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Abstract
The	lymphatic	system	is	compromised	in	different	groups	of	patients.	To	recognize	
pathology,	we	must	know	what	is	healthy.	We	use	Near-	Infrared	Fluorescence	
(NIRF)	to	assess	peripheral	lymphatic	function	in	humans.	We	have	shown	that	
external	factors	such	as	exercise,	hyperthermia,	and	pharmacological	mediators	
influence	the	function	of	peripheral	lymphatic	vessels.	In	this	study,	we	explored	
the	impact	on	lymphatic	vessels	by	the	ever-	present	external	factor—	gravity.	We	
used	NIRF	imaging	to	investigate	the	lymphatic	changes	to	gravity.	Gravity	was	
assessed	by	changing	body	position	 from	supine	 to	standing.	We	extracted	 fol-
lowing	lymphatic	functional	parameters:	lymphatic	packet	propulsion	frequency	
(contractions/min),	 velocity	 (cm/s),	 and	 pressure	 (mmHg).	 Raw	 data	 analysis	
was	performed	using	a	custom-	written	Labview	program.	All	sequences	were	an-
alyzed	by	two	observers	and	interclass	correlation	scores	were	calculated.	All	sta-
tistical	analysis	was	performed	using	RStudio	Team	(2021).	RStudio:	Integrated	
Development	Environment	 for	R.	RStudio,	PBC.	Healthy	participants	 (n = 17,	
11	males,	age	28.1 ± 2.6	years)	were	included.	The	lymphatic	packet	propulsion	
frequency	at	baseline	was	0.5 ± 0.2	contractions/min	and	rose	within	3 min	sig-
nificantly	 to	a	maximum	of	1.2 ± 0.5	contractions/min	during	upright	posture	
and	 remained	 significantly	 higher	 than	 the	 baseline	 lymphatic	 packet	 propul-
sion	frequency	after	lying	down	again	for	up	to	6 min.	The	lymph	velocity	was	
1.5 ± 0.4 cm/s	at	baseline	and	changed	in	both	directions	and	without	a	specific	
pattern	at	different	points	in	time	during	standing.	Lymph	pressure	was	signifi-
cantly	higher	while	standing	(mean	increase	9 mmHg,	CI:	2–	15 mmHg).	The	ICC	
scores	were	89.8%	(85.9%–	92.7%),	59.3%	(46.6%–	69.6%)	and	89.4%	(79.0%–	94.8%)	
in	 lymphatic	packet	propulsion	 frequency	(130	observations),	velocity	 (125	ob-
servations),	and	pressure	(30	observations),	respectively.	The	lymphatic	system	
responds	within	 few	minutes	 to	gravitational	 changes	by	 increasing	 lymphatic	
packet	propulsion	frequency	and	pressure.
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1 	 | 	 INTRODUCTION

Interest	in	the	lymphatic	system	is	rising.	The	lymphatic	
system	is	one	of	the	main	components	in	maintaining	the	
fluid	 balance.	 But	 knowledge	 about	 how	 it	 operates	 has	
been	limited	and	foreshadowed	by	the	cardiovascular	sys-
tem.	The	lack	of	investigational	tools	has	up	until	recently	
been	the	main	reason	for	this	gap.	A	new	investigational	
tool—	the	 Near-	Infrared	 Fluorescence	 (NIRF)	 imaging—	
allows	 us	 to	 examine	 the	 human	 lymphatic	 activity	 in	
real-	time	(Groenlund	et	al.,	2017;	Kelly	et	al.,	2019).	Using	
this	 tool	 we	 have	 demonstrated	 how	 the	 healthy	 lym-
phatic	system	reacts	 to	external	 factors	such	as	exercise,	
hyperthermia,	 pharmacological	 mediators—	and	 how	
the	impaired	lymphatic	system	reacts	in	Fontan	patients	
and	breast	cancer	patients	(Alstrup	et	al.,	2021;	Belgrado	
et	al.,	2016;	Groenlund	et	al.,	2017;	Marshall	et	al.,	2010;	
Mohanakumar	et	al.,	2019;	Rasmussen	et	al.,	2009,	2010;	
Sevick-	Muraca	et	al.,	2008;	Unno	et	al.,	2008,	2010).

