may	 be	 more	 appropriate	 for	
these	 patients.	 Increasing	 the	 volume	 of	 a	 ventricular	
BH	 increased	 CO	 and	 SpO2	 while	 offloading	 the	 native	
SV	(Figure 4);	however,	this	may	come	at	the	expense	of	
increasing	 systolic	 pressure.	 Overall,	 these	 findings	 may	
explain	 clinical	 observations	 of	 significantly	 improved	
outcomes	in	patients	with	mechanical	circulatory	support	
and	PVR	>	6	WU.32	An	atrial	BH,	on	the	contrary,	caused	
extreme	 pulmonary	 arterial,	 systolic,	 and	 diastolic	 pres-
sures.	These	findings	emphasize	that	an	atrial	BH	may	be	
inappropriate	for	Norwood	patients	with	PH	by	straining	
the	SV.	Specifically,	increased	pulmonary	arterial	pressure	
in	these	patients	may	exacerbate	PH,	which	may	increase	

F I G U R E  7  BH	device	rate	versus	(A)	total	CO	(purple),	SV	CO	(red),	and	BH	CO	(blue)	for	a	ventricular	BH,	(B)	total	CO	(purple),	
SV	CO	(red),	and	BH	CO	(blue)	for	an	atrial	BH,	and	(C)	VSW	for	ventricular	and	atrial	devices	in	a	Norwood	patient	treated	with	
milrinone.	Ranges	for	each	metric	are	indicated	by	bars	to	reflect	variations	in	SV–	BH	interactions.	
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12 |   BERLIN HEART EXCOR SUPPORT IN NORWOOD PATIENTS

risk	 for	 complications	 such	 as	 cardiac	 arrest.6	 Increased	
pressures	were	also	observed	in	Norwood	patients	without	
PH.	Similarly,	these	extreme	pressures	may	limit	the	bene-
fits	of	VAD	support,	offering	a	rationale	for	mixed	clinical	
outcomes.	However,	our	studies	suggested	 that	coupling	
device	 support	 with	 milrinone	 may	 mitigate	 increased	
pressures.	With	 a	 25	mL	 ventricular	 BH,	 a	 Norwood	 pa-
tient	without	milrinone	has	a	PAP	of	16	mm	Hg	and	blood	
pressure	(BP)	112/34	versus	a	patient	with	milrinone	with	
a	PAP	of	13	mm	Hg	and	BP	106/30	(Figures A1	and	A5).	
Our	model	can	help	investigate	the	balance	between	CO,	
pressures,	BH	configurations,	and	the	regulatory	effect	of	
post-	operative	 therapies	 on	 this	 relationship.	 While	 our	
study	simulated	only	milrinone,	we	demonstrated	how	ex-
perimental	studies	and	clinical	measurements	can	be	inte-
grated	into	our	model	to	explore	different	pharmaceutics.

Third,	studying	BH	support	and	settings	in	our	model	
revealed	insights	about	myocardial	stress	and	SV–	BH	in-
teractions	that	impact	VSW.	The	ventricular	BH	decreased	
active	and	passive	stress	in	the	myocardium	while	main-
taining	 total	 CO.	 Myocardial	 passive	 stress	 decreased	 as	
BH	filling	due	to	negative	drive	pressure	in	turn	facilitated	
ventricular	diastole.	Active	stress	was	reduced	when	the	
SV	 ejected	 into	 the	 BH,	 which	 had	 lower	 pressure	 than	
the	aorta,	thus	decreasing	SV	peak	pressure.	Such	unload-
ing	may	benefit	myocardial	structure.33	In	particular,	the	
atrial	BH	offloaded	the	SV	throughout	the	entire	cardiac	
cycle	with	 less	variability.	Such	consistencies	may	be	es-
pecially	beneficial	for	patients	with	diastolic	dysfunction.	
However,	the	atrial	BH	amplified	myocardial	active	stress,	
which	may	be	of	concern	for	stressed	hearts.	The	ventric-
ular	 BH	 oscillated	 between	 offloading	 and	 overloading,	
which	may	negatively	affect	cardiac	remodeling	and	thus	
patient	health.	In	particular,	inconsistent	cardiac	loading	
may	worsen	clinical	outcomes	in	Norwood	patients	with	
diastolic	dysfunction.	The	ventricular	BH	also	countered	
milrinone	 by	 decreasing	 myocardial	 stress,	 particularly	
at	rates	of	85	and	90	ppm.	These	results	suggested	that	a	
greater	concentration	of	milrinone	may	be	necessary	when	
coupled	with	a	ventricular	device.	 In	contrast,	 the	atrial	
BH	and	milrinone	had	a	synergistic	effect	on	ventricular	
contractility.	Further	studies	are	necessary	to	explore	clin-
ical	scenarios	where	BH	support	and	pharmaceuticals	are	
coupled.	Our	simulation	highlighted	variability	in	cardiac	
loading	and	myocardial	stress	due	to	BH	connection	and	
rate.	These	insights	may	guide	device	settings	for	patients	
with	diverse	etiologies	and	needs.

