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Motivation and goal

Initial

Functions of LS (among others):

e transport: LS network is track for
infection and drug distribution;

 immune: lymph nodes and lymphoid
organs fight against infections;

* drainage: 10% of blood volume goes
from cardio-vascular system (CVS) to LS

The goal of the work:

to create a quasi-onedimensional model of lymph
flow through the whole lymphatic system with
respect to features of LS
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Anatomy and physiology

Lymph flow

Jeldy ¢ low velocity;

' f}i;}l\ \‘ * low pressure gradients;
e unidirectional

LS
* is not closed;
e starts with

gt
S

* ends in upper vena
cava; f Lymph

 has no strict hierarchy; ¢ enters to the LS by portions

* has numerous lymph nodes -

lymphangion
valves ! <— .

lymph node

Copyright © The McGraw-Hill Companies, Inc.
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LS as a transport system

LS network: Mechanisms of lymph

* lymphatic vessels; propogation:

* lymph nodes * global pressure gradient;
* valves;

e contractions

Graph of the LS

’ Mathematical model of
| lymph flow
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Common values

e (J1.5—-2 mm (trunks, ducts); Velocity:
e J3-5umto1-2mm (other); ¢ 0.5-1cm/s (trunks).

o (J20—200 um (initial
lymphatics);

* (Jupto5 mm (cisterna chyli)

Contractions:
e velocity=1-2 cm/s;
e period about 6s;

* /=35-40 cm (thoracic duct); e d(contracted)/d(relaxed) is
 [=1.5 cm (right lymphatic duct).  about 40 % (diameter

. reduce is up to 60 %)
Lymphangion length:

e 5—-10 cm (thoracic duct);
* 12 —15 mm (big vessels);
* 6—8 mm (smaller vessels);
* 2 -3 mm (the first offsets);
* 1 -2 mm (small inorganic).
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Mathematical models
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Basic equations

- 0S 0uS
u(x, t) + =0,
_______ O—>)X> ot oX
a—u+u M + 1P :—8711/3,
A ot OX p OX S
vessel S(x, t)
S=35(p)

S(x,t) — cross-section area, u(x,t) — lymph velocity, p(x,t) — pressure;
p — density, v — viscosity; x — axial coordinate, t —time

Valves (nodes — for rare)

valve

~ | Qi U, >0
. hd . Qi =
vessel j (-)vessel N 0, U, < 0

>
acceptable direction
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Valves (viscosity — for frequent)

(0) exp(a(u+3))v, +exp(—Lu+3))v,
= exp(a(u+3))+exp(—Bu+3))

v, v(u)
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Contractions

In state equation: 5
S(x,t)=S(p,x,t) =S, +0(p—p,)— HACOS( (x— at)j

Contractions with S=5(t) (analytics)

0S OuS
+ =0,
8u 8_u i@——8771/2,
at ax 0 OX S
S =35(t) ﬂ

u(0,t) = u, (t), p(0,t) = p, (t), 0< x <I

Solution:
u(x,t) =V ([{)x+u,(t), p(x,t) =P, (t)X—2+P (X+ p,(t),0<x<l,t>0

(t)_—ST(t)) P(t)——p{v () +V (1) — kvm P.(t) = p{u (t)+u, (OV (©) k“((ﬂ K =—87v
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For S=S,+at p(Ot)=p(,t)=p(t),t>0

solution:

(u(x,t) =

alz )
__X’
S,+at\ 2

____ pa 2 pa
p(x,t) = 2, + aty (2a+K)x“ + 25, + aty (2a+k)Ix+ p,(t) 2
pa(a—4rv)l

with critical pressure at central point Peye = Po(t) + 85 (1)’

(— — — — —

I
1]
(mmHg)
{cm/s)

(— — — — —
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a>4rv ﬂ
fast expansion — _
e L xem —n

1 R

Makinde O.D. Collapsible tube flow: a mathematical model // Rom. Journ. Phys, 2005,
pp.493-506

S=S5(t), v=v(u)

. S’
Solution: u(x,t) =u,(t) _EX

p(X,) = po(t)+/{1 > [Ssj }xz +p{uo<t)%'—ua<t)}x+

28

87rp% Ix — 87 2o

| —87zp?jx() | dx

where | =1(X) :_[XX v(u)dx
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Contractions with anisotropic viscosity (valves)

S=S(p,x,t)=S,+8(p—p,)—OAcOos 277Z(x—at)

ou J ou +£@ _ —87zv(u)% V() = exp(a(u+3))v, +exp(—Bu+9))v,

ot & 0 OX exp(a(u+3))+exp(-B(u+9))
Normal viscosity Anisotropic viscosity

e i
[rooome [Slfweentls, [Eliumreisc 2] [rpaoue =] Bﬁn:i:w‘ ’j.ll-uaoa: [0 = & YA\
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Flow become unidirectional (!
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Effective representation of initial lymphatics

Binary tree of initial lymphatics is substituted with one effective
element with parameters that save flux, pressure gradient and lateral
area of the net

