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Abstract
Background: The	shortage	of	donor	organs	for	transplantation	remains	a	world-
wide	problem.	The	utilization	of	suboptimal	deceased	donors	enlarges	the	pool	
of	 potential	 organs,	 yet	 consequently,	 clinicians	 face	 the	 difficult	 decision	 of	
whether	 these	 sub-	optimal	 organs	 are	 of	 sufficient	 quality	 for	 transplantation.	
Novel	technologies	could	play	a	pivotal	role	in	making	pre-	transplant	organ	as-
sessment	more	objective	and	reliable.
Methods: Ex	 vivo	 normothermic	 machine	 perfusion	 (NMP)	 at	 temperatures	
around	35–	37°C	allows	organ	quality	assessment	in	a	near-	physiological	environ-
ment.	Advanced	magnetic	resonance	imaging	(MRI)	techniques	convey	unique	
information	about	an	organ's	structural	and	functional	integrity.	The	concept	of	
applying	magnetic	resonance	imaging	during	renal	normothermic	machine	per-
fusion	is	novel	in	both	renal	and	radiological	research	and	we	have	developed	the	
first	MRI-	compatible	NMP	setup	for	human-	sized	kidneys.
Results: We	were	able	to	obtain	a	detailed	and	real-	time	view	of	ongoing	pro-
cesses	 inside	 renal	 grafts	 during	 ex	 vivo	 perfusion.	 This	 new	 technique	 can	
visualize	structural	abnormalities,	quantify	regional	flow	distribution,	renal	me-
tabolism,	and	local	oxygen	availability,	and	track	the	distribution	of	ex	vivo	ad-
ministered	cellular	therapy.
Conclusion: This	platform	allows	for	advanced	pre-	transplant	organ	assessment,	
provides	a	new	realistic	 tool	 for	studies	 into	renal	physiology	and	metabolism,	
and	may	facilitate	therapeutic	tracing	of	pharmacological	and	cellular	interven-
tions	to	an	isolated	kidney.
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1 	 | 	 INTRODUCTION

1.1	 |	 Quality assessment of donor  
organs

End-	stage	 organ	 failure	 has	 a	 major	 impact	 on	 the	
well-	being	 of	 affected	 patients.	 Successful	 organ	 trans-
plantation	results	in	improved	health-	related	quality	of	
life.1–	4	 Alongside	 the	 merits	 of	 transplantation,	 society	
continues	to	encounter	a	serious	problem:	the	shortage	
of	 available	 donor	 organs	 suitable	 for	 transplantation.	
The	 increased	 use	 of	 deceased	 donors	 of	 advanced	 age	
and	with	substantial	comorbidities	enlarges	the	pool	of	
potential	organs.	Yet,	as	a	consequence,	clinicians	pro-
gressively	 face	 the	 difficult	 decision	 of	 whether	 these	
sub-	optimal	 organs	 are	 suitable	 for	 transplantation.	
Reasons	 to	 decline	 donor	 organs	 are	 diverse,	 depend-
ing	 on	 local	 protocols	 as	 well	 as	 clinicians'	 individual	
preferences,	 and	 differ	 for	 each	 type	 of	 organ,	 but	 are	
mostly	associated	with	presumed	inferior	organ	quality.	
Organ	quality	assessment	is	currently	based	on	clinical	
judgment	and	remains	predominantly	subjective,	hence	
organs	suitable	for	transplantation	could	be	inappropri-
ately	discarded.	Conversely,	around	24%	of	transplanted	
kidneys	that	have	been	retrieved	from	older-	age	donors	
do	 not	 show	 acceptable	 outcomes	 within	 1-	year	 post-	
transplant.5	Novel	technologies	could	play	a	pivotal	role	
in	making	pre-	transplant	donor	organ	assessment	more	
objective	and	reliable.

1.2	 |	 Machine perfusion

Ex	 vivo	 machine	 perfusion	 technologies	 are	 gaining	
popularity	 as	 they	 may	 allow	 for	 better	 organ	 preserva-
tion,	 viability	 assessment,	 and	 organ	 re-	conditioning	
prior	 to	 transplantation.6	Hypothermic	 (1–	7°C)	machine	
perfusion	prior	to	transplantation	has	earned	its	place	as	
a	 superior	 modality	 for	 donor	 kidney	 preservation	 com-
pared	 to	 static	 cooling.7	 Ex	 vivo	 normothermic	 machine	
perfusion	(NMP)	at	temperatures	around	35–	37°C	entails	
further	 advantages,	 such	 as	 organ	 quality	 assessment	 in	
a	near-	physiological	environment	and	the	opportunity	to	
administer	therapy	to	an	isolated	organ	before	transplan-
tation.	Despite	the	growing	number	of	transplant	centers	
adopting	clinical	NMP	technology,	there	is	still	a	lack	of	
knowledge	 about	 which	 markers	 and	 criteria	 define	 the	
quality	 of	 a	 kidney.	 Novel	 methods	 such	 as	 advanced	
organ	imaging	could	play	a	pivotal	role,	as	this	technique	
can	provide	a	better	understanding	of	how	physiological	
and	 metabolic	 conditions	 on	 a	 regional	 level	 within	 the	
organ	evolve	over	time	during	ex	vivo	perfusion,	and	how	
these	differ	from	in	vivo	circumstances.

