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Background

e Systemic respiration: gas
o exchange between the external

L B 4
Airways - between
atmosphere

Aiveoli and lung environment and the body

of lungs

CO 0 Exchange Il:

F « Cellular respiration: the utilization
circuition | W@ of O, in metabolic pathways of
\d Transporto cells for nutrient breakdown to

gases in

the blood g et AT P

Systemic ~
circulation ||

'a, " * Primary sites of gas exchange in

. Cellular <~ Internal between blood

Jrespiration . and cells Iungs alveoll (B,r]; /E?)

A'TP Nutrients
* Primary sites of cellular
respiration: mitochondria (4% %4)




Background

« Symbols and abbreviation
v' V: volume
v V: mean volume

v V: z—‘t/; gas volume per unit time

- rate of gas flow



STPD

BTPS

ATPD

ATPS

Standard Conditions

« Standard temperature (0 °C)
» Standard pressure (1 atm; 760 mmHQ)
* Dry air (no humidity)

« Body temperature (37 °C)
* Ambient pressure (variable)
» Air saturated with water vapor at body temp. (47 mmHQ)

» Ambient temperature (variable)
« Ambient pressure (variable)
* Dry air (no humidity)

« Ambient temperature (variable)

« Ambient pressure (variable)

» Air saturated with water vapor at ambient temp.
(variable; humidity depends on temperature) 6
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Functions of Respiratory Sys.

Supply O, to the body for metabolic processes in order
to produce energy

Remove the byproducts of metabolism (CO, & H,0)
Aid in acid/base regulation of blood (acidosis; alkalosis)
Temperature regulation

Enable vocalizations

Stress relief

Defend against inhaled foreign matter

Enhance venous return — respiratory pump

Modify materials passing through the circulatory system
v'Activates angiotensin Il (% = 3]s g 5% 4 %)
v'Inactivates prostaglandins (= 7| H;jzﬁé)



Cerebral cortex,
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Mechano-receptor Chemo-receptor
\4 v /

Respiratory center, medulla

Force,
displacement

l Nerve impulses
Spinal cord
l Nerve impulses

Respiratory muscles

A 4

Lung and chest wall

v

Ventilation
(5 &)

Alveolo-capillary barrier

Perfusion
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Structure of Respiratory Sys.

The Human
Respiratory

\,

- Larynx 4 AN
_ Trachea PRV Nekdn ff| | membrane

A\ .. Trachea
~ Nasal passage [ e [ %, Rings of

ca rtllage
_ Oral cavity

Pharym{

i~ Pleural

— Pleural

_ Bronchi "5 < N | avity
/LN Diaphragm

Capillary network
Pulmonary venule | on surface of alveolus
Pulmonary
Q. arteriole
Pulmonary
venule

Pulmonary
arteriole




Function of Nasal Passage

 Clean the air — mucus and cilia filter airborne
particles

« Warm the air — become as body temperature (37 °C)

« Humidify the air — saturated with H,O to match
vapor pressure (47 mmHg) within the body

Saturation Vapor Pressure

Saturation
Vapor

0 =20 =10 0 {0 20 30 40 {°C)
22 -4 14 32 50 68 86 104 {°F)
Emperature




Airways of a Human Lung

Conducting zone Respiratory zone

I rachea
Number of
branches i ) 4 s '

Termipal bronchiole
(1) Trachea

. g & -- Bronchi

(2) Primary
bronchus({

Conducting

bronchioles
(500,000)

, | Alveolus
(60,000)  Terminal : % ' ‘
bronchioles : ‘
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Main Airway Branches & Zones

« Conducting Zone (& % %) (1-16 generations)
(No gas exchange)

v' Trachea (1)
- R + L main bronchi (R't is less sharply angled)
-> lobar bronchi
- segmental bronchi
- bronchioles
- terminal bronchioles (6x10%)
« The first 16 branches are responsible for

v' Conducting air movement (by pressure)
v Cleansing the air




Main Airway Branches & Zones

« Respiratory Zone (= #x %) (17-23 generations)
v' Gas movement by diffusion (3% +%)
v Respiratory bronchioles
—> alveolar ducts
- alveolar sacs (8 x 10°)

'r..._ﬂ_—ﬁ—— Lobule

Acinus

Visceral_ __ _
| RE'splrutDry pleura
br nchiote

‘ _
f" v -
Terminal J:")ﬁ{{ g
bronchioles ‘_\, Y e ~

< Inter I:venlur
duct

o




Alveol

Thin-walled, inflatable sacs

Formed by a single layer of flattened Type | alveolar cells
Type Il alveolar cells secretes pulmonary surfactant

* This substance facilitates lung expansion

Encircled by pulmonary capillaries, offering tremendous surface
area for gas exchange by diffusion

15
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The Human Lung

Epiglottis

Main Stem

Bronchus
Lobar

Bronchus

Segmental
Bronchus

Diaphragm

Nasal Turbinates

Pharynx

Larynx
Esophagus

Parietal
Pleura

Visceral
Pleura

Mediastinum

ncludes airways and
parenchyma (z &)