— .
< S =0'Sy, ;= p'ly,
— S., S - cross-section area,

., | - length

2/5

(Zp«/ ) 2
2q°—-p
— S when2pa/ <1, —<1 n — oo
0{2q2(12pa/q)} 2./q

(OpN
I
o(f)
.M: E;M:
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Graph of the LS
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Graph of the LS

(i) head
(i) neck

(1)

(i) / \

(iii) / |

(v)

(iii) diaphragm
(iv) elbows

(v) groin

1 —thoracic duct

2 —right lymphatic duct
3 —cisterna chyli
4 — subclavian trunks

(V)

5 —lumbar trunks

6 — lymph nodes

* 161 lymph nodes in 46 regional groups
e 382 lymphatic vessels (7 trunks, 2 ducts, 157 effective)
e 25 valves (nodes)
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Segmentation and parameters

Groups of arcs in the graph:

1.
2.
3.
4.

Trunks and ducts: active contractions.
Collectors: active contractions, valves (viscosity).
Effective vessels — basic equations.

Lymph nodes: active contractions.

Valves (nodes) are between arcs of the first group

S

Effective vessels 0.02 0.00024
Collectors 0.107 0.009
Lumbar trunks 0.15 0.0177
Other trunks 0.1 0.0079
Ducts, lymph nodes 0.2 0.0314
Cisterna Chyli 0.4 0.1257
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Calculations
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Horizontal position
Goals: get presumable flux 0.023 ml/s ~ 2 I/day 0 mm Hg

Initial data: \

Pressure gradient =5 mm Hg /

5 mm Hg

\
Calculations in CVSS program until steady flow is established. Get

presumable flux by varying parameters of effective elements
Results:

No valves, no contractions, no gravity

ﬂ Cocyp N2475 (345,355) fyra rpyaHoro npoToka ﬂ Cocya N2474 (344,348) Ductus lymphaticus dex ﬂ Cocya Ned75 (345,355) [lyra rpyasoro npoToxa ﬂ Cocya Ne4T4 (344,348) Ductus lymphaticus dex
|Pa35epﬂca ﬂ ¥aem |D ﬂ LIJaros:lSDD i |P‘33BEPTKE‘ j Yzen: mjv Waros: | 500 = |PassepTKa j Yzen: |D j LWaros: |SDE| _v |PasBE|JTKa j Yzen: lm—L| LLIaros:’?_‘
Mook, Mook,
Q ] 0 - 0 L 0 s
DFAETE == mmmmmmmm b : : ’ i | ; :
E D036 ------- :- --------- :- --------------- 00207 ! ! ! ! 000807 4 -------- [ [ [ [
1 i . i i H i MIEIR | ==o==cssfocacodroscadracsaciocoss
B R S R . 02075 4o mmmbe e deeo Jnenne IS SO NN SN S
2| so===scosscscomoommoomoommoamee Fifnci=a E—— FEEEr [EEEFE R L.00804 4 remmommepe oo ead o nns e
| o B e S R M L R e
] DMIETS 7 -- oo oo prreeee prreoeoeeees : : : : 000806 { - he o O SR
. ! {IEIRE | ==o==omcfocccodezccs= ECELE ELEEL : : . .
QUL r EEEEEES boscsososs bosssessssessos: g D'DDSD?'""""T """ fEesess I
355 T 35475 355 T 82 asi: 8B4 G685 T . B2 883 8B4 8BS T
Flux upon time 'UX upon time

Output flux = 0.0483 ml/s Output flux = 0.0288 ml/s —is
consistent with physiology value
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Vertical position

Goals: obtain flux in the system

Initial data:

Pressure gradient (dp) = 60 mm Hg

Valves (nodes), no contractions, |g| = 1000 cm/s?

Results:

*no flux in absence of any valves*
e flux obtained;

88.9%
* no flux with smaller dp; . 88.5% 84.4% | 87%
® . liver stomach spleen
* system fill on about 92.3% 9509 | | 88:2% 98.4% [puncres
88.6%
intestines lumbar lymph nodes
02.8%
99.3% 99.98% 96.3%
other
89.2%
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Contractions of cisterna chyl

Goals: obtain flux in the system

Initial data:
Pressure gradient (dp) =5 mm Hg

Valves (nodes), valves (viscosity, v,=1 cm?/s), contractions of
cisterna chyli (A=0.1 mm Hg, A=10 cm, a=1 cm/s), no gravity

0,137

Results:
[ ]
4| Cocya Ne415 (295,296) Cisterna chyli. LiucTepHa rpyaHoro npotoka -l
‘Passep'n(a LI Ysen: |0 v | LWaros: @ 52 # —
T b AT f295,2
Dx;1) -
P ] ! 7 u =
.4 ) in 1 M

0,136

01344-

0,01574

001564

_[ 10,0155

00154 1

001534

560 570 560 570

cisterna chyTIi

-

mrigsﬂt ImiphatseiDc duct
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Thank you for attention!
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