1.3	 |	 Magnetic resonance imaging of 
ex vivo perfused kidneys

Magnetic	resonance	imaging	(MRI)	techniques	have	rap-
idly	 advanced	 in	 recent	 years,	 resulting	 in	 sophisticated	
imaging	sequences	that	likely	convey	unique	information	
about	organ	viability.	In	2007,	Buchs	et	al.	described	the	
first	 case	 of	 an	 MRI-	compatible	 hypothermic	 perfusion	
setup.8	With	their	model,	an	MRI	evaluation	of	ischaemi-
cally	injured	porcine	kidneys	during	cold	oxygenated	ma-
chine	perfusion	could	be	performed.	Nevertheless,	 renal	
metabolism	 is	 eminently	 reduced	 under	 hypothermic	
conditions,	 which	 limits	 relevant	 organ	 quality	 assess-
ment.	The	near-	physiological	conditions	offered	by	NMP	
provide	a	more	suitable	platform	for	MRI	evaluation	of	ex	
vivo	donor	kidneys.

With	this	promising	application	in	mind,	our	group	set	
out	to	develop	the	first	MRI-	compatible	ex	vivo	NMP	setup	
for	human-	sized	kidneys.	We	aimed	to	obtain	a	detailed	
view	 of	 ongoing	 processes	 inside	 human-	sized	 kidneys	
during	normothermic	ex	vivo	perfusion	and	gain	insight	
into	the	functional	regional	differences	within	the	kidney.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Porcine kidneys

Normothermic	ex	vivo	perfusions	in	the	Netherlands	were	
performed	with	viable	porcine	kidneys	(n = 22)	procured	
from	 a	 local	 slaughterhouse	 (Kroon	 Vlees,	 Groningen,	
the	 Netherlands)	 by	 the	 guidelines	 of	 the	 Dutch	 food	
safety	 authority	 according	 to	 standard	 slaughterhouse	
procedures.	 Approximately,	 20  min	 after	 the	 circulatory	
arrest	of	 the	pig,	kidneys	were	procured	and	 the	kidney	
with	 the	 most	 favorable	 vasculature	 was	 connected	 to	 a	
pressure-	controlled	led	oxygenated	hypothermic	machine	
perfusion	(HMP)	device	(Kidney	Assist	Transport®,	Organ	
Assist	 B.V,	 Groningen,	 the	 Netherlands)	 primed	 with	
cold	(1–	5°C)	University	of	Wisconsin	Machine	Perfusion	
Solution	 (Belzer	 MPS®,	 Bridge	 to	 Life,	 Columbia,	 USA)	
and	 set	 at	 a	 perfusion	 pressure	 of	 25	mm	Hg.	 HMP	 was	
used	to	bridge	the	time	interval	between	organ	retrieval	in	
the	early	morning	and	the	availability	of	the	MRI	scanner	
in	the	evening,	mimicking	a	clinically	realistic	cold	organ	
preservation	interval	of	approximately	10	h.

The	 experiments	 with	 magnetic	 resonance	 spectros-
copy	(n = 4)	were	performed	in	another	facility,	and	organ	
retrieval	 and	 the	 perfusion	 setup	 were	 slightly	 different.	
Kidneys	(131	±	5 g)	were	procured	from	female	Danish	do-
mestic	 pigs	 (40	±	2  kg).	All	 experiments	were	 performed	
by	 Danish	 legislation	 and	 were	 approved	 by	 the	 Danish	
Animal	 Experiments	 Inspectorate.	 After	 nephrectomy	
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under	anesthesia,	kidneys	were	 flushed	with	1 L	of	4°C	
heparinized	ringer	acetate	(Fresenius	Kabi,	Bad	Homburg,	
Germany),	 and	 the	 renal	 artery	 and	 ureter	 were	 cannu-
lated	 before	 the	 kidney	 was	 stored	 in	 a	 4°C	 ringer	 ace-
tate	filled	transport	bag.	Ex	vivo	perfusion	of	the	kidney	
started	after	32	±	6	min	of	static	cold	storage.

2.2	 |	 Discarded human kidneys

Human	 discarded	 kidneys	 were	 obtained	 once	 a	 kidney	
of	a	deceased	donor	in	the	Netherlands	was	rejected	by	all	
centers	within	the	Eurotransplant	region.	Permission	was	
requested	from	the	donors'	relatives,	and	written	consent	
was	obtained.	These	human	donor	kidneys	had	not	been	
accepted	 for	 transplantation	 because	 of	 either	 suspected	
malignancy	 in	 the	 iliac	 lymph	 nodes,	 positive	 hepatitis	
B	virology	(2	kidneys	from	1	donor),	or	small	kidney	size	
with	multiple	cysts	and	thus	became	available	for	research.	
Because	 of	 the	 non-	elective	 nature	 of	 logistics	 surround-
ing	the	procurement	of	human	donor	kidneys,	warm	and	
cold	ischemia	times	before	the	start	of	NMP	could	not	be	
protocolled	and	were	diverse.	Two	kidneys	in	our	group	of	
four	underwent	static	storage	on	ice	and	two	kidneys	were	
connected	to	a	clinical	HMP	device	after	retrieval.

2.3	 |	 Ex vivo normothermic 
perfusion setup

Our	 MRI-	compatible	 NMP	 setup	 in	 the	 Netherlands	
(Figure 1)	is	described	in	detail	in	the	online	supplement	
section.	The	perfusion	solution	 for	porcine	kidneys	con-
ducted	 in	 the	 Netherlands	 consisted	 of	 autologous	 red	
blood	cells	 (RBCs),	crystalloids,	albumin,	creatinine,	an-
tibiotics,	 and	 electrolyte	 supplementation	 (Supporting	
Information	 Table	 3).	 For	 human	 kidney	 perfusions,	
human-	packed	red	blood	cells,	type	O	negative,	were	pro-
vided	by	our	 transfusion	 laboratory.	The	perfusion	solu-
tion	was	oxygenated	with	0.5 L/min	carbogen	gas,	 (95%	
O2	+	5%	CO2)	and	kept	at	35–	37°C	with	continuous	pres-
sure	of	85	mm	Hg.