Parenchyma:
connective tissues
and other non-airway
components

Parenchyma provides
mainly the elastic
recoll force
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Pleural layers

 Visceral pleura (% ] % "%):
covers lungs

« Parietal pleura (1] % "%):
covers inside of chest wall

 Intrapleural space (?* %-FF %% ):
space between visceral pleura
and parietal pleural

* Pleural coupling: lungs move
with movement of chest wall

17




Cross Section of the Thoracic Cavity

Sternum

mediastinum cavity

Thoracic wall— / — -
S v/ N \ Heart

Lung—=

/ o A (in middle mediastinum)
Parietal — ¢ ! |

pericardium / \ | - Parietal pleura

Visceral
pericardium

Visceral pleura

—Pleural cavity

\Bronchus

Posterior mediastinum’ “Thoracic vertebra



Intrapleural Space

* Intrapleural pressure (P): -4~5 cmH,0O at end-
expiration (FRC, functional residual capacity)
v" Lungs have a tendency to collapse
v' Chest wall has a tendency to expand act in
opposite direction
- Negative Intrapleural pressure

Chest
Wall
=Pav-Pa Recoll —

-»

__Increasing

Intrapleural
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Pneumothorax

* Pneumothorax (# *9): air is Introduced to the

fluid layer between the pleura causing them to

come apart (P, = 0)

v" Loss of pleural coupling

—' Pneumothor
=
7 ’_
==,
Al
A e
& D
e
= A ¥
' ]
]
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Blood Supply of Lungs

* Pulmonary circulation: gas
exchange with the In the
parenchyma -

 Bronchial circulation: main
nutrient and O, supply for the

Trachea Bronchial ¥
Arteries | ¥, >
t % f I |
{ J/ Small vessel
< 5 Anastomoses

Bronchus -

o AW o4
-~ )
B P

\ )
\’

.
Bronchial \\ /
Vein ~ /2 . ™ S
Wi " B g ot T Broncho-
TS ’ pulmonary
Azyoof. ‘4 Y Anastomoses
: \< _™.Bronchial
’\N_}_\— A
gy =
N9
-
Neuro-Vascular Pulmonary 24
Bundle Vein




Respiratory Muscles

Inspiration
- Diaphragm: tlongitudinal i stemociid-\
o . | € : masiolias
dimension of thorax N |
v’ Major m. for = tocage moves
: . : . . ‘ : D up and out ‘ \\\\\
inspiration, innervated [— Scalones =N

by phrenic n. — 4 O

lungs expand 4

> hiccup —

» External intercostal m.: 1 | . '\\
ant-post. dimension of . f P&._y
thorax . Diephragm -

« Accessory m. of \ N
respiration: S
sternomastoids & s uscios of mepiration. |

scalene




Respiratory Muscles

Expiration: S fosrys

Under
condition, expiration is a

|\
)

=~ 3

nbcage moves

passive process, relying B Goumann
on the elastic recoll of the X
lung and chest walll SR ungs oo

. . . smaller /
During forced expiration: t7 /, btorcoutalé
 Internal intercostal m.: | P4 /

ant-post. dimension of | / \
thorax w

\\\

-

X

@ )i = Internal

»
: \

,1‘\
a_
diaphragm moves up

Abdominal m. k= Abdominal
£ yr } % muscles

Muscles of expiration



v g sgsm»]chﬁﬂ—, i ug_;;ui e (IS B # ),
_T’k\fxsrg E'P)?E Vkﬁag E‘fj%ﬁ’g’ig%

24



Outline

Background

Structure and function

Ventilation (if % &)

Perfusion and ventilation/perfusion ratio
Static/Dynamic respiratory mechanics
Diffusion and gas transport

Neural control of respiration

Chemical control of respiration
Acid-base balance

25



Instrument for Measuring Lung Vol.

e Spirometer (** & & 3+). a device for measuring lung volumes
(except functional residual capacity, residual volume, total
lung capacity)

« Body plethysmograph (¥ %2 %8 # s 3= %): a method of
obtaining the absolute volume of air within one's lungs

* Pneumotachograph (= e :% & #5 3¢ £): a device for
measuring airflow velocity (Vol. is calculated by integration of
flow)

| /Floc’ring drum

Air

Spirogram s N Wa’rer‘ @"

) |

26




Spirometer, Lung Volumes and Capacities

%D Recording Spirogram
. drum

Floating

drum

Air

chamber

Water

Intercostal Spirometer

muscle

Rib

Abdominal
muscles

V;: tidal volume (i# # % ##) VC.: vital capacity (** i+ &)

IRV: inspiratory reserve volume RV: residual volume (% 4 % ##)
(5% BE& 5 %) TLC.: total lung capacity (i.% &)

ERV: expiratory reserve volume FRC: functional residual capacity
(L F G5 A 7 1) (# & A R)

S

IC: inspiratory capacity (= % & )




Lung Volumes and Capacities

« Capacity (£ ) = the summation of volume (% #%)
* Primary lung volume: RV, ERV, V,, IRV
« Secondary derived capacities: TLC, VC, IC, FRC

Lung Volumes'

+ IC = IRV + V;
- FRC = ERV + RV
.+ VC = IRV + V; +ERV
- TLC =IC + FRC
=IRV + V; + ERV + RV

SRR e far 70 Lo 1o 20
average values for 70 kg male. 20-3

28



HEPREIEL R BT

A3 P eng Mz >ed sk

B) ¥ & N S ehsl 4 3T Ag kR vh ok
14

-»

Intrapleural

o
L
4
Q.
| —
UI
£

|

!