Peripheral	edema	is	a	clinical	problem	for	many	people	
and	standing	increase	edema	(Junge	et	al.,	2022).	Evidently,	
the	edema	is	a	result	of	the	imbalance	between	filtered	fluid	
from	the	capillaries	and	the	drainage	through	the	lymphatic	
system.	 The	 higher	 hydrostatic	 pressures	 in	 both	 arteries	
and	veins	during	standing	are	thought	to	cause	a	higher	fil-
tration	of	fluid	(Maw	et	al.,	1995).	It	is,	however,	unknown	
exactly	how	the	lymphatic	drainage	is	influenced	by	stand-
ing	up	and	the	resulting	extra	volume	load.

We	 hypothesized	 that	 a	 standing	 position	 (and	 expo-
sure	to	gravity)	and	the	increased	filtration	of	fluid	from	
the	blood	capillaries	into	the	interstitial	space	that	follows,	
would	 increase	 lymphatic	 activity	 due	 to	 an	 increased	
workload.

We	aimed	to	investigate	the	healthy	lymphatic	system's	
reaction	to	change	in	posture	and	thereby,	the	effect	of	grav-
ity	using	NIRF	imaging	in	a	group	of	healthy	individuals.

2 	 | 	 MATERIALS AND METHODS

Near-	infrared	 Fluorescence	 Imaging	 was	 used	 to	 deter-
mine	the	effects	of	gravity	on	lymphatic	activity.

2.1	 |	 Near- Infrared Fluorescence 
Imaging (NIRF)

Indocyanine	 Green	 (ICG;	 Verdye,	 Diagnostic	 Green	
GmbH,	Germany)	was	excited	at	wavelengths	750–	800 nm	
and	emitted	light	at	845 nm	when	returning	to	the	ground	
state	(Miwa,	2010).

The	ICG	was	dissolved	 in	5 ml	of	distilled	water	and	
then	0.65 ml	was	extracted	and	dissolved	in	10 ml	saline	

water.	 The	 prepared	 ICG	 solution	 concentration	 was	
0.3 mg/ml	and	each	injection	(0.1 ml)	resulting	in	a	final	
concentration	of	0.03 mg	ICG	per	injection.

The	 prepared	 ICG	 solution	 was	 injected	 intrader-
mally,	before	the	area	of	interest	was	excited	by	a	custom-	
designed	 laser;	 excitation:	 750  nm,	 excitation	 surface	
power:	 >9  mW/cm2.	 The	 ICG's	 emission	 of	 light	 was	
then	 collected	 using	 custom-	designed	 two	 complemen-
tary	metal-	oxide	semiconductor	cameras	recording	wave-
lengths	>790 nm	(Kaer	Labs,	Nantes,	France).

The	frame	rate	was	1.58	frames	per	second	and	deter-
mined	by	two	factors:	Fluo	exposure	(catches	the	fluores-
cence	of	ICG)	and	Bright	exposure	(produces	the	canvas	
of	the	lymphatic	vessels)	and	was	set	to	300	and	2 millisec-
onds,	respectively.	The	laser	was	set	to	100%.

Each	 participant	 was	 injected	 intradermally	 in	 three	
areas	of	 the	right	 foot:	The	first	and	the	fourth	 interme-
tatarsal	 space,	 and	 behind	 the	 medial	 malleolus.	 Upon	
injection,	ICG	was	taken	up	by	the	superficial	lymphatic	
vessels	and	moved	centrally.	All	recordings	for	data	analy-
sis	were	performed	on	the	right	lower	leg.

2.2	 |	 Study design (Figure 1a)

2.2.1	 |	 Study	population

We	 enrolled	 17	 participants—	one	 participant's	 data	 had	
to	 be	 excluded	 because	 of	 the	 poor	 quality	 of	 the	 foot-
age	 (Table	 1).	 Inclusion	 criteria	 were	 age	 between	 20	
and	 35  years	 and	 good	 health.	 Exclusion	 criteria	 were	
lymphedema,	edema	or	any	venous	diseases.

Based	 on	 a	 standard	 deviation	 of	 0.1  min−1	 in	 mean	
contraction	 frequency	 found	 in	 a	 previous	 NIRF	 imag-
ing	study	by	Telinius	et	al.	(2014)	inclusion	of	16	patients	
would	 detect	 a	 12%	 difference	 in	 contraction	 frequency	
with	a	power	of	80%	and	significance	level	set	to	p < 0.05.

The	investigation	was	conducted	in	a	controlled	identi-
cal	environment	for	every	participant:	room	temperature	
was	 maintained	 at	 23.8  ±  0.9°C;	 the	 participants	 spent	
15 min	in	supine	position	in	a	bed	for	acclimatizing	to	po-
sition	and	 temperature.	The	 total	 investigation	 time	was	
approximately	1.5−2 h.