2.4	 |	 MRI protocol

Imaging	 sequences	 were	 mainly	 performed	 on	 3T	
Magnetom	Prisma	(software-	platform	VE-	11C)	and	some	
on	3T	Magnetom	Skyra	(Siemens	Healthineers,	Erlangen,	
Germany)	clinical	MRI	scanners.	An	overview	of	essential	
imaging	acquisition	parameters	is	available	in	the	online	
Supporting	Information.

F I G U R E  1  Schematic	impression	of	our	MRI-	compatible	setup	for	ex	vivo	normothermic	kidney	perfusion	[Color	figure	can	be	viewed	
at	wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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3 	 | 	 RESULTS

Between	April	2016	and	October	2020,	26	porcine	and	four	
human	 discarded	 kidneys	 were	 evaluated	 on	 our	 MRI-	
compatible	 setup	 for	 ex	 vivo	 normothermic	 perfusion.	
Our	 results	 derive	 from	 an	 early	 pilot	 phase	 in	 which	 a	
wide	variety	of	classic	and	novel	imaging	sequences	were	
performed,	followed	by	a	standardized	perfusion	and	im-
aging	protocol	with	a	duration	of	at	least	3	h,	and	several	
experiments	with	a	specific	focus	on	ischemia-	reperfusion	
or	with	labeled	particles	(Table 1).

3.1	 |	 Structural imaging

Anatomical	 T2-	weighted	 imaging	 allowed	 detailed	 non-	
invasive	 visualization	 of	 inner	 structural	 anomalies	 of	
the	 kidney,	 showing	 fat	 and	 water	 as	 areas	 with	 a	 high	
signal.	 Renal	 abnormalities	 encountered	 in	 the	 experi-
ments	with	porcine	kidneys	included	a	parenchymal	cyst,	
a	large	subcapsular	hematoma,	and	hydronephrosis	of	iat-
rogenic	origin	(Figure 2A–	C).	The	benign	cystic	structure	
was	discovered	in	our	 images	and	could	not	be	detected	
by	 visual	 inspection	 of	 the	 kidney's	 exterior.	 In	 another	
case,	we	observed	an	acute	onset	of	reduced	renal	blood	
flow	 with	 increased	 vascular	 resistance.	 Diagnostic	 T2-	
weighted	imaging	revealed	an	acutely	arisen	subcapsular	
hematoma	compressing	part	of	the	renal	parenchyma	and	
vascular	 structures.	 After	 external	 decompression	 of	 the	

hematoma,	all	perfusion	parameters	 returned	 to	normal	
values.	 During	 a	 subsequent	 experiment,	 urine	 produc-
tion	was	absent	during	the	first	30 min	of	NMP.	Imaging	
showed	 hydronephrosis	 with	 marked	 dilation	 of	 the	
renal	pelvis,	due	to	a	reversible	obstruction	of	the	ureter	
cannula.

Ischemia-	reperfusion	injury	(IRI)	is	an	important	deter-
minant	of	deceased-	donor	organ	functionality.	We	induced	
a	standardized	amount	of	ischemic	injury	to	a	section	of	the	
kidney	by	temporarily	inflating	a	balloon	catheter	in	one	of	
the	main	branches	of	the	renal	artery,	followed	by	deflation	
which	resulted	in	reperfusion.	With	ischemia	times	rang-
ing	from	30	to	90 min,	a	T2-	weighted	MRI	of	these	porcine	
kidneys	provided	us	with	an	imaging	biomarker	reflecting	
ischemic	changes	and	tissue	recovery	during	reperfusion.	
During	ischemia,	the	T2	signal	became	notably	lower	and	
after	reperfusion,	it	took	up	to	30	min	for	this	signal	to	re-
cover	to	its	initial	value	(Figure 2D–	F).	These	experimental	
observations	proved	to	possess	clinical	diagnostic	relevance	
once	we	included	discarded	human	donor	kidneys	in	our	
studies.	 In	 the	 first	 experiment	using	a	human	kidney,	a	
well-	demarcated	spontaneous	 ischemic	area	appeared	on	
T2-	weighted	images,	visually	comparable	to	induced	IRI	in	
our	porcine	experiments	(Figure 2G).	The	presence	of	this	
ischemic	area	was	not	noted	during	surgical	organ	inspec-
tion,	nor	could	it	be	discerned	macroscopically	prior	to	or	
after	the	start	of	perfusion.	Re-	inspection	after	completion	
of	 the	experiment	revealed	an	unintentionally	 transected	
arterial	branch	of	the	upper	pole.

T A B L E  1 	 Summary	of	experiments	per	MRI	acquisition

MRI acquisition
Applied and 
optimized Protocolled experiments Summary results

T2-	weighted	
imaging

Porcine n = 22
Human n = 4

Induced	ischemia-	reperfusion	(duration	
30–	90 min)

Porcine n = 6
Iron	oxide	labeled	MSCs
Porcine n = 1

During	ischemia,	the	T2	signal	notably	
decreased	and	after	reperfusion,	it	took	
up	to	30	min	for	this	signal	to	recover	to	
its	initial	value.