Recoil '/,
Force .-~ ; 29

Decreasing




Functional Residual Capacity

« The vol. of gas left in the lungs at the end of normal
tidal expiration

* Determined by a balance between the inward elastic
forces of the lung and the outward forces of the chest
wall

« Factors | FRC: supine, obesity, pregnancy,
anesthesia

« Factors 1 FRC: height, obstructive lung disease

Obstructive Lung Disorders

— 7=
./‘

, ' Ve, IRV,

ERV

RV, FRC,
!\ \-\_I_RVH'LC

|

’

Normal Obstructe;i\“- ot
Lung Lung

standing supine



Measurement of FRC

Method 1: Closed circuit helium dilution
Gas: Insoluble inert gases (e.g. helium or neon)
Principle: law of conservation of mass
-> check concentration change
C,V,=C,(FRC +V,)

Floating bell

S it

Before equilibration After equilibration




Cerebral cortex,
Pons

Mechano-receptor Chemo-receptor [¢—
. \ /
v

Respiratory center, medulla

Force,
displacement

l Nerve impulses
Spinal cord
l Nerve impulses

Respiratory muscles

A 4

Lung and chest wall

v

Alveolo-capillary barrier

Perfusion

y Diffusion (3 %)

g2

b[ =][e]ele
Gas transport (# %ﬁiﬁﬁﬁ])

Pco,
Po,
pH
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Ventilation

The movement of air in and out of the resp. system

Minute ventilation (V): volume of gas leaving (V) or
entering (V,) lungs per min

V (ml/min) = V- (ml) x resp. rate (1/min)
E.g.,Ve=V; x f
=500 x 15 =7500 ml/min

Changes In respiratory rate cause proportionate changes
In minute ventilation (V)

NOT Inspired air is gas exchanged

Dead space (7 *%z; Vp): area where there is no gas
exchange, e.g. 1-16 generation of airway

33



Dead Space

Anatomic dead space (VpA"®): the volume of the conducting
alrways in which no gas exchange takes place

Alveolar dead space (VpAV) : inspired gas which enters alveoli

(respiratory zone), however Is ineffective in arterializing mixed
venous blood

v" Alveoli with no perfusion or reduced perfusion

Physiologic dead space (Vy""s): the volume of gas that does
not eliminate CO,

/VDPhys — VDAnat + VDAIV

Methods to measure dead space
v Anatomic V: Fowler's method
v Physiological V,: Bohr's method




Fowler's Method:
Single-Breath Nitrogen Washout

2 80 insr..
TLC -
[ :
Z{V
measure 3
2 L
RV
100% O,

« Anatomic dead space is the

exhaled volume to the point of %
transition between £
and &
« VpAnat~ 2.2 mi/kg of body weight > 0 ds

Expired Volume () 35



Bohr's Method:

Conservation of Mass
Principle: Vi, does not contribute to expired CO,
V1 X Fecoz = Va X Facos
V = V V
— Vi X Fecop = (V1 = Vp) X Facos

Yo = Facgo-Fecos (Bonr Equation)

Alveolar

36



Dalton’s Law

« Atmosphere contains a mixture of gases
v 0O, (20.93%); N, (78.09%); CO, (0.03%); inert gas

 Dalton’s law:
PX = FX X P

v'In STPD, Py, = F5, X P, = 0.2093 x 760 = 159 mmHg
v In BTPS, Pq, = Foy X (Pam — Phzo)
= 0.2093 x (760 — 47) = 150 mmHg
» The sum of gases must equal barometric pressure
»PH,0 = 47 mmHg at body temp.

total

37



Bohr's Method (2)

e -2 = @ (Bohr Equation)
Vr ACO2

Dalton’s law:
P, =F, xP_, [dry] (STPD)
* P, =F, X (Pam - Puoo) [wet] (BTPS)

v, = Cace-Pecoz y v

—_—> —
P Paco2
Example:
Pacos = 40 mMMHQ; Peepo = 28 mmHg
V, = =2 x 500 = 150 ml

38



Alveolar Ventilation

« Alveolar vol.: the volume of fresh gas entering the alveoli and

effective in arterializing mixed venous blood.

V,: alveolar vol.

