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ABSTRACT
Pro$er un~tund~ng
of the ~chan~ms ~f~~~ ~so~t~o~ and flow thr~gh the taunt
~m~hutics is e~tial
for the control of several pathological conditions such as ebedsores and cancer. A statical
model of the
terminal lymphatics was developed using the @incipks of mechanics, Computer simulation results substantiate
the
hypothesis that jluid absorption and jlow through the terminal lymphatics occur due to suction mechanisms of the
adjacent contractile lymphatic segments and due to periodicfluctuations in the interstitialjluid
pressure. In addition,
the results suggested that increasing the length of a terminal lymphatic vessel bqrond a certain limit does not cause
further increase in jluid jlow into the terminal lymphatic.
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INTRODUCTION

The lymphatic
system plays an important
role
in several common
pathological
conditions
such
as edema,
bedsores,
cancer
and interstitial
fibrosis’“l.
The l~phatic
system can be considered as the drainage system consisting of a converging network of vessels which transports excess
fluid, protein and metabolic waste products from
the tissue spaces into the blood circulatory
system5. Inhibition
or blockage of lymph flow leads
to edema and accumulation
of metabolic
waste
products in the tissue. Prolonged
edema leads to
interstitial
fibrosis.
In particular,
pulmonary
edema is life threatening.
Also, accumulation
of
metabolic
waste products leads to tissue necrosis.
Consequently,
an unders~nding
of the l~phatic
system is essential for the control of several diseases involving
interstitial
fluids. Interstitial
fluid
is absorbed by the lymphatic
capillaries which are
generally referred to as the terminal
lymphatics.
These terminal
lymphatics
are delicate and fragile. They are made up of a single layer of endothelial cells. Several terminal
lymphatics join to
form the transporting
lymphatics
(also referred to
as collecting
lymphatics)
and these join to form

larger trans orting lymphatics.
Lymph (the fluid
in the lymp It: atics) is filtered at the lymph nodes
during its passage via the network of transporting
lymphatics.
There are numerous
valves along the
transporting
l~phatic
vessel network.
The interstitial
fluid pressure is negative with
respect to the atmosphere’T6.
Pressure in the jugular vein, where lymph enters via the thoracic duct,
is approximately
5 to 8 mmHg above the atmospheric pressure. The transporting
lymphatics
have
smooth muscle in the wall and are intrinsically
contractile.
In contrast, the terminal
lymphatics
do not have smooth muscle in the wall and are
not contractile.
The mechanisms
of lymph flow
through
the transporting
I~pha~cs
have been
analysed both from physiological
and biomechanical points of vied. Reddy et aL7a8 have formulated
mathematical
models of a transporting
lymphatic
vessel and of the vessel networkg. However, the
mechanisms
of fluid absorption
and flow through
the terminal
lymphatics are poorly understood.
The purpose of the present investigation
is to
formulate
a mathematical
model
and simulate
lymph flow through
terminal
lymphatics
under
different physiological
conditions.
MODEL
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DE~LOP~~

The terminal
lymphatic
is made up of a single
layer of endothelial
ceWO. The diameter
of terminal lymphatic varies ‘l-l4 from 10 to 30 pm. The

wall anchors. In the development
following ass~lmptions apply.
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main function
of the terminal
lymphatics
is to
absorb excess interstitial
fluid and protein
molecules from the interstitial
spaces. These fluid and
protein molecules are absorbed through the interendotbelial
junctions.
The endothelial
junctions
act as valves and allow only unidirectional
motion
of fluid from the interstitial
spaces into the lumen
of the terminal
lymphatic
(&q-z~e 2). Electron
microscopic
studies have revealed that the endothelial junctions
are approximately
15 to 30 nm
wide”.
During edema, tissues are swollen because of
excess interstitial
fluid. In addition,
the transluminal pressure differential
across the lymphatic
wall
is larger due to excess interstitial
fluid. This allows
more endothelial
*junctions
to open causing
increased fluid flow into the lumen of the terminal lymphatic
vessel. For a number of years, it
has been recognized
that material enters the terminal lymphatlcs
via the large open endothelial
intercellular
junctions,
and is retained
within
them during tissue compression
while the open
junctions
temporarily
remain closed’“,“.
A system of anchoring
filaments keep the terminal lymphatic
from collapsing
during edema.
One end of the filament is attached to the outer
surface of the endothelial
wall (Pig~r~ 2). The
other end of the filament is attached to the tissue
fibre matrix. These anchoring
filaments, approximately 8 nm, help in binding
the terminal
lymphatics to the acljoining
tissue fibres’“,‘“.
The
filamenti
act as sprmgs and exert a pulling force
on the outer surface of the capillary wal12, I’.
From an engneering
point of view, the terminal lymphatlcs
can be characterized
as submerged hyperplastic
pressure vessels with external
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The terminal lymphatics are thin cylindrical vessels.
Flow Reynolds numbers are small.
Flow is axially symmetric.
Lymph is a Newtonian
fluid.
Inertial forces and the shear stresses in the wall
are negiigible.
Anchoring
filaments
are uniformly
arranged
along the circumference
of the lymphatics
so
that the shear stresses in the wall can be neglected.
No fluid slip exists at the wall.
For axial symmetry and an incompressible
the c~~rlti~~ui~ equation can be expressed