MSCs	were	inhomogeneously	deposited	
within	the	renal	cortex

T2*	map Porcine n = 22
Human n = 4

Deoxygenation	20 min
Porcine n = 1

Baseline:	T2* = 50.4 ms
5 min	stop	O2:	T2* = 46.2 ms
10 min	stop	O2:	T2* = 47.8 ms
20	min	stop	O2:	T2* = 27.8 ms
5 min	restart	O2:	T2* = 45.3 ms

ASL Porcine n = 13 Perfusion	maps	first	3	h
Porcine n = 9
Human n = 4

Corticomedullar	ratio	at	30,	60,	120,	and	
180 min

Porcine:	2.1,	5.0,	6.5	and	5.3
Human:	1.2,	3.0,	4.5	and	6.6

Spectroscopy n.a. Hyperpolarized	[1-	13C]pyruvate
Porcine n = 4

13C-	lactate	concentrations	were	decreased	
in	the	cortex	compared	with	the	
medullar	regions

Abbreviations:	ASL,	arterial	spin	labeling;	MRI,	magnetic	resonance	imaging;	MSCs,	mesenchymal	stromal	cells.
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3.2	 |	 Regional perfusion

Intrarenal	 flow	 distribution	 and	 its	 evolution	 in	 time	
can	neither	be	characterized	by	visual	inspection,	nor	by	
measuring	total	renal	flow	with	an	external	flow	sensor	in	
the	NMP	circuit.	Regional	flow	distribution	was	measured	
with	 a	 standardized	 perfusion	 and	 imaging	 protocol	 in	
nine	porcine	and	four	discarded	human	kidneys	by	means	
of	arterial	spin	labeling	(ASL).	ASL	is	a	contrast-	free	func-
tional	 MRI	 technique	 that	 enables	 the	 quantification	 of	
regional	intrarenal	blood	or	perfusate	flow.	Inflowing	per-
fusate	in	the	renal	artery	was	labeled	with	radiofrequency	
pulses	and,	thus,	the	labeled	fluid	acted	as	an	endogenous	
contrast	agent.	Using	detailed	ASL-	based	perfusion	maps	
of	each	kidney	at	standardized	time	points,	we	were	able	
to	 visualize	 regional	 flow	 distribution	 during	 ex	 vivo	

reperfusion	 over	 time	 and	 compare	 this	 distribution	 be-
tween	porcine	and	human	kidneys.

To	 quantify	 intrarenal	 flow	 distribution,	 a	 cortico-
medullar	(CM)	ratio	was	calculated	from	the	ASL	perfu-
sion	maps.	By	means	of	overlaying	coronal	T2-	weighted	
anatomical	 images	 and	 ASL	 perfusion	 maps,	 regions	 of	
interest	 (ROIs)	 were	 drawn	 corresponding	 to	 the	 corti-
cal	area	and	 the	medullar	pyramids	 (Figure 3A–	C).	The	
mean	CM	ratios	in	porcine	kidneys	after	30,	60,	120,	and	
180  min	 were	 2.1,	 5.0,	 6.5,	 and	 5.3,	 respectively	 and	 in	
human	discarded	kidneys	1.2,	3.0,	4.5,	and	6.6	(Table 2).	
Furthermore,	 we	 observed	 a	 heterogeneous	 relation	 be-
tween	 the	 externally	 measured	 renal	 perfusate	 flow	 and	
the	CM	ratio	derived	from	ASL	perfusion	maps.	Some	kid-
neys	with	a	very	stable	perfusate	flow	during	the	entire	ex-
periment	showed	clearly	increasing	CM	ratios	over	time.

F I G U R E  2  T2-	weighted	images	of	structural	abnormalities	and	ischemia/reperfusion	damage.	(A)	Renal	cyst	not	visible	by	visual	
inspection	of	the	kidney's	surface.	(B)	Subcapsular	hematoma	compressing	part	of	the	parenchyma	and	large	intrarenal	vessels.	(C)	
Hydronephrosis	due	to	an	external	obstruction	of	the	ureter	cannula.	(D–	F)	Porcine	kidney	without	ischemia,	60 min	after	induced	partial	
ischemia	(segmental	area	with	lower	T2	signal)	and	30 min	after	reperfusion	(segmental	T2	signal	almost	recovered	to	its	initial	intensity).	
(G)	Human	discarded	kidney	(without	intervention)	with	regional	perfusion	defect	only	visible	on	MRI.
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3.3	 |	 Renal oxygen 
availability and metabolism

Functional	 MRI	 has	 the	 potential	 to	 characterize	 and	
quantify	metabolic	processes	 in	real	 time	that	cannot	be	
objectified	by	direct	visual	inspection	of	the	organ	or	meas-
urement	of	NMP	hemodynamic	parameters.	Contrast	 in	
acquisitions	 using	 T2*	 weighted	 imaging	 is	 affected	 by	
deoxygenated	 hemoglobin	 (deoxy-	Hb),	 a	 paramagnetic	
hemoglobin	 species.9	 We	 evaluated	 the	 effect	 of	 oxygen	
depletion	 in	 kidneys	 perfused	 with	 continuous	 pressure	
of	85	mm	Hg	with	a	stable	renal	perfusate	flow.	The	per-
fusion	solution	was	oxygenated	with	0.5 L/min	carbogen	
gas	 (95%	O2	+	5%	CO2),	paused	 for	20 min,	and	 then	 re-
sumed	with	the	same	gas	flow	rate.	The	T2*	maps	show	

how	 regional	 differences	 in	 oxygen	 availability	 changed	
over	time	(Figure 4A–	E).	As	oxygen	consumption	by	the	
organ	continued,	deoxy-	Hb	accumulated	which	resulted	
in	 a	 lower	 T2*	 signal.	 An	 ROI	 was	 drawn	 covering	 the	
whole	kidney,	resulting	in	T2*	values	of	50.4	ms	at	base-
line,	27.8 ms	after	pausing	the	oxygen	supply	for	20 min,	
and	45.3 ms	5 min	after	restarting	oxygenation.