39




Alveolar Ventilation

oV Phys = \/ AV 4+ \/ Anat

* In normal supine man, VAV ~ 0 2> VPhys =\ Anat

o Vo =Vy—Vpaat= (Vi —Vp) x f

« Changes In respiratory rate cause proportionate
changes in alveolar ventilation (V,)

Anatomic
dead space

Alveolar
dead space

Anatomic

dead space
Pulmonary artery
branch obstructed

Alveolar
O ventilation
Tidal (fresh air) Tidal
volume b volume

Pulmonary
artery

PG{)_A =, 90
PC]!_'{_)_I =740

Pulmonary
veins

End-inspiration

Inspired
dead space




Uneven Ventilation In
Upright Position

Regional differences in airway resistance &
compliance - different alveolar filling time

In the upright position, ventilation is maximal at the
lung bases, decreasing linearly to the apices

N

—
o

c
O
2
L
=
=
v
>

(per unit volume)

L lower middle Upper
counter distance up Iung (Cm)




Partial Pressures of Gases In
Various Parts

 In the alveoli, the percentage of oxygen
decreases and CO, increases, changing the
partial pressure of each

Inspired air Alveolar air

Variable 47 mmHg

000.3 mmHg 40 mmHg

159 mmHg 105 mmHg

601 mmHg 568 mmHg

Lotal 760 mmHg w
pressure ‘ ‘ 42




O, and CO,, Concentrations In
Exhaled Gas

* A good way to evaluate alveolar gas content in normal
subjects Is to examine gas coming out late in exhalation
after the gas in the conducting airways has been cleared

Dead Ox\’lgen (Px )
space ~——

air :
Alveolar air
and dead Alveolar air

space air

Carbon dioxide (Pco,)

o

o
s
c
c
c
=
3
©
=
4y
O
©
N
@
—
-
v
2
Q
o

N
o

o

200 300 400
Milliliters of air expired 43




Overview of Po, and Pco,

Atmospheric air
P, 160
P, 0.03

Ambient PO, =160 mmHg = 760 x 0.21
PCO, = 0 mmHg

Inspiration H ] ‘\ Expiration

o, co,
o, 100 Peo, %01 Alveoli

5. 08, B Inspired PO, =150 mmHg PO, =F O, x (Pg-47)

<O, 4
Pulmonary /

circulation

L

@e;\ Alveolar
circulation
oy 400 - o 7”):',,'1
co, 4 et ERIL o, 4
—— t‘ ‘.— -
3 4; &

PCO, = 0 mmHg =0.21 x (760 - 47)

PAO, =100 mmHg
PACOZ =40 mmHg

Mixed End
venous capillary
P,O, =40 mmHg P.O, =100 mmHg

Pulmonary PyCO2 =46 mmH P.CO, = 40 mmHg Pulmonary

artery vein 44



Hyper-, Hypo-ventilation & Hyperpnea

- Changes in alveolar ventilation (V,) cause
reciprocal changes in alveolar P,

* Hyperventilation: an increase In alveolar ventilation
(V,) out of proportion to metabolism

2 | Pacor (€37 mmHg)

* Hypoventilation: an decrease Iin alveolar ventilation
(V,) out of proportion to metabolism

2 1 Pacor (43 mmHgQ)

- Hyperpnea: an increase in alveolar ventilation (V,)
IS proportional to metabolism 2 <P_-5, (40 mmHQ)

v'increased breathing (usual TV-)
« Tachypnea — increased frequency of respiration ,_
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Case Tidal Freq. Min. Dead Alveolar ventilation
vol. (/min)  ventilation  space (ml/min)

(l) (ml/min) (D)

A 150 40 6000 150 (150-150)x40=0
B 500 12 6000 150 (500-150)x12=4200
C 1000 6 6000 150 (1000-150)x6=5100

A: Tachypnea B: Normal C: Hyperpnea
Respiration efficiency: hyperpnea > tachypnea

 NOT all inhaled air can be gas exchanged - dead space
Since dead space volume is fixed,

- Increase frequency

- Decrease tidal volume

- Decrease alveolar ventilation
47
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Cerebral cortex,
Pons

Respiratory center, medulla

l Nerve impulses
Force, Spinal cord _
displacement l Nerve impulses

Respiratory muscles

v
Lung and chest wall | Ventilation
I (L F£)

Alveolo-capillary barrier
y Diffusion (3 %)

Mechano-receptor Chemo-receptor [¢—
. \ /
v

b[ =][e]ele
Gas transport (# %ﬁiﬁﬁﬁ])

Pco,
Po,
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Perfusion

Perfusion (&~ & ; Q): blood flow through the lung
v"Mean PA pressure =14 mmHg

v The distribution of blood flow is largely due to the
effects of gravity

l.e. the effect of hydrostatic pressure

3 Expanded alveolus
The pleural or intrathoracic _~-900 Pa ___— withairflow &
7 pulsating bloodflow
(alveolar pressure, P,,)

Pulmonary

Alveolus with air
and blood

©

Small alveolus
with large

50



Shunt

« Shunt (% 7*): blood without gas exchange with alveoli

v'Intrapulmonary shunts: blood perfuses alveoli but
IS not ventilated

v Anatomical shunts

* Bronchial circulation enters
the pulmonary veins
« Coronary circulation enters

LV via thebesian veins




Uneven Perfusion In
Upright Position

In the upright position, blood flow is maximal at the
lung bases, decreasing linearly to the apices

RADIATION
COUINITERS

w
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=
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| |
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Cerebral cortex,
Pons