4.1	 |	 Limitations and future work

One	 limitation	 of	 our	 methodology	 is	 shortened	 simula-
tion	 time.	 When	 the	 BH	 operated	 at	 85	bpm	 and	 the	 SV	

at	 120	bpm,	 simulation	 results	 were	 averaged	 over	 9	s.	
However,	a	simulation	of	12	s	should	be	performed	to	model	
the	full-	phase	interaction	and	obtain	an	integer	number	of	
cycles	for	both	the	SV	and	BH;	this	consists	of	24	cycles	for	
the	SV	and	17	cycles	for	the	BH.	Although	we	averaged	re-
sults	over	9	s	for	each	simulation,	our	methodology	modeled	
9	different	phase	shift	shifts	from	[−π,	π]	of	SV–	BH	inter-
actions;	 thus	 for	 each	 SV–	BH	 rate	 combination,	 the	 total	
simulation	time	was	81	s.	This	approach	allowed	us	to	thor-
oughly	capture	the	full-	phase	interaction	between	SV	and	
BH,	despite	 the	 shortened	simulation	 time.	When	 the	SV	
and	BH	pump	at	different	rates,	they	also	move	through	dif-
ferent	phase	shifts	in	the	interval	[−π,	π].	For	example,	at	a	
phase	shift	of	0,	the	SV	and	BH	will	also	vary	at	phase	shifts	
of	−π,	−3π/4,	−π/2,	…,	π.	A	simulation	of	phase	shift	=	0	and	
phase	shift	=	π/2	shared	a	high	fraction	of	its	SV–	BH	inter-
actions	 (Figure  A7).	 Thus,	 explicitly	 simulating	 different	
phase	shifts	for	a	given	SV–	BH	rate	combination	can	cap-
ture	the	full	range	of	interactions	that	would	otherwise	be	
observed	with	a	longer	simulation	time.	To	this	end,	we	also	
performed	simulations	with	the	SV	at	120	bpm	and	the	BH	
at	85	ppm	for	phase	shifts	of	0,	π/2,	and	π	while	extending	
simulation	time	by	3	s	to	capture	the	full-	phase	interaction.	
We	found	that	the	difference	in	CO	between	the	shorter	and	
longer	simulations	was	only	1%;	this	analysis	demonstrates	
that	 given	 our	 methodology	 of	 modeling	 phase	 shifts,	 a	
longer	 simulation	 time	 is	 not	 likely	 to	 affect	 our	 results.	
However,	future	studies	should	simulate	the	full-	phase	in-
teraction	between	the	SV	and	BH.

Moreover,	 due	 to	 a	 lack	 of	 clinical	 data	 on	 Norwood	
patients	before	and	after	BH	implantation,	our	results	are	
not	 comprehensive.	 Rather,	 our	 study	 leverages	 existing	
and	clinically	validated	in	silico	models.11,21,22	Moreover,	it	
is	not	exhaustive	in	simulating	pathological	conditions	or	
post-	operative	therapies.	Future	work	could	also	include	
prospective	 collection	 of	 clinical	 data	 to	 produce	 more	
clinically	 realistic	 models,	 explore	 their	 predictive	 abil-
ity,	and	simulate	other	common	pharmaceuticals	such	as	
vasopressin	and	romodulin.27	Our	study	is	also	limited	in	
spatial	information.	Future	work	could	involve	computa-
tional	fluid	dynamics	with	3D	geometries	of	the	ascending	
aorta,	pulmonary	artery,	and	shunt	to	obtain	a	more	local-
ized	understanding	of	hemodynamics.	Further	validation	
is	 needed	 in	 this	 younger	 patient	 population	 and	 under	
varying	 physiologic	 conditions.	 However,	 this	 is	 beyond	
the	scope	of	our	work,	as	we	focus	on	the	global	hemody-
namics	of	BH	implantation	 in	SV	patients.	Additionally,	
data	 to	 simulate	 myocardial	 dynamics	 after	 milrinone	
treatment	was	taken	from	canine	experiments,	limiting	its	
applicability	 to	 human	 myocardium.	To	 our	 knowledge,	
no	 such	 data	 with	 human	 tissue	 exist.	 Nevertheless,	 we	
demonstrated	the	utility	of	our	model	in	capturing	the	ef-
fects	of	post-	operative	therapies.
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5 	 | 	 CONCLUSION