Another	 promising	 tool	 for	 evaluating	 ex	 vivo	 renal	
metabolism	 is	 MR	 spectroscopy	 (MRS).	 We	 injected	 hy-
perpolarized	 [1-	13C]pyruvate	 into	 ex	 vivo	 perfused	 por-
cine	kidneys.	MRI	combined	with	MRS	of	these	kidneys	
provided	highly	detailed	information	on	renal	metabolism	
and	its	regional	distribution.10	After	the	injection	of	[1-	13C]
pyruvate	in	the	arterial	line	near	the	renal	artery,	it	enters	
the	kidney	and	distributes	 into	 the	 tissue	 (Figure 4F,G).	

F I G U R E  3  ASL-	derived	perfusion	
maps.	Adopted	from	Schutter	et	al.18	(A)	
T2-	weighted	anatomical	image	with	a	
C-	shaped	cortical	region	of	interest	(ROI)	
and	several	medullar	ROIs	drawn.	(B)	
Overlay	of	T2	and	ASL	perfusion	map.	
(C)	ASL-	derived	perfusion	map	in	which	
corticomedullar	ratio	was	calculated	
utilizing	the	ROIs	that	were	drawn	on	
the	anatomical	image.	Red	areas	indicate	
a	high	and	blue	a	low	flow	rate	of	the	
perfusate	in	the	kidney.	(D)	ASL-	derived	
perfusion	map	of	a	human	discarded	
kidney	after	15,	30,	60,	120,	and	180 min	
of	NMP.	(E)	ASL-	derived	perfusion	map	
of	a	porcine	kidney	after	15,	30,	60,	120,	
and	180 min	of	NMP.	[Color	figure	can	be	
viewed	at	wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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The	 enzymatic	 conversion	 of	 [1-	13C]pyruvate	 to	 lactate	
indicates	 anaerobic	 metabolism,	 whereas	 bicarbonate	 is	
produced	 under	 aerobic	 conditions.	 13C-	lactate	 concen-
trations	were	decreased	in	the	cortex	compared	with	the	
medullar	 regions	 (Figure  4H,I),	 giving	 a	 unique	 insight	
into	ex	vivo	intrarenal	metabolism	distribution.

3.4	 |	 Therapeutic tracing

In	 addition	 to	 pre-	transplant	 organ	 evaluation,	 NMP	 of-
fers	 the	 opportunity	 to	 administer	 pharmacological	 or	
cellular	therapy	to	the	organ	prior	to	transplantation.	We	
investigated	whether	MRI	can	serve	as	a	tool	to	monitor	
the	distribution	of	ex	vivo	cellular	therapy,	such	as	with	
mesenchymal	stromal	cells	 (MSCs).	One	million	human	
bone-	marrow-	derived	MSCs	were	labeled	with	FeraTrack®	
(Miltenyi	 Biotec,	 Bergisch	 Gladbach,	 Germany)	 and	 in-
fused	 into	 the	 arterial	 line	 of	 the	 perfusion	 circuit.	 T2	
weighted	imaging,	performed	before	and	after	administra-
tion	of	the	labeled	MSCs,	showed	areas	with	a	high	con-
centration	of	infused	cells	and	an	intrarenal	distribution	
which	suggests	that	MSCs	were	inhomogeneously	depos-
ited	within	the	renal	cortex	(Figure 5).11

4 	 | 	 DISCUSSION

Although	MRI	assessment	of	ex	vivo	normothermic	per-
fused	organs	 is	currently	still	 in	a	developmental	phase,	
our	data	suggest	 that	 the	method	is	 feasible	and	has	the	
potential	to	add	new	diagnostic	and	investigational	tools	

to	 the	 fields	 of	 organ	 transplantation,	 renal	 physiology,	
and	radiology.	Some	structural	abnormalities,	as	well	as	
perfusion	 and	 other	 functional	 parameters	 of	 a	 donor	
organ,	can	also	be	visualized	in	vivo	in	the	donor	with	ul-
trasound,	computed	tomography,	or	MRI.	Still,	the	dam-
age	 that	 has	 accumulated	 after	 the	 donor's	 circulatory	
arrest,	 during	 organ	 procurement,	 and	 throughout	 the	
hours	of	cold	organ	preservation	will	only	be	visible	in	an	
ex	 vivo	 setting.	 We	 were	 able	 to	 identify	 an	 unexpected	
ischemic	area	in	one	of	the	discarded	human	kidneys,	due	
to	an	iatrogenic	dissected	small	arterial	branch.	Clinically,	
such	a	finding	might	have	prompted	either	arterial	recon-
struction	or	kidney	discard	if	reconstruction	would	not	be	
possible.

Despite	 considerable	 efforts	 directed	 at	 developing	
NMP	 as	 an	 organ	 assessment	 platform,	 the	 important	
question	of	what	to	assess	while	a	kidney	is	on	the	pump	
still	remains.	No	validated	sets	of	on-	pump	viability	mark-
ers	 exist.	 Hence,	 in	 current	 clinical	 practice,	 most	 NMP	
markers	are	compared	to	in	vivo	references.