Respiratory center, medulla

l Nerve impulses
Force, Spinal cord _
displacement l Nerve impulses

Respiratory muscles

4
Lung and chest wall

v

Alveolo-capillary barrier
y Diffusion (3 %)

Mechano-receptor Chemo-receptor [¢—
. \ /
v

b[ =][e]ele
Gas transport (# %ﬁiﬁﬁﬁ])

Pco,
Po,
pH
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Matching of Ventilation & Perfusion

VENTILATION
_ Perfect matching
S vigH

_ Mismatching of V/Q
VENTILATION
V,: alveolar ventilation
| V,: dead-space ventilation

Q=Qc *+ Qs
Qc: capillary flow
Qg: shunt flow ”




Matching of Ventilation & Perfusion

Anatomic dead
space

Ppvo, = 102
Ppvco, = 40

Pulmonary Pulmonary
artery : veins

Dead spacgye, it

Pulmonary artery
branch obstructed

7
/ Z}}?M}/{g’ Pulmonary T

artery

Pulmonary
veins




Distribution of V and Q Within the Lung
In the Upright Position

e V | from base to apex of lung
* Q ||from base to apex of lung
» > V/Q 1 from base to apex of lung

Dead space

£ Blood fl 2
5 10 - 00d Tiow g
S i =&
(e)]
c =
2 ©
S Ventilation Q
2 S
£ 05 PR
E 13
= ()]
>




VIQ v.s. Po, & Pco,

Normal
PO, = 150 mmHg 1 PCO, = 0 mmHg

PAO/£ 100 m Dead space
PaGP, =40 mm g l

-~ ﬂ\
l P,O, =40 mmHg P Oz 100 mmHg
P 02 46 mmHg AP aCO2 =40 mmHg




V/Q Inequality of Normal Lung

In the Upright Position
- High V/Q ratio at the apex = high Po, and low Pco,

in  out
{mlfin}

100 120 140

Fa. mm Hy
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Key Points

* General concepts and terminology
« Mechanical properties
= 1. Compliance
= 2. Resistance
= 3. Pressure-volume (P-V) curve of the lungs
= 4. Lung-chest wall coupling
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General Concepts and Terminology

P, = resistive Pr + elastic Pr = VR + %

v In spontaneous breathing, P, =

_ e total = ' muscle _
v'In mechanical ventilation, P, .. = 0, Py IS driven by
ventilator
« active (P, e > 0) or passive (P, sce = 0)

. static (V= 0) or dynamic (V<>0)

* Transmural pressure (= £2/E): pressure difference from the
Inside to the outside

« Atmospheric pressure is considered = 0,

—> positive pressure meaning the value greater than
atmospheric pressure, vice versa
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General Concepts and Terminology

P. .. = resistive Pr + elastic Pr = VR + %

total —
« Under static conditions,
transmural pressure = elastic recoll pressure of the
compartment

« Static properties (when flow=0) mean lung elastic recoil
v Elastic properties of the lung tissue itself
v’ Surface tension

62



PL=Py—Py (1)

Py = Ppo — Pys (2)
(1) + (2)

Ps=PL+ Py =Py—Pys

a) Pys=0 > P, =P, =P

P =P

s

SN

al
P.: transpulmonary Pr. (&% &)

P, alveolar Pr. —\
= +
P,: intrapleural Pr. D) Pao = VRay + Py

P, trans-chest wall Pr. (%9 £8&) \When flow=0, P.,=P,=P
P, body surface Pr.

P.: respiratory sys. Pr.

P_.: airway opening Pr. C) PL =Py =Py = Paofiow=0 — Pes
P..: esophageal Pr.

r's



chest
wall

“ohest , I:)L = I:)al i I:)pl (1)

B P = Poi— Pos (2)
TR (1) + (2)
' " I:)rs_PL-l_PW_PaI_Pbs
Residual
volume
Mi?imal
volume — _ _
a) I:)bs =0 > I:)w — I:Jpl — I:)es
-10 0 +10 +20 +30
Airway pressure (cm water) Prs — Pal

P, : transpulmonary Pr. (i /&)

P,: alveolar Pr. _\ +

P, intrapleural Pr. D) Pao = VRay * Pa

P,: trans-chest wall Pr. (8553 &%) \When flow=0, P.,=P,=P
P,.: body surface Pr.

P..: respiratory sys. Pr.

P_.. airway opening Pr. C) PL =Py =Py = Paofiow=0 — Pes
P..: esophageal Pr.

r's



Key Points

« General concepts and terminology
« Mechanical properties
= 1. Compliance (" /&%)
= 2. Resistance
= 3. Pressure-volume (P-V) curve of the lungs
» 4. Lung-chest wall coupling
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Static Mechanical Properties

« Compliance (" &1+ ; C): the ease with which an object can be
deformed

Elastic Recoll of the Lung

« Lung compliance: the slope of the line between any two
points on the deflation limb of the pressure-volume loop

_ AV,

CL=aP,

Volume (l)
1.0

Pressure

0 -10 -20 -30

Pressure around lung (cm water)
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Compliance Changes In
Different Diseases

S I[N chronic obstructive
pulmonary disease (COPD),
alveolar walls progressively
degenerate