Single-	ventricle	Norwood	patients	face	the	worst	outcomes	
of	 all	 infants	 and	 children	 on	 the	 Berlin	 Heart	 EXCOR	
(BH).4	 Treatment	 for	 Norwood	 patients	 is	 impeded	 by	
an	 incomplete	 knowledge	 of	 how	 device	 settings	 impact	
the	 native	 circulations.3,5	 With	 computational	 modeling,	
we	quantified	the	 impact	of	different	BH	volumes,	rates,	
and	inflow	connections	on	cellular	and	tissue-	level	behav-
ior	 in	 a	 Norwood	 patient.	 We	 investigated	 three	 clinical	
scenarios	and	demonstrated	the	flexibility	of	our	model	to	
explore	diverse	questions,	such	as	coupling	BH	treatment	
with	post-	operative	pharmacologics.	We	showed	 that	 in-
creasing	 BH	 volume	 and	 rate	 can	 increase	 total	 CO,	 de-
crease	VSW,	and	balance	pulmonary	and	systemic	flows.	
Though	 pressures	 increased,	 our	 simulations	 suggested	
that	 post-	operative	 milrinone	 infusion	 may	 ameliorate	
these	issues.	SpO2	was	improved	by	device	implantation,	
but	it	was	independent	of	volume,	rate,	or	connection.	Our	
findings	identified	mechanisms	of	cardiac	unloading	and	
its	 relationship	 with	 BH	 settings.	 In	 particular,	 an	 atrial	
BH	consistently	offloaded	the	SV	throughout	the	cardiac	
cycle,	which	may	benefit	patients	with	diastolic	dysfunc-
tion;	 our	 results	 suggested	 that	 fitting	 Norwood	 patients	
with	PH	with	a	larger,	ventricular	BH	may	decrease	myo-
cardial	 active	 stress.	 Insights	 from	 computational	 mode-
ling	may	assist	clinicians	in	determining	BH	treatment	and	
post-	operative	therapies	for	patients	with	distinct	needs.
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APPENDIX A

Baseline

Norwood patient

T A B L E  A 1 	 Simulated	hemodynamics	for	a	Norwood	patient	with	PH	and	a	patient	treated	with	milrinone.

Parameter Patient with PH
Patient with milrinone 
treatment

CO	(L/min) 1.94 2.40

Qp	(L/min) 0.99 1.02

Qs	(L/min) 0.95 1.38

Qp:Qs 1.04 0.74

Satart 74.0% 74.7%

Satven 48.9% 57.4%

Sys	O2	delivery	(mL/min) 155.44 227.55

̀AVO2	(mL/dL) 12.60 18.28

SpO2	(mL/dL) 5.56 3.83

EDV	(mL) 30.21 30.26

ESV	(mL) 13.77 12.70

BP	(mm	Hg) 97/40 91/33

PAP	(mm	Hg) 25.9 15.3

VSW	(mm	Hg*mL) 1315.77 1385.67

F I G U R E  A 1  Mean,	maximum,	and	minimum	(A)	mean	pulmonary	arterial	pressure	(B)	mean	VSW	versus	BH	volume	for	the	atrial	BH	
(blue)	and	ventricular	BH	(red)	and	baseline	values	without	device	implantation	in	black.	

(A) (B)
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16 |   BERLIN HEART EXCOR SUPPORT IN NORWOOD PATIENTS

Norwood patient with pulmonary hypertension

F I G U R E  A 2  Normalized	mean,	maximum,	and	minimum	myocardial	active	stress	and	passive	myocardial	stress	versus	(A,	B)	BH	
volume	and	(C,	D)	BH	device	rate.	

(A) (B)

(C) (D)

F I G U R E  A 3  Mean,	maximum,	and	minimum	(A)	mean	pulmonary	arterial	pressure	(B)	mean	VSW	versus	BH	volume	for	the	atrial	
BH	(blue)	and	ventricular	BH	(red)	and	baseline	values	without	device	implantation	in	black	in	a	Norwood	patient	with	PH.	

(A) (B)
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Norwood patient with milrinone infusion

F I G U R E  A 4  Normalized	mean,	maximum,	and	minimum	myocardial	active	stress	and	passive	myocardial	stress	versus	(A,	B)	BH	
volume	and	(C,	D)	BH	device	rate	in	a	patient	with	PH.	

(A) (B)

(C) (D)

F I G U R E  A 5  Mean,	maximum,	and	minimum	(A)	mean	pulmonary	arterial	pressure	(B)	mean	VSW	versus	BH	volume	for	the	atrial	
BH	(blue)	and	ventricular	BH	(red)	and	baseline	values	without	device	implantation	in	black	in	a	Norwood	patient	treated	with	milrinone.	

(A) (B)
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Phase shift analysis

F I G U R E  A 6  Normalized	mean,	maximum,	and	minimum	myocardial	active	stress	and	passive	myocardial	stress	versus	(A,	B)	BH	
volume	and	(C,	D)	BH	device	rate	in	a	patient	treated	with	a	standard	milrinone	infusion.	

(A) (B)

(C) (D)

F I G U R E  A 7  Activation	functions	of	the	SV	pumping	at	120	bpm	(red)	and	BH	operating	at	85	ppm	(blue)	for	(A)	phase	shift	=	0	and	(B)	
phase	shift	=	π/2.	The	two-	phase	shifts	share	interactions	such	that	averaging	results	across	nine	different	phase	shifts	captures	the	full	range	
of	interactions	that	would	otherwise	be	observed	with	a	longer	timescale.	
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