Upon	 arrival,	 each	 participant's	 weight,	 height,	 stand-
ing-	,	 and	 supine	 blood	 pressure	 were	 collected.	 Next,	 an	
injection	of	ICG	was	performed	and	an	injection	sequence	
was	recorded.	Then,	the	participants	had	15 min	of	rest	for	
allowing	the	ICG	to	be	distributed	throughout	all	possible	
vessels.	The	sequence	order	was	designed	to	detect	changes	
in	the	lymphatic	packet	propulsion	frequency,	velocity,	and	
pressure.	Sequence	1	through	3	examined	lymph	lymphatic	
packet	 propulsion	 frequency	 and	 velocity,	 whereas,	 se-
quence	4	and	5	examined	lymph	pressure	(Figure	1a).
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2.3	 |	 Outcome measures

We	assessed	lymphatic	function	by	following	primary	out-
comes:	 lymphatic	 packet	 propulsion	 frequency,	 velocity,	
and	pressure.

2.3.1	 |	 Lymphatic	packet	propulsion	
frequency	(contractions/min)

We	defined	the	lymphatic	packet	propulsion	frequency	as	
the	number	of	lymphatic	packets	propelled	through	a	vessel	
pr.	minute.

Regions	of	interests	(ROIs)	were	plotted	on	all	vessels,	
the	intensity	within	the	ROIs	measured,	and	a	differenti-
ated	intensity	curve	was	calculated	and	plotted.	A	visual	
contraction	was	defined	as	a	transient	positive	deflection	
followed	by	a	negative.

A	contraction	was	defined	as	a	combination	of	a	mea-
sured	change	in	light	intensity	and	a	visual	confirmation.

The	measured	change	in	light	intensity	was	defined	as	
a	valley	of	at	least	100	DI/Dt	in	the	differentiated	intensity	
curve	and	visual	confirmation	was	performed	by	visually	
confirming	the	lymph	packet	propulsion	through	the	ROI.	
The	 number	 of	 events	 was	 counted	 and	 divided	 by	 the	
number	of	minutes	of	the	sequence.

Male Female

Mean SD Mean SD

Age	(years) 29 2.7 27 2.6

Height	(cm) 185 5.0 168 3.2

Weight	(kg) 83 11.2 62 2.8

BMI	(kg/m2) 24.2 2.2 21.9 1.2

Systolic	blood	pressure	(mmHg) 129 15.1 120 6.3

Diastolic	blood	pressure	(mmHg) 77 13.9 73 6.7

Heart	rate	(/minute) 65 10.5 68 12.6

Note: Clinical	characteristics	of	the	16	healthy	participants	in	the	study	(male:	n = 10).

T A B L E  1 	 Clinical	characteristics

F I G U R E  1  (a)	Schematic	drawing	of	the	five	sequences.	Sequences	1–	3	recorded	lymphatic	packet	propulsion	frequency	and	lymph	
velocity.	Sequences	4	and	5	recorded	lymph	pressure.	 :	Costum-	built	camera	to	capture	the	ICG-	emitted	light.	 :	Inflatable	cuff	used	to	
determine	lymph	pressure.	(b)	Changes	in	lymphatic	packet	propulsion	frequency	when	changing	body	position	from	supine	(sequence	1)	to	
standing	(sequence	2)	and	supine	again	(sequence	3).	(c)	Lymph	pressure	while	lying	down	(sequence	4)	and	standing	up	(sequence	5)
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2.3.2	 |	 Lymph	velocity	(cm/s)

Packet	velocity	was	measured	as	packets	that	move	con-
tinuously	 through	 two	 ROIs	 with	 no	 pauses.	 Packet	 ve-
locity	was	calculated	by	dividing	the	packet	transit	time	
between	the	two	ROIs	with	the	distance	between	the	ROIs.	
The	valley-	to-	valley	time	difference	on	the	differentiated	
intensity	curve	in	the	two	ROIs	was	measured.	Distances	
between	the	ROIs	were	calculated	by	using	a	calibration	
scale	inserted	at	the	beginning	of	each	sequence.