- C, Increase

—
=
®
€
=
[
¢
5
o

Fibrosis

In pulmonary fibrosis,
- C, decrease

40

Transpulmonary pressure (cm H0)

68



Calculation of Compliance of Lung

Transpulmonary
Pressure : ;

Volume

Dynamic compliance of lung:
measured at the end-inspiratory and end-
expiratory points of no flow
dyn C, = il
L AP,
A\

P, = resistive Pr + elastic Pr = VR + =

Static compliance of lung
measured at the deflation limb

The dynamic compliance of lung is smaller
than the static compliance

69



Key Points

« General concepts and terminology
« Mechanical properties
= 1. Compliance
= 2. Resistance (fe # )
= 3. Pressure-volume (P-V) curve of the lungs
= 4. Lung-chest wall coupling
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Resistance

* Resp. Resistance:
« Airway resistance (70~80%)
* Tissue resistance (20%): movement of lung tissue,
chest wall and abdominal contents

* Airway resistance (§ & 2+ ): the pressure
difference between the alveoli and the mouth per unit
of airflow

Pao = VRaw T I:)al
_P,,-P
- Raw — anv al

P_.: airway opening Pr.
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The Airway Resistance

- P, = resistive Pr + elastic Pr==VR,_,, + %
>R, = - (1)

Vv
* In laminar flow, flow Is proportional to AP by

Poiseuille’s law

Q=g 2)
(Prs — A—e/) x 8n|
> R, = TS
W T (P—=P,)
 Resistance IS to the fourth

power of the airway radius
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The Airway Resistance

* Poiseuille’s law: R « %
* Individual resistance:
small airway >> large airway
 Total resistance:
small airway < large airway
v’ the effective cross-sectional area
of many bronchioles in parallel
Increases
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The Airway Resistance

] B Uit St H

* Airway resistance | as lung volume 1 [ awel

ak i
f" | |
: \

- the airways distend as the lungs
Inflate

* The airways are narrower during
expiration },_ il S 4.I_J
—> Rexp > Rinsp Lung Valume iti

2 b .

X\

b !
' \.\ 1

Airways Resistance {cmn;06/1¢

* Factors affecting the radius of
bronchioles

» Airway constriction: histamine;
parasymp. n.
 Airway dilation: epinephrine; symp. n.




The Airway Resistance

NN - |f no resistance exists,
Intrapleural pressure should be
along the broken line

ST Il - The vertical distance between

> pressure

S mH0) / lines ABC and AB’C reflects

the alveolar pressure

« Airway resistance contributes
the hatched portion of
Aveoir |~ intrapleural pressure

4 pressure |
(cm H0) i/
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Evaluation of Airway Resistance

\Y

Flow-Volume Curve

at 50% of VC

max50: Vmax

FEF 0.21.2 L

FEF 25-75

FEF 25-75

FEF: forced expiratory flow

FEV,: forced expiratory vol.
In one second 76



FEV,

Evaluation of Abnormality
In Lung Vol

Walume ¢ Liter
NERRRRRRRRRRRRNNE

01234387 8¢

FE¥1=12L FYC =3.0L FE¥Yy=2.7L FYC=3.01L
4.0-5.0 = 80% 1.2/3.0=40% 2.1/3.0=90%

3

q
=
E
~.
§
£
=
o
=
=
-
>
o<
o
—
= !
=1

-~

Restrictive
l\

p Y — S S S——
LUNG YOLUME (liters)
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Pursed Lip Breathing

* Equal pressure point (EPP)
v The point where intrapleural pressure (P,) equals airway
pressure (P,,) during forced expiration
v Downstream airway (close to mouth) is more compressed
- 1 airway resistance - hard to expel air
* Pursed lip breathing (s «+ 5 )
v’ Increase mouth pressure
- EPP is moved from smaller collapsible airways toward
larger cartilaginous (non-collapsible) airways

Bronchiole




Key Points

« General concepts and terminology
« Mechanical properties
= 1. Compliance
= 2. Resistance
= 3. Pressure-volume (P-V) curve of the lungs
= 4. Lung-chest wall coupling
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P-V Curve of the Lungs

Hysteresis (& i+ ; disparity
between responses to
Inflation and deflation)
IS NOT due to tissue
elastic recoll forces

@
E
=
o
-

(% maximum inflation)

disappearance of

Pressure (cm H,0) alveolar air-liquid
Interface (i.e. work
against surface tension
during Iinflation) 80




Surface Tension

A molecular cohesive force existing in the surface film of all
liquids which tends to contract the surface to the smallest

possible area

Air

T T T T
O<__>O4——>O<—>O<——>-O
X X X XA
X / \// NN
@) @) O {

lB

O

A. Force is relatively uniform on molecules in the interior
B. At the surface the molecules are pulled toward the interior
and generate a compression tension (T) in the plane of the

surface
Example: a soap bubble on the end of a tube 81



Law of LaPlace

« Surface forces in a soap bubble tend to reduce
the area of the surface and generate a pressure

within the bubble
 |LaPlace’s Law:

4T
p=2
T

P: trans-mural pressure
T: surface tension
r: radius

Soap bubble




Surfactants

« Surfactants (7 & % 12%]). (e.g. detergents) lower
the surface tension of water

« Lung surfactant (dipalmitoyl phosphatidylcholine,
DPPC,; secreted by alveolar epithelial cells type II)
allows the surface tension to vary

NN
3(CHa) g O*C-H
._g-O0-C-H
CHy(CHa)iz § H-C~g 9
h P-OiH + HO:CH,CH;N-CH,
Phosphatidic  ° CH,

Acid ] J Choline

Basal lamina

~_—Surfactant

Alveolus

(0] Macrophage

: ' » ) s :"‘.) A o 4 ¢ 3
CH3{\4 )14 ONG_H ! .‘E‘;i ¥ E "' ; R - "
y ¢-0-C-H e 9 g 7 58 e f
TR : o 4 4 )\ s
CH4(ChHaing o H-C~g Q C‘H3 A W ey, 3\ f 0% < ‘ Type Il alveolar cell
H \?_O_CHZCHEN_ CH3 bl W % R 8 fo s § N \ e 3

CH; R 0, o i # ) Q-

Ko >1 i et —Capillary
PR, 3 ! P4 endothelium

Phosphatidylcholine Wt i ————"" Type | alveolar cell—x \




Importance of Lung Surfactant

Surfactant: absent present

radius (r) : 0.1 nun 0.05 nun 0.1 mm 0.05 mm
surface tension T: | 0.072 N/m 0.072 N/ 0.02 N/m 0.01 N/m
recoil pressure (2Th):

N/m? 1440 400 00
cm H,0 144 4 4

« | surface tension to keep the same recaoll
pressure; T compliance

« 1 stability of alveoli

e | vascular leakage, | edema
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Work of Breathing

Normal Expiratory Static Lung and Chest Wall
Effort

Increased Expiratory Normal Inspiratory Effort
Effort

Increased Inspiratory Effort

Pressure

Area of PV loop Is the work of breathing
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Effects of Diseases on PV Curve

Emphysema " FRC, RV

6.0 . S < static C
(oo-rey7 « Compliance (Elastic Pr.)
Lt . Emphysema (* # *):
Fibrosis T compliance

* Fibrosis (%" % s it ):
| compliance

* RDS (% & {4 % it 5 13
% ; Resp. Distress
Syndrome): 1 surface

o
w
O
)
e
I
N
3
S
S
N
>
=
S
~

Pressure (cm HZO)

tension; || compliance
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Effects of Diseases on PV Curve

plsiil - \\/ork: area of PV loop
Asthma . . .
P, = resistive Pr + elastic Pr

/I
/
4
6.0 ///
(Pao- Pes), Normal
_Losaaiie,
. Y’ \ .
ety « Emphysema:

§ Fibrosis \/e|aStIC Pr l, bUt
: resistive Pr 11
S - work 1

=)
N
S
~

Pressure (cm HZO)
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Key Points

« General concepts and terminology
« Mechanical properties
= 1. Compliance
= 2. Resistance
= 3. Pressure-volume (P-V) curve of the lungs
= 4. Lung-chest wall coupling
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P =Py—-Py (1)
Py =Pp— Pps(2)
(1) +(2)
Ps=PL+ Py =Py—Pys

a) Pys=0 > P, =P, =P

P =P

s

es

al
P.: transpulmonary Pr. (&% &)

P, alveolar Pr. —\
= +
P,: intrapleural Pr. D) Pao = VRay + Py

P, trans-chest wall Pr. (%9 &) \When flow=0, P.,=P,=P
P, body surface Pr.

P..: respiratory sys. Pr.

P_.: airway opening Pr. C) PL =Py =Py = Paofiow=0 — Pes
P..: esophageal Pr.

r's



Elastic Recoll of the Chest Wall

Pw < 0, the chest wall is
compressed

So, In pneumothorax

—> thoracic cavity increases

The dynamic compliance of cell
wall I1s not different from its
static compliance

90



Elastic Recoll of the Chest Wall

 FRC (functional residual capacity)
IS where the recoil forces of chest
wall is equal but opposite to the
recoll forces of the lung

 When lung vol. is below FRC, the
chest wall becomes progressively
stiffer (C,, decreases)

 When lung vol. is above FRC,
—->P,, changes from negative to
positive

- C,, Increases and constant until
the lung vol. is near TLC

91



Lung-Chest Wall Coupling
In Static Status at Different Lung Volume

: ; * Py = I:)pl =P
« P =P, or
| P_.,, when flow=0

* I:)L:F)al'l:)

es

Resting
respiratory [/
level

pl

Vital capacity %

-

Total lung capicity %

[
[]
]
H
f 1]
[
’ H
/ !
I’ ]
ll ’
/ ‘A
4
. / ! _
Pressure / ! Residual
1 /" : volume
‘ Minimal
volume

-10 0 +10 +20 +30

Airway pressure (cm water)
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Lung-chest Wall Coupling to
Determine FRC