fluid,
as,

where, t’, is the axial velocity of the lymph, Et. is
the radial velocity. of the lymph, 7‘ is the radial
coordinate,
and z IS the axial coordinate.
As axial symmetry is assumed, the radial pressure gradient within the lymphatic
vessel can be
neglected. As the problem
is reduced to a onedimensional
case, we can integrate
the momenttlrn equation
in the z direction
to yield,

where, Pis the pressure, T,+ is the wall shear stress,
and Q is the flow rate in the terminal
lymphatic
vessel. It is assumed that the instantaneous
wall
shear stress is the same as that resulting
from
Poiseuille’s
law. Therefore,

and, integrating

the continuity

equation

(1) yields

Rut, at the wall (i.e. at r= K),

where @ is a constant which defines the conductivity of the terminal
lymphatic
vessel wall:

Fibers

(r, = K,/(2nR)
=Oif.(r”,,--P)

if (pi, - P) > 0
S 0.

Where K1. is hydraulic
conductivity
of the vessel
wall per unit length of the wall. Thus, equation 4
can be reduced to

+Anchoring

(6)

Filament

The momentum
balance for the lymphatic
sel wall can be expressed as,
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where P,,, is the external pressure on the lymphatic vessel wall, a, is the hoop stress in the wall,
fa is the wall thickness, R is the radius of the vessel
wall, and F is the force exerted by the anchoring
filaments per unit length of the vessel wall.
For the purpose of the present investigation,
anchoring
filaments
are assumed to behave like
linear springs. The force exerted by the anchoring
filaments
per unit length of the terminal
lymphatic wall (I;> can be estimated by:
F=N,kl,(S-

8,)

(8)
where, Nt is the number
of filaments
per unit
length, Ki is the constant depending
on the elastic
properties
of anchoring
filaments
(similar
to a
spring constant),
6 is the anchoring
filament
length, and 8, is the initial anchoring
filament
length.
Length of the anchoring
filament
depends on
the inter-fibre
distance and the instantaneous
radius of the vessel wall. The amount of interstitial
fluid determines
the inter-fibre
distance. If each
terminal lymphatic
is assumed to drain a concentric cylinder of tissue volume, V, the inter-fibre distance can be estimated as
-

Lf=K* J ; 0
and
Lfo = I&

(10)

where, 4 is the length of the inter-fibre
distance,
Lfo is the initial inter-fibre distance, Vis the instantaneous value of the interstitial
fluid volume,
V;,
is the initial interstitial
fluid volume, and & is a
constant.
filament
length
can be
The
anchoring
expressed as,

(12)
Assuming linear elasticity,
can be expressed as

the hoop

stress a,

c&ill= Kf(P, - Sf) - 4% - TX)1

(15)
where, & is the hydraulic
conductivity
of blood
capillaries in m”/(N.s),
PC is the capillary pressure
in Pa, sf is the interstitial
fluid pressure in Pa, 7rC
is the osmotic pressure in the blood capillary in
Pa, ~if is the osmotic pressure of interstitial
fluid
in Pa, and m is the reflection
coefficient.
The
interstitial
fluid pressure is a non-linear
function
of interstitial
fluid volume’.20.
The flow into the terminal
lymphatic
can be
obtained by integrating
over the length of the lymphatic and multiplying
by the hydraulic
conductivity of the terminal lymphatic wall and the number of lymphatics:

where, Q, is the flow rate into each compartment
of the terminal
lymphatic
vessel from the interstitial space, iVL is the number
of terminal
lymphatics, and KL is the hydraulic conductivity
of the
terminal
lymphatic
wall per unit length of the
wall.
The inter~ndothelial
junctions
act as valves and
present a constraint on the flow:
Ql 2-f.0
(17)
Another
area of concern is the relationship
between colloid osmotic pressure and interstitial
concentration.
Landis
and
Papprotein
penheimer21
have given equations
of colloid
osmotic pressure as a function of protein, albumin
and globulin
which closely fit experimental
data:
T = 13.33 fit.1 C + 0.016 C2 + 0.00009

C”]

(18)
where C is the protein concentration
in kg/ms.
Both
~if and 7~~ can be calculated
by this
expression in pascals.
The rate of change of interstitial
fluid protein
concentration
is the difference
between transcapillary protein diffusion rate and rate of protein
removal via the l~phatics.
i

( vcif>

= Kpr(cc - Gf> - GfC&l

(19)

where E is the modulus of elasticity in pascals.
The dynamic
changes in interstitial
fluid volume that occur when the normal fluid balance is
altered are governed by the instantaneous
rates of
net transcapillary
filtration
and lymph
flow.
Therefore,

where, K,.,’ is the capillary permeability
for protein
(for protein leakage into the tissue spaces), CC is
the protein
concentration
in the capillaries
in
kg/mg, and C;, is the protein concentration
in the
interstitial
fluid in kg/m”.
Blood pressure in the capillary PC and the protein concentration
in the capillary C, form the upstream boundary condition.
Pressure in the adjacent contractile
lymphatic
forms the down-stream
boundary condition.

g=

PETER

(13)

c&t - c&l

where, ait is the tra~s~apilla~
filtration
rate
from the blood capillary into the interstitial
space,
and a,, is the flow rate into the terminal
lymphatics from the interstitial
space.
The net filtrauon
at the blood capillary can be
expressed by the Starling-Landis
relationship:
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VALUES

~uanti~tive
anatomical
data of the terminal lymphatics is scarce in the literature.
Terminal
lymphatics are usually about 0.5 mm long and of very
irregular
shape, with maximum
diameters in the
range of 15-75 p.,m when completely
filled’“. Normally, the terminal
lymphatics
have flattened,

uneven contours varying in diameter”‘,“-‘”
from
10 to 30 pm. Hence, an average diameter
of
20 pm was assumed. Also, the ratio of wall thickness to the radius of the vessel was assumed to be
0.1, which gave a wall thickness of 1.0 pm.
There is no data available regarding
the elasticity of lymphatic
vessels. Studies of Nisimaru’”
suggest that, in general,
lymphatic
vessels are
much more (about ten times) distensible
than
blood capillaries.
Elasticity of blood capillaries
is
about 0.42 MPa. Therefore,
the elasticity of the
lymphatic
vessels was assumed to be 42 kPa. The
number of terminal
lylnp~lati&s (M,~) was approximated as 40,000 per kg of tissue.
Hydraulic conductivity
(KJ of the terminal lymphatic vessel wall was found as follows. Hydraulic
conductivity
for one pore can be calculated as:

the pore,
where, q,,,,,,. is the flow rate through
API,‘,,.,. is the pressure difference between two sides
of the wall,
,oli. is the radius of the pore, 1~ is the
viscosit?. of 4,t c fluid passing through
the pore,
and 1, ,r,i~ is the length of the pore.
Caslcv-Smi th ut nl. ’ ’ claim that tissue channels
are p&sent
in the interstitial
matrix.
They
observed channels of 30 to 70 nm. in diameter
and 0.1 mm length. Therefore,
the average pore
size can be assumed to be 50 nm. Assuming one
50 nm pore fix every 1 km length, there are 10’
pores for every 1 cm length and 10” pores for
every 1 cm’) area. These parameters
can be used
to calculate the hydraulic conductivity
of the lymphatic vessel wall per unit length of the vessel:
K,, = 3.86 x IO ” m’/(N.s)
[or 5.049

IO-” nll~(cm.s.mn~Hg)

]