2.3.3	 |	 Lymph	pressure	(mmHg)

Pumping	pressure	is	the	maximal	pressure	that	the	con-
tractile	vessels	can	develop.	We	estimated	this	by	inflat-
ing	a	standard	sphygmomanometer	cuff	around	the	calf,	
after	 having	 manually	 emptied	 the	 lymphatic	 vessels	
under	and	proximally	to	the	cuff.	We	inflated	the	cuff	to	
80 mmHg	and	reduced	the	pressure	by	10 mmHg	every	
5  min	 until	 lymph	 passed	 the	 cuff.	 Pumping	 pressure	
was	measured	standing	and	supine	at	the	same	position	
on	the	calf.

2.4	 |	 Data analysis

2.4.1	 |	 Sequence	analysis

We	analyzed	the	experimental	sequences	with	a	custom-	
written	 LabVIEW	 program	 (National	 Instruments,	
Texas).	All	sequences	were	blinded	before	analysis,	the	
blinding	was	revealed	after	completion	of	all	data	analy-
sis.	All	data	were	analyzed	by	two	raters.	The	reported	
lymphatic	 packet	 propulsion	 frequency	 and	 velocity	
were	 averaged	 for	 all	 visible	 vessels	 (average	 vessels	
per	 participant:	 2.6  ±  0.8).	 Time	 durations	 for	 the	 se-
quences	were:	Six	minutes	(Sequences	1	and	3),	18 min	
(Sequence	2),	and	until	lymph	passed	the	cuff	between	
5	 and	 40  min	 (Sequences	 4	 and	 5).	 Sequences	 1,	 3,	 4,	
and	5	were	analyzed	in	full	 length.	Sequence	2	was	di-
vided	into	six	3-	min	parts	to	determine	the	specific	time	
of	potential	changes	in	lymphatic	packet	propulsion	fre-
quency	and	velocity.

2.4.2	 |	 Statistical	analysis

A	 repeated	 measures	 two-	way	 ANOVA	 (between	 and	
time(within))	was	performed	to	test	if	standing	up	changes	
the	lymphatic	packet	propulsion	frequency	and	velocity.

All	 three	 assumptions	 were	 met	 when	 analyzing	 lym-
phatic	 packet	 propulsion	 frequency—	the	 dependent	

variable	was	approximately	normally	distributed	and	there	
were	no	significant	outliers.	The	measurement	variance	did	
differ	but	was	revised	using	Greenhouse-	Geisser	correction.

None	 of	 the	 assumptions	 were	 met	 while	 analyzing	
lymph	velocity.

Lymph	 pressures	 were	 compared	 using	 paired	 t-	test.	
All	assumptions	were	met—	there	were	no	significant	out-
liers	and	the	differences	were	normally	distributed.

We	used	Rstudio	two-	way	mixed	methods	Single	Score	
Intraclass	correlation	(ICC	and	95%	confidence	 interval)	
to	analyze	for	interobserver	variance.

2.5	 |	 Ethical approval

The	study	was	approved	by	the	Central	Denmark	Region	
Committees	 on	 Health	 Research	 Ethics	 (H-	19087610)	
and	 conducted	 in	 accordance	 with	 the	 Helsinki	 decla-
ration.	 Written	 informed	 consent	 was	 obtained	 from	 all	
participants.

The	study	was	registered	at	The	Danish	Data	Protection	
Agency	 and	 conducted	 in	 accordance	 with	The	 General	
Data	Protection	Regulation.

3 	 | 	 RESULTS

One	participant	was	excluded	due	to	poor	imaging	quality.
A	 total	 of	 78	 sequences	 were	 analyzed	 and	 15	 out	

of	 the	 16	 participants	 included	 provided	 all	 five	 se-
quences.	One	participant	only	provided	three	sequences	
due	 to	 technical	 problems	 during	 the	 lymph	 pressure	
sequences.

3.1	 |	 Lymphatic packet propulsion 
frequency (contractions/min)

Lymphatic	packet	propulsion	frequency	increased	signifi-
cantly	within	a	few	minutes	and	remained	high	through-
out	the	investigation	(Figure	1b).

3.2	 |	 Lymph velocity (cm/s)

Lymph	velocity	did	not	change	throughout	the	investiga-
tion	(Table	2).

3.3	 |	 Lymph pressure (mmHg)

Lymph	pressure	was	significantly	higher	when	standing	
compared	to	lying	down	(Figure	1c).
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3.4	 |	 Interobserver variability

The	ICC	scores	was	89.8%	(85.9%–	92.7%),	59.3%	(46.6%–	
69.6%)	 and	 89.4%	 (79.0%–	94.8%)	 in	 lymphatic	 packet	
propulsion	 frequency	 (130	 observations),	 velocity	 (125	
observations)	and	pressure	(30	observations)	respectively.