Several	 in	 vivo	 ASL	 studies	 have	 reported	 renal	 CM	
flow	ratios	between	5	and	7	in	healthy	volunteers,	while	
patients	with	chronic	kidney	disease	generally	had	a	lower	
CM	ratio.12,13	CM	ratios	that	we	observed	in	porcine	and	
human	kidneys	after	3	h	of	NMP	are	within	the	healthy	
physiological	 in	 vivo	 range.13–	17	 These	 ASL	 measure-
ments	provide	potentially	viability-	related	information	on	
the	extent	to	which	intrarenal	flow	distribution	is	in	line	
with	normal	physiology.	Since	the	majority	of	functional	
nephrons	 are	 located	 in	 the	 renal	 cortex,	 assessment	 of	
cortical	perfusion	could	characterize	important	aspects	of	
organ	quality	during	perfusion.	Given	our	data,	 the	tim-
ing	 of	 such	 assessment	 should	 be	 carefully	 considered,	
since	during	 the	 first	2–	3	h	after	 the	start	of	NMP	 intra-
renal	 flow	 distribution	 does	 not	 yet	 resemble	 normal	 in	
vivo	 physiology.18	 Medullar	 perfusion	 measured	 by	 ASL	
is	 reported	 to	 be	 less	 reproducible	 compared	 to	 cortical	
perfusion.	Possible	reasons	are	a	reduced	signal-	to-	noise	
ratio	because	of	the	relatively	low	medullar	perfusion	rate,	
incorrect	segmentation	of	the	medullar	pyramids,	and	sig-
nal	 loss	due	 to	a	 longer	 transit	 time	of	 the	magnetically	
labeled	fluid	bolus	which	passes	the	cortex	first.19

Magnetic	 resonance	 imaging	 during	 NMP	 also	 offers	
unique	 opportunities	 for	 more	 fundamental	 studies	 of	
organ	 metabolism	 and	 physiology.	 In	 their	 hypothermic	
perfusion	model,	Buchs	et	al	demonstrated	 that	adenos-
ine	triphosphate	(ATP)	levels	could	be	detected	in	porcine	
kidneys	by	31P	magnetic	resonance	spectroscopy	and	they	
also	 applied	 gadolinium	 contrast	 to	 measure	 intrarenal	
perfusion.20,21	 In	2020,	 in	a	hypothermic	porcine	model,	
it	was	found	that	ATP	was	rapidly	generated	in	presence	
of	 oxygen	 and	 that	 warm	 ischemia	 reduced	 ATP	 levels,	
but	 not	 its	 precursors	 (AMP).	 ATP	 levels	 were	 inversely	

T A B L E  2 	 Perfusion	characteristics	of	porcine	and	human	
kidneys

Minutes after the 
start of NMP

Porcine kidneys 
n = 9

Human 
kidneys n = 4

Mean (SD) Mean (SD)

Mean	externally	measured	flow	(ml/min/100	g)

30 83	(±39) 143	(±66)

60 117	(±31) 185	(±90)

120 129	(±51) 226	(±68)

180 116	(±46) 244	(±50)

ASL	signal	ratio	(cortex/medulla)

30 2.1	(±2.1) 1.2	(±1.0)

60 5.0	(±5.0) 3.0	(±1.1)

120 6.5	(±6.4) 4.5	(±1.0)

180 5.3	(±3.7) 6.6	(±2.8)

Source:	Adopted	from	Schutter	et	al.18

Abbreviations:	ASL,	arterial	spin	labeling;	NMP,	normothermic	machine	
perfusion.
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correlated	with	the	severity	of	kidney	histological	injury,	
and	could	thus	play	an	important	role	in	assessing	organ	
quality.22

The	 interaction	 between	 renal	 perfusion,	 glomerular	
filtration,	 oxygen	 delivery,	 and	 oxygen	 consumption	 is	
complex.14,23	 Blood	 oxygen	 level-	dependent	 (BOLD)	 im-
aging	 and	 T2*	 mapping	 are	 functional	 MRI	 techniques	
that	 can	 quantify	 changes	 in	 regional	 oxygen	 availabil-
ity.	Our	results	showed	that	the	T2*	signal	declines	in	the	
functionally	important	cortical	area	after	cessation	of	oxy-
gen	supply.	This	could	be	a	promising	imaging	biomarker	
for	organ	viability.	Although	arterial	and	venous	blood	gas	
samples	might	be	of	help	in	assessing	the	overall	oxygen	
consumption	 of	 an	 organ	 during	 ex	 vivo	 perfusion,	 T2*	
functional	imaging	can	provide	rapid	insight	into	intrare-
nal	regional	oxygen	delivery	and	highlight	areas	with	re-
duced	or	absent	oxygenation.	Several	in	vivo	studies	have	
demonstrated	 changes	 in	 tissue	 oxygen	 bioavailability	
during	allograft	dysfunction	after	 transplantation.24–	27	In	
an	ex	vivo	model	with	healthy	kidneys,	it	might	be	possible	

to	detect	where	kidneys	under	NMP	conditions	touch	on	
the	 scale	 of	 normal	 physiological	 oxygen	 consumption	
versus	pathological	ranges.	Once	normal	values	have	been	
established,	the	same	approach	could	be	utilized	to	quan-
tify	the	extent	of	organ	dysfunction	in	potentially	injured	
donor	organs	before	transplantation.

Our	newly	developed	platform	also	provides	a	tool	to	
monitor	 ex	 vivo	 delivery	 of	 cellular	 or	 pharmacological	
therapies	to	injured	donor	kidneys,	for	example,	the	dis-
tribution	 of	 ex	 vivo	 infused	 iron-	labeled	 mesenchymal	
stem	 cells.	 Apart	 from	 pharmacological	 interventions	
focused	 on	 organ	 quality	 improvement	 for	 transplanta-
tion,	this	platform	also	provides	benefits	for	the	general	
investigation	 of	 the	 pharmacokinetics	 of	 newly	 devel-
oped	drugs	in	an	isolated	target	organ.	Furthermore,	op-
portunities	 arise	 to	 safely	 test	 the	 targeted	 delivery	 of	
experimental	labeled	radioactive	particles	for	intra-	organ	
brachytherapy	 or	 visualize	 the	 uptake	 of	 MRI-	visible	
organ-	specific	 chemotherapeutical	 substances	 in	 an	 ex-
perimental	setting.

