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Úvod
Proč je analýza tlakové ǩrivky důležitá?

Je to cesta od tlaku k pr̊utoku!

tlaková ǩrivka → pr̊utok (tepový objem) → srdečńı výdej

invazivńı mě̌reńı krevńıho tlaku je technicky zvládnutá
metoda

věťsina pacient̊u v intenzivńı péči má arteriálńı katetr

pseudoneinvazivńı metoda
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technika



Fyziologie pod
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Historie

Stephen Hales (1677 – 1761)

1733 – p̌ŕımé mě̌reńı TK
(Stephen Hales)

1899 – Windkessel model
cirkulace (Otto Frank)

1904 – tepový objem je
úměrný tlakové amplitudě
(Erlanger & Hooker)

1904 – nutnost kalibrace
nezávislou metodou mě̌reńı
CO (Wezler & Bogler)



Fyziologie pod
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Historie

Otto Frank (1865 – 1944)

1733 – p̌ŕımé mě̌reńı TK
(Stephen Hales)

1899 – Windkessel model
cirkulace (Otto Frank)

1904 – tepový objem je
úměrný tlakové amplitudě
(Erlanger & Hooker)

1904 – nutnost kalibrace
nezávislou metodou mě̌reńı
CO (Wezler & Bogler)
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Historie

J. Erlanger (1874 – 1965)

1733 – p̌ŕımé mě̌reńı TK
(Stephen Hales)

1899 – Windkessel model
cirkulace (Otto Frank)

1904 – tepový objem je
úměrný tlakové amplitudě
(Erlanger & Hooker)

1904 – nutnost kalibrace
nezávislou metodou mě̌reńı
CO (Wezler & Bogler)
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Historie

J. Erlanger (1874 – 1965)

1733 – p̌ŕımé mě̌reńı TK
(Stephen Hales)

1899 – Windkessel model
cirkulace (Otto Frank)

1904 – tepový objem je
úměrný tlakové amplitudě
(Erlanger & Hooker)

1904 – nutnost kalibrace
nezávislou metodou mě̌reńı
CO (Wezler & Bogler)
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Historie

1927 – jednoduchá korekce s ohledem na arteriálńı
compliance (Liljestrand & Zander)

1948 – prvńı reálná mě̌reńı compliance lidské aorty

1970 – plocha pod systolickou část́ı ǩrivky (Kouchoukos,
Sheppard & McDonald) [Circulation Research]
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Historie

1927 – jednoduchá korekce s ohledem na arteriálńı
compliance (Liljestrand & Zander)

1948 – prvńı reálná mě̌reńı compliance lidské aorty

1970 – plocha pod systolickou část́ı ǩrivky (Kouchoukos,
Sheppard & McDonald) [Circulation Research]
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Windkessel model

1899 – Otto Frank

tekutina je vsťŕıknuta do uzav̌rené, vzduchem naplněné
komory (compliance)

dále odteče p̌res otvor ven (rezistence)

analogie s hasičskou sťŕıkačkou
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Windkessel model

1899 – Otto Frank

tekutina je vsťŕıknuta do uzav̌rené, vzduchem naplněné
komory (compliance)

dále odteče p̌res otvor ven (rezistence)

analogie s hasičskou sťŕıkačkou
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Současná
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1
Westerhof N. et al: The arterial Windkessel, Med Biol Eng Comput 2008



Fyziologie pod
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Windkessel model
Matematická odbočka I – derivace

Derivace

”
Derivace je ḿırou změny funkce v daném bodě.“

Derivaci funkce f označ́ıme f ′.

Derivace je pod́ıl diferenciál̊u.

f ′(x) ≈ ∆y

∆x

f ′(x) ' ∆y

∆x

f ′(x) =
dy

dx

∆x → dx (diferenciál)
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Úvod

Historie

Windkessel
model

Plocha pod
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Matematická odbočka I – derivace



Fyziologie pod
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Současná
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Úvod

Historie

Windkessel
model

Plocha pod
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Úvod

Historie

Windkessel
model

Plocha pod
ǩrivkou

Pulse power

Současná
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Windkessel model
Analýza diastolické části

Předpoklady

Compliance je konstantńı:
dV

dP
= C

Tok se ř́ıd́ı podle Hagen-Poiseuillova zákona:

Q̇ =
dV

dt
= ∆P · π

8
· 1

η
· R4

L

dP

dV
=

1

C

dV

dt
= −P

ω

1

P
· dP = − 1

Cω
· dt
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Windkessel model
Analýza diastolické části – obecný p̌ŕıpad

Compliance i tok jsou obecnou funkćı tlaku:

dP

dV
= f (P)

dV

dt
= −ϕ(P)

dV =
dP

f (P)