(21)
The Jymphatic anchoring
filaments are a third
type of connective
tissue fibrils”,
different from
collagen and elastic fibres, which have a diameter
averaging 8 nm. From this, a 10 nm diameter for
an anchoring filament is a good assumption.
Also,
elasticity of the anchoring
filament is assumed to
be 12 MPa. Therefore,
the spring constant for an
anchoring
filament
was estimated
to be
K, = 9.425 x IV N/m. Assuming
one anchoring
filament per every micron length, we have 10000
filaments
(IV,) per cm length. The initial interfibre distance ii,,,) was assumed to be 2.5 times
the diameter
of the terminal
iymphatics;
i.e..
0.005

x

Table

1

Parameter

rafues

between 10 and 18 per minute. The amplitude
pulsation
ranged from 1 to 5 mmHg.
in
larger vessels”‘.
COMPUTER

SlMULATION

of
the

RESULTS

Model simulation
with parameters given in Table
1 resulted in a steady state condition.
The suct.ion
pressure wave genera&d
due to the adjacent contractile lymphatic
influenced
only a length of 0.2
to 0.3 mm terminal
lymphatic
vessel adjacent to
it, and only this length of the vessel was effective
in fluid absorption
(&~w~
.3, 4). The flow
increased
with
increasmg
stiffness
(elastic
inod~ll~~s) of the terminal
l~phatic
vessel wall
(~~~~r~ 5). Increased stiffness of the anchoring
filaments caused an increase in f’tow through the
terminal
lymphatics
( I$WY 6). Flow increased
with increasing hydraulic conductivity
of the terrnirial lymphatic
vessel wall (LQuw 7). and also

cm.

Hydraulic
conductivity
of blood capillaries was
assumed
to
3.86 x IO-“’ m”/ (N.s)
Ix
or
.i x lo-~’ ml/(s.mmHg).
The
protein
concentration in blood capillaries
(C,) was assumed to
be .5 kg/m ‘. Reflection
coefficient
for protein
VI
at the blood capillary lvall was assumed to be 0.<)%5,
Pressure at the down-stream end of the terminal
lymphatic
depends on the contractile
nature of
the lymphatic
vessels. Zweifach and Prathe?
made a systematic study of collecting
lynip~~atics
in the mesentety of cat and in the omentum
of
rabbit using intravital
microscopy.
They fi)und
Ihat
c.ontr’ac.tion-relar;ation
cycles
occurred
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Figure 7 Out-flow
rate plotted
as a function
of time showing the
effect of hydraulic
conductivity
of the terminal
lymphatic
wall. Note
the increase in flow with increasing
the hydraulic
conductivity
[units
are in m4/(N.s)]

Figure 5 The
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Young’s
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increased with increased values of hydraulic conductivity of the blood capillary wall. Also, the flow
through
terminal
lymphatics
increased
during
simulated
edema
(increase in interstitial
fluid
volume)
(Figure 8). This edema was simulated
by
increasing the capillary pressure. Increased amplitude or frequency of contractions
in the adjacent
contracting
lymphatic segment increased the flow.
DISCUSSION

We have established
a theoretical
basis for the
analysis of flow through the terminal
lymphatics.
Principles of mechanics together with the current
notions in physiology are integrated
into a simple
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model of the terminal
lymphatics.
There is very
little
data available
in the existing
literature
regarding
the model
arameters. The parameter
values were estimate cl! from known data as discussed in the section on parameter values. Model
results with these parameters were consistent with
available experimental
results.
From the three-dimensional
plots (f;‘igures 3,4),
it is clear that increasing
the length of terminal
lymphatic
above a certain value does not increase
the flow rate into the terminal
lymphatics.
This is
because suction pressure is not transmitted
along
the entire length The length-to-diameter
ratio of
the terminal
lymphatic
vessel was assumed to be
12.5, and the simulation
results suggest that only
a length of up to eight diameters of the terminal
lymphatic
vessel closest to the branch is effective
in fluid absorption
into the terminal
lymphatic
vessel. If the length of a terminal
lymphatic vessel
is larger than eight times its diameter,
the excess