F I G U R E  4  Renal	metabolism	imaging.	(A–	E):	T2*	map	showing	regional	differences	in	oxygen	availability	in	a	porcine	kidney,	
approximately	5	h	after	the	start	of	NMP.	Increased	concentrations	of	deoxygenated	Hb	cause	a	reduced	T2*	signal.	Perfusion	in	this	series	
was	with	continuous	pressure	of	85	mm	Hg.	This	series	highlights	that	it	takes	time	for	deoxygenated	Hb	to	accumulate	after	cessation	of	
oxygenation	and	that	Hb	is	rapidly	re-	oxygenated	when	oxygen	supply	is	resumed.	(A)	baseline	perfusion	(190	ml/min),	oxygenated	with	
carbogen	(95%	O2/5%	CO2)	at	a	rate	of	0.5 ml/min.	T2* = 50.4 ms.	(B):	5	min	after	stopping	the	carbogen	supply,	perfusion	185	ml/min.	
T2* = 46.2 ms.	(C)	10	min	after	stopping	the	carbogen	supply,	perfusion	179	ml/min.	T2* = 47.8 ms.	(D)	20 min	after	stopping	the	carbogen	
supply,	perfusion	202	ml/min.	T2* = 27.8 ms.	T2*	signal	is	clearly	reduced	due	to	the	increased	deoxygenated	Hb	because	of	the	oxygen	
consumption	without	supply.	(E)	5	min	after	the	restart	of	carbogen	supply,	perfusion	214	ml/min,	rapidly	leading	to	less	deoxygenated	Hb.	
T2* = 45.3 ms.	(F–	I)	Magnetic	resonance	spectroscopy	providing	information	on	lactate	turnover	using	injected	hyperpolarized	[1-	13C]
pyruvate	in	a	porcine	kidney.	(F	and	G)	the	distribution	of	the	hyperpolarized	pyruvate	tracer	6.5	and	10.5 s	after	the	start	of	injection.	(H	
and	I)	Signal	intensities	of	the	13C	lactate,	12	and	24	s	after	the	start	of	injection	for	lactate.	[Color	figure	can	be	viewed	at	wileyonlinelibrary.
com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/


   | 113MR IMAGING DURING WARM EX VIVO KIDNEY PERFUSION

Although	 our	 studies	 already	 explored	 multiple	 MRI	
sequences,	 additional	 magnetic	 resonance	 acquisition	
methods	 could	 make	 a	 significant	 contribution	 to	 the	
future	 assessment	 of	 presumably	 suboptimal	 donor	 kid-
neys.	Currently,	the	detection	and	quantification	of	rele-
vant	 parenchymal	 pathology	 such	 as	 interstitial	 fibrosis,	
a	 strong	 predictor	 of	 long-	term	 graft	 survival,28	 requires	
an	 invasive	 diagnostic	 needle	 biopsy.	 Yet,	 application	 of	
this	gold	standard	procedure	is	limited	due	to	risks	of	se-
rious	complications	and	the	very	small	amount	of	tissue	
that	can	be	obtained,	which	may	not	reflect	the	condition	
of	the	whole	organ	and	makes	these	biopsies	susceptible	
to	sampling	error.29–	33	Advances	in	MRI	techniques,	such	
as	 diffusion-	weighted	 imaging	 and	 elastography,	 have	
created	 innovative	 opportunities	 to	 characterize	 renal	
scarring	through	imaging	of	distinct	physical	features	of	
fibrotic	and	non-	fibrotic	 tissue.34	 In	addition,	we	foresee	
that	ex	vivo	multiparametric	MRI,	providing	imaging	bio-
markers	 that	 reflect	 different	 aspects	 of	 tissue	 structure	
and	metabolism	in	one	single	acquisition,	could	be	valu-
able	in	the	quest	to	make	pre-	transplant	organ	quality	as-
sessment	more	objective,	reliable,	and	very	rapid.

Another	 relevant	 facet	 of	 MRI-	compatible	 ex	 vivo	
organ	 perfusion	 is	 testing	 and	 validating	 novel	 renal	
MRI	 acquisition	 methods.	 Compared	 to	 in	 vivo	 imaging	
of	healthy	volunteers,	ex	vivo	imaging	of	an	isolated	per-
fused	organ	is	not	influenced	by	motion	artifacts.	The	ex	
vivo	 model	 also	 benefits	 from	 higher	 signal-	to-	noise	 ra-
tios,	with	higher	desired	signals	and	lower	levels	of	back-
ground	noise.	For	example,	the	practical	potential	of	the	

new	3D	imaging	technique	magnetic	particle	imaging	an-
giography	was	tested	in	an	ex-	vivo	hypothermic	perfused	
kidney	and	could	be	compared	with	existing	techniques.35	
It	is	likely	that	during	warm	perfusion,	potential	new	ap-
plications	can	be	tested	more	accurately,	as	the	physiologi-
cal	setting	is	more	similar	to	in	vivo	conditions.	Moreover,	
our	ex	vivo	method	facilitates	studying	what	certain	 im-
aging	biomarkers	indicate,	by	adjusting	key	input	of	vari-
ables	 such	 as	 perfusion	 pressure,	 oxygenation	 level,	 or	
hemoglobin	concentration,	which	cannot	be	easily	altered	
when	imaging	in	vivo	subjects.

An	 important	 limitation	 of	 this	 study	 is	 the	 purely	
descriptive	 nature,	 in	 which	 several	 MRI	 acquisitions	
have	 been	 tested	 in	 this	 newly	 developed	 experimental	
platform.	 At	 this	 developmental	 stage,	 our	 results	 have	
provided	unique	insights	in	renal	physiology	and	metabo-
lism,	but	it	remains	uncertain	in	which	way	these	imaging	
markers	will	eventually	convey	clinically	relevant	metrics	
that	predict	graft	function	after	transplantation.