4 	 | 	 DISCUSSION

The	 lymphatic	 packet	 propulsion	 frequency	 more	 than	
doubled	 and	 lymph	 pressure	 increased	 with	 an	 average	
9 mmHg	when	moving	from	supine	to	standing	position	
within	 a	 few	 minutes.	 This	 implies,	 that	 the	 lymphatic	
system	is	quickly	adapting	to	gravitational	changes.

Lymph	 velocity	 was	 unaffected	 by	 gravity,	 this	 is	 in	
accordance	with	previous	studies	examining	the	effect	of	
external	factors	on	lymph	velocity	(Groenlund	et	al.,	2017;	
Kelly	et	al.,	2019;	Mohanakumar	et	al.,	2021).	The	velocity	
ICC	score	was	the	lowest	of	the	three	parameters	indicat-
ing	that	this	parameter	is	the	least	reproducible,	making	it	
more	difficult	to	document	a	change.

The	response	of	the	lymphatic	system	to	gravitational	
changes	 has	 not	 been	 thoroughly	 investigated	 before.	
Rasmussen	 et	 al	 found	 no	 significant	 change	 in	 lym-
phatic	activity	due	to	body	position	in	5	human	subjects	
(Rasmussen	et	al.,	2020).	Our	increased	lymphatic	packet	
propulsion	frequency	and	pressure	in	a	cohort	of	16	study	
subjects	complies	with	a	smaller	study	on	mice	by	Bouta	
et	al.	(2018).

Standing	position	increases	capillary	pressure	and	fluid	
filtration	leading	to	more	interstitial	fluid,	and	assumedly	
results	in	a	bigger	workload	and	shear	stress	for	the	lym-
phatic	vessels	(Graaff	et	al.,	2003;	Maw	et	al.,	1995).	Math	
simulations	(Kunert	et	al.,	2015),	In-	vitro	studies	(Telinius	
et	al.,	2017),	and	animal	testing	(Benoit	et	al.,	1989)	have	
demonstrated	 that	 increase	 in	 mechanical	 stretch	 is	 a	
driving	 factor	 for	 initiating	 lymphatic	 contractions.	 Our	

findings	of	an	increased	lymphatic	packet	propulsion	fre-
quency	support	this	theory	in	healthy	adults.

Hyperthermia	 leads	 to	 the	 increased	 interstitial	 fluid	
formation	and	has	been	used	to	evaluate	lymphatic	func-
tion.	 Kelly	 et	 al.	 (2019)	 and	 Mohanakumar	 et	 al.	 (2021)	
used	NIRF	imaging	to	investigate	the	effects	of	hyperther-
mia	 on	 the	 peripheral	 lymphatic	 vessels.	 Furthermore,	
Olszewski	 et	 al.	 (1977)	 investigated	 the	 effects	 of	 hyper-
thermia	 using	 lymphatic	 cannulation.	 All	 three	 studies	
found	 an	 increase	 in	 lymphatic	 packet	 propulsion	 fre-
quency.	 During	 standing	 and	 hyperthermia	 interstitial	
fluid	formation	increases,	and	the	findings	of	hyperther-
mia	 studies	 accord	 with	 the	 findings	 from	 this	 current	
study.

This	 study	 was	 designed	 to	 investigate	 the	 effects	 of	
gravity	on	the	function	of	the	human	lymphatic	system—	a	
better	understanding	of	basic	lymphatic	physiology	might	
lead	 to	 a	 better	 understanding	 of	 pathophysiology	 fol-
lowed	by	better	treatment	of	lymphatic	disorders	such	as	
lymphedema.

4.1	 |	 Limitations

NIRF	 imaging	 only	 visualizes	 the	 superficial	 lymphatic	
vessels	and	deep	vessels	might	react	differently	to	the	grav-
ity.	The	study	investigated	the	response	in	young	healthy	
adults,	and	the	response	in	other	age	groups	might	differ.

5 	 | 	 CONCLUSION

In	this	study	of	the	healthy	human	lymphatic	system	and	
its	response	to	gravity,	we	found	a	significant	increase	in	
lymphatic	 packet	 propulsion	 frequency	 and	 lymphatic	
pressure	 within	 few	 minutes	 as	 a	 response	 to	 standing.	
This	knowledge	introduces	Gravity	as	a	new	factor	to	con-
sider	when	using	NIRF	imaging	as	a	tool	to	evaluate	lym-
phatic	functional	competence	in	patients	with	lymphatic	
complications.
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