mrmal

Conditions

Edematic

conditions

length may be useless for fluid absorption.
However, the excess length may have loose junctions
that facilitate
absorption
of lymphocytes
and
other white blood cells which are either absorbed
through
pinocytosis or have contractile
mechanisms for self propulsion.
The contractile
nature of lymphatics
formed
the down-stream
boundary
condition
for the
pressure. Increased
amplitude
of pressure pulsation
in the adjacent
contractile
lymphatic
increased
the flow through
the terminal
lyrnphatics. As the vessel gets more rigid, the suction
mechanisms
have less effect on the vessel radius.
In the present study, increasing the elastic moduIus of the lymphatic
vessel caused an increase in
the flow
through
the terminal
lymphatics
(F@.m -5).
Flow rate in the initial segment of the terminal
lymphatic was found to be zero (I;iffur< 3) because
the suction pressure was not transmit.ted along the
complete
length.
This might
be due to om
assumption that the elastic properties are constant
tl~roL~ghoL~t the ter/gth of the terminal lymphatics.
in reality, there might be a gradient in the elastic
properties
along the length of the terminal
Iymphatics. As there is no pressure data available
regarding
terminal
lymphatics,
we assumed that
the interstitial
fluid pressure is independent
of the
position external to the terminal
lymphatic
wall.
Although
the flow through
the terminal
lymphatics increased with increasing stiffness ofanchoring filaments (~~~~~~~6), the flow is less sensitive
to anchoring
filament stiffness when compared to
the modulus of elasticity of the terminal lymphatic
vessel wall. Anchoring
filaments
with increased
stiffness apply a greater force on the terminal lyrephatic- vessel wall causing the inter-endothelial
junctions
to remain optrn
for a longer period of
time and thus allowivg rnore interstitial
fluid in
the terminal
1ynlphatIcs. There is no &ata in the

literature regarding
the mechanical
properties of
anchoring
filarnents. We assumed the stiffness of
anchoring
filaments
to be linear and constant
throughout
the length of the terminal lymphatics.
It is not known if these filaments
have linear
mechanical
properties.
Moreover,
these propertics could vary from filament to filament along the
length of the terminal
lymphatics.
Lymph
flow, in the present
simulation,
increased with increasing values of hydraulic conductivity
of the terminal
lymphatic
vessel wall.
Flow also increased with increasing
values of
hydraulic
conductivity
of the blood vessel wall.
This is consistent with findings of Adair and Guyton”:‘. Blood capillaries with higher hydraulic conductivity allow more fluid to flow into the interstitial spaces resulting
in increased
interstitial
fluid volume and in turn leading
to increased
fluid absorption
and flow through
the terminal
lymphatic
vessel.
Edema
is a pathological
condition
chardcterized by a11 accumulation
of excess fluid in the
interstitial
spaces. During
simulated
edema,
lymph
flow increased
signi~cantly
(~~~~~r~ 8).
Increased volume leads to an increased interstitial
fluid pressure, thereby increasing the trans-luminal pressure difference
across the terminal
lymphatic vessel wall. As a result, flow into and out
of the terminal lymphatics increases. These results
arc consistent with experimental
results reported
in the Iitemture”“.
The iltterstitial
fluid pressure
and the suction pressure oscillations
created by
the acijaccnt contractile
lymphatic
vessels had a
significant
effect OII the flow.
Models
arc conceptual
constructions
which
allow formulation
and testing of hypotheses and
in this wq’ they simulate
meaningful
research.
The
prescii t model
results
substantiate
the
hypothesis that fluid ahsorpt.ion and flop through
the terminal
1~Il~pl~atics is due to the periodic
fluctuations
in mtcrstitial
fluid pressure and due
to the suction mechanisms
of adjacent co~ltractilt lymphatics.

CONCLUSION
A mathematical
model of lymph absorption
and
flow through
the terminal
lymphatics
has been
developed,
and simulated.
Subject to the limitations discussed, the following
additional
conclusions can be drawn: (1) The simulation
results
substantiate
the hypothesis that fluid absorption
and flow through the terminal
lymphatics
is due
to periodic flLlctuatioIls
in interstitial
fluid pressure and due to the suction mechanisms
of the
adjacent contractile
lymphat.ics; (2) Only a length
of up to six or eight times the diameter
of terminal lymphatic vessel from the branch is effective
in fluid absorption
from the interstitial
spaces:
(3) Increased stiffness of the terminal
lymphatic
vessel, and increased stiffness of the anchoring
filaments
resulted in increased fluid absorption
and flow.
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