Initial	experiments	on	a	limited	number	of	porcine	and	
discarded	human	kidneys	were	mainly	focused	on	testing	
promising	anatomical	and	functional	MRI	sequences.	We	
evaluated	their	reproducibility	and	critically	appraised	the	
potential	clinical	translation	of	the	type	of	data	generated	
by	each	sequence.	A	fair	comparison	between	porcine	and	
discarded	human	kidneys	included	in	our	studies	cannot	
be	made,	given	the	relevant	differences	in	species,	weight,	
age,	and	medical	history.	Human	discarded	kidneys	had	
different	warm	and	cold	ischemia	times	depending	on	the	
type	of	donation	procedure	as	well	as	 logistics	and	were	
discarded	 for	 various	 medical	 reasons.	 In	 addition,	 the	
number	of	included	human	kidneys	in	this	study	is	lim-
ited	 and	 more	 such	 experiments	 will	 be	 needed	 to	 fully	
translate	our	porcine	results	to	the	human	setting.

Although	 MRI	 acquisition	 during	 isolated	 organ	 per-
fusions	has	a	multifaceted	 range	of	applications,	 several	
hurdles	should	be	overcome.	The	wide	variety	of	clinical	
MRI	scanners	available	makes	 it	difficult	 to	compare	re-
sults	between	scanners,	as	even	data	from	scanners	from	
the	same	manufacturer	are	sensitive	to	differences	due	to	
circumstantial	 influences	(e.g.,	shimming,	 inter-	observer	
variability,	protocol	differences).	This	is	a	well-	known	cul-
prit	within	the	field	of	magnetic	resonance	imaging,	but	
manufacturers	 are	 working	 on	 algorithms	 that	 can	 con-
vert	data	to	make	measurements	comparable	between	dif-
ferent	scanners.

Moreover,	 if	 this	 technique	 will	 be	 clinically	 imple-
mented,	having	a	dedicated	team	performing	the	perfusion	
and	operating	the	MRI	is	costly.	As	the	current	studies	were	
all	experimental	and	outside	clinical	“office	hours,”	actual	
costs	are	difficult	to	estimate	in	this	early	developmental	
phase.	 Due	 to	 the	 technical	 and	 logistical	 complexity,	 it	
would	be	recommended	to	first	implement	this	method	in	

F I G U R E  5  Therapeutic	tracing	of	mesenchymal	stromal	cells.	
Adopted	from	Pool	et	al.16	(A)	Baseline	T2-	weighted	anatomical	
image	of	a	porcine	kidney	during	normothermic	ex	vivo	perfusion	
(coronal	view).	(B)	Same	kidney	after	infusion	of	1	million	FeraTrack®	
labeled	MSCs,	manifesting	as	the	dark	areas	in	the	renal	cortex.
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centers	 with	 extensive	 experience	 with	 organ	 perfusion.	
Protocolled	consecutive	acquisitions	could	be	performed	
by	an	MRI	technician	on-	site,	while	dedicated	radiologists	
can	report	on	the	images	from	behind	their	desks.	Actual	
costs	 will	 highly	 depend	 on	 arrangements	 that	 can	 be	
made	with	the	radiology	department	and	the	use	of	staff	
that	 is	 “already”	 on	 call	 for	 organ	 perfusion	 procedures	
or	 general	 MRI	 staffing.	 However,	 this	 technique	 is	 still	
in	 its	 developmental	 phase	 and	 future	 cost-	effectiveness	
evaluations	might	be	necessary	before	clinical	application.

The	concept	of	applying	magnetic	resonance	imaging	
during	 renal	 normothermic	 machine	 perfusion	 is	 novel	
in	 both	 renal	 and	 radiological	 research.	 With	 this	 new	
method,	we	have	been	able	to	obtain	a	detailed	real-	time	
view	 of	 ongoing	 processes	 inside	 human-	sized	 kidneys	
while	being	perfused	ex	vivo.	This	platform	allows	for	ad-
vanced	pre-	transplant	organ	assessment,	provides	a	new	
realistic	tool	for	studies	into	renal	physiology	and	metab-
olism,	and	may	serve	as	an	ideal	setup	for	MRI	sequence	
development.	Possible	applications	are	numerous	and	our	
approach	 can	 easily	 be	 adapted	 to	 accommodate	 other	
organs	 as	 well.	 Our	 center	 has	 for	 example	 already	 suc-
cessfully	 performed	 several	 pilot	 experiments	 with	 MRI	
during	 ex-	vivo	 normothermic	 machine	 perfusion	 in	 dis-
carded	human	livers.

Future	perspectives	could	include	protocolled	imaging	
and	 perfusion	 experiments,	 in	 which	 clinically	 relevant	
variables	 (such	 as	 warm	 ischemia	 time,	 renal	 perfusion,	
or	renal	oxygenation	levels)	are	accurately	related	to	im-
aging	 markers.	 Multiomics	 and	 artificial	 intelligence	
might	be	able	to	better	predict	organ	quality,	in	which	im-
aging	biomarkers	will	be	one	set	of	variables.	Long-	term	
perspectives	 include	 the	development	of	a	non-	tethered,	
fully	MRI-	compatible	NMP	device,	which	could	be	used	
for	non-	invasive	pre-	transplant	organ	quality	assessment.	
This	would	simplify	the	logistical	process,	allowing	a	more	
realistic	period	for	clinical	pre-	transplantation	quality	as-
sessment.	In	the	near	future,	this	new	method	could	play	
a	decisive	role	in	donor	organ	quality	assessment	and	al-
lograft	reconditioning.
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