1

f(P)
· dP

dt
= −ϕ(P)
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Úvod

Historie

Windkessel
model

Plocha pod
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Windkessel model
Analýza systolické části

Předpoklady

Tok do sytému za časový interval dt: dV = i · dt

Compliance je funkćı tlaku:

dP

dV
= f (P) → dVC =

dP

f (P)

Tok je funkćı tlaku:

dV

dt
= ϕ(P) → dVF = ϕ(P) · dt

dV = dVC + dVF
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Windkessel model
Analýza systolické části

dV = i · dt dVC =
dP

f (P)
dVF = ϕ(P) · dt

dV = dVC + dVF

i · dt =
dP

f (P)
+ ϕ(P) · dt

i =
1

f (P)
· dP

dt
+ ϕ(P)
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technika

Windkessel model
Analýza systolické části
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Windkessel model

Systola

i =
1

f (P)
· dP

dt
+ ϕ(P)

Diastola

1

f (P)
· dP

dt
= −ϕ(P)

i =
1

f (P)

[(
dP

dt

)
S

−
(

dP

dt

)
D

]

1
Otto Frank: The Basic Shape of the Arterial Pulse. First Treatise: Mathematical Analysis
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Současná
technika

Windkessel model
Omezeńı

dob̌re popisuje jen diastolickou část

dikrotický zá̌rez v̊ubec něreš́ı

p̌redpokládá pulz jako p̌rechodný fenomén na systému,
který je jinak v klidu

jiný p̌ŕıstup: periodický fenomén a steady-state oscilace →
vlnová rovnice

i velké cévy maj́ı rezistenci a i arterioly maj́ı compliance →
nelze zcela oddělit kompártmenty



Fyziologie pod
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Windkessel model
Souvislost s RLC obvody

formálně stejný popis, jako jednoduchý obvod s
kondenzátorem a rezistorem

Kirchhoffovy zákony (1847)

1 Součet proudů do uzlu vstupuj́ıćıch
je roven součtu proudů
vystupuj́ıćıch.

2 Součet úbytk̊u napět́ı na rezistorech
ve smyčce se rovná součtu napět́ı
zdroj̊u.

G. R. Kirchhoff (1824 – 1887)
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Windkessel model
Souvislost s RLC obvody

1
Otto Frank: The Basic Shape of the Arterial Pulse. First Treatise: Mathematical Analysis
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Plocha pod ǩrivkou

1970 – Nicholas Kouchoukos

experiment na psech

mě̌reńı v ascendentńı aortě

SV = K · Psa ·
(

1 +
TS

TD

)

1
Kouchoukos N. et al: Estimation od Stroke Volume in the Dog by a Pulse Contour Method
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Plocha pod ǩrivkou
Matematická odbočka II – určitý integrál

Určitý integrál

S =

∫ b

a
f (x) dx

Obdelńıková metoda

Lichoběžńıková metoda
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Plocha pod ǩrivkou
Princip metody

Z =
P

Q̇
=

ρc

πR2
√

(1− σ2)
· 1√
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Úvod

Historie

Windkessel
model

Plocha pod
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Princip metody

Z =
P

Q̇
=

ρc

πR2
√

(1− σ2)
· 1√

M ‘
1,0

Q̇ = P · πR2

c
·
√

(1− σ2)

ρ

SV =

∫
Ts

Q̇ dt

SV =
πR2

c
·
√

(1− σ2)

ρ
·
∫

Ts

P dt

SV = K · PSA



Fyziologie pod
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ǩrivkou

dume@ikem.cz
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Současná
technika

Plocha pod ǩrivkou
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Analýza tepové energie – pulse power analysis

1904 – Erlanger & Hooker

”
Pulzová amplituda v aortě záviśı na množstv́ı krve

vypuzeném v systole.“
dV

dP
= C

p̌redpoklady pro praktické užit́ı:

znalost závislosti compliance cév na tlaku
možnost kalibrace nezávislou metodou

využit́ı zákona zachováńı hmoty a energie
čistá tepová energie je v rovnováze mezi SV a množstv́ım
krve

”
ztraceným“ do periferie

∆V

∆p
= c · 250 · e−k·p

využit́ı celého pulzu (nejen systoly) snižuje citlivost na
pozici katetru
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Úvod

Historie

Windkessel
model

Plocha pod
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využit́ı zákona zachováńı hmoty a energie
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pozici katetru



Fyziologie pod
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metoda kalibrace Poznámka

PiCCO R© pulse contour transpulmonálńı
termodiluce
(TPTD)

extravaskulárńı
plicńı tekutina,
velká arterie

LiDCO R© pulse power transpulmonálńı
diluce LiCl

nevyžaduje
CŽK

LiDCO rapid R© pulse power neńı
(nahrazena
normogramem)

Vigileo R© pulse power (?) neńı
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