Emphysema
I:)L = I:)al - I:)pl

AtFRC, P, =0=P_+P,,

Respiratory
system

If P, shifts to right, e.qg.
kyphoscoliosis (restrictive

Prs =5 Pa| or )
P .o, When flow=0 | lung disease)

— FRC decrease

In emphysema
(obstructive lung disease),
C, Increases

— P, shifts to left

— FRC increase 93




Transmural Pressure Across the
Lung Wall in Dynamic Status

Inspiration Expiration

(Pal)

Intra-
alve Ol ar Inspiration Expiration

/ pressure
Size of thorax on 76 === e ey LS| ] B A””OSPHEHC

contraction of pressure Time .
inspiratory muscles

759 Grea(er»‘l’han-Atmospgeric Pressure
_— —+1

+
@

Atrmospheric
Pressure

cm of Hy0

Alveolar
e

Transmur: pressure

gradient a‘:ross m Intraplural \ Inlruplcurznlv
lung wall l pressure et
( P p |) @ Suban;:‘gOMnc Pressure

'
@

||||IIl|I|Il||I||
o

=

Size of lungs as they
are stretched to fill
the expanded thorax

© BrocasCole - Thomson Learning
During Inspiration

Pressure (mm Hg)

© Brooks/Cole - Thomson Leaming




The Mechanics of Quiet Breathing

Time

Intraplaural

Intrapleural

Tnirapleural



AR §5 (F 18 v vk a5 B 4o 9
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Outline

Background

Structure and function

Ventilation

Perfusion and ventilation/perfusion ratio
Static/Dynamic respiratory mechanics

Diffusion (#%%7) and gas transport ( % %ﬁ'i’é’ﬁ;j)
Neural control of respiration

Chemical control of respiration

Acid-base balance
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Cerebral cortex,
Pons

Mechano-receptor Chemo-receptor [¢—
. \ /
v

Respiratory center, medulla
l Nerve impulses
Force, Spinal cord
displacement l Nerve impulses
Pco,
Respiratory muscles Po,
pH
4
Lung and chest wall | Ventilation
l (L § £)

Alveolo-capillary barrier
lDiffusion (#FHH7)

Perfusion
— b[ Blood ; 2L
GEin# Gas transport (f 418 #5)




Diffusion and Gas Transport

(a) Oxygen diffusion (b) CO, diffusion
\\ Alveoli / 4 \ Alveoli
P02-1 00 mm H \ Pcoz— 40‘/)/

-

Circulatory Circulatory
system

Po, <40 mm Hg Pco, = 46 mm Hg

 Peripheral tissue | . Peripheral tissue |




Alveolo-Capillary Barrier

Alveolar wall  Capillary wall

Alveolar Water Interstitial Red blood cell
air layer space cytoplasm

Hb
0,—— —>0— > 0,-

Alveolar- = Pulmonary
Type-I capillary
epithelial cell endothelial cell

HbO,

— — 101
Alveolo-capillary Barrier




Diffusion

 The movement of molecules from a area In
which they are highly concentrated to a area In
which they are less concentrated

* Fick's law

Fick’s law:

Vgas « _%_.D-(pl"'PZ)

JMW.

A: surface area
l‘/ D: diffusion constant
_Atmickness  T: thickness 102




Capillary Transit Time

 Capillary transit time is ~0.75 sec

« |f diffusion defects, exercise results in poor

oxygenation of blood
* N,O: perfusion-limited
» CO: diffusion-limited SAPCLARY :": CAPILLARY
' P |

ALVEOLAR —o|—~ — =
»
O2 (NORMAL)

O, (ABNORMAL)

o
D
7]
7]
b
| —
(o
.©
e
| -
©
a.

0 .25 5 .75
Time in Capillary —sec




Perfusion-limited Gas

A N,O DIFFUSION

Uptake of nitrous oxide
(N-O) Is perfusion-
imited

Hb does not bind N,O
PANLO and P:N,O
rapidly equilibrate

To increase uptake of a
perfusion-limited gas, K#
blood flow must e

i n C re a.S e Z Distance algng capillary .

(%)
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Diffusion-limited Gas

Uptake of CO iIs A’ CODIFFUSION
diffusion-limited

High affinity of Hb for
CO

No equilibration
P.CO=P,CO=0

To increase uptake of
a diffusion-limited gas,
AP must increase
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Diffusion and Perfusion Limitations

* O, Is normally perfusion-
limited gas
v E.g., exercise
* If D, 0, IS decreased In

disease, O, becomes
more diffusion limited

[
—
>
7]
7
@
i
a
L.
Tt
©
a.

0
0.15 030 045 060 0.75

Time in capillary (Seconds)

A CO,; DIFFUSION

* CO, exchange is much
less affected when
perfusion increases or D,
decreases o6




Transport of O, and CO,

Transport of CO., Transport of O,

7Toe dissolved in plasma 1.5%6 dissolved in plasma
o &as Ho—CO 98.5% as Hb—O..
O%: as HOO.,

—/ Alveol

02\ \

O < o b'—'-
‘ (d-ssoh.ﬂed) i 2 s e Erythrocyte

HCO,

cOo.

Systemic circulation

- . a———4
(dissolved)
A

7

159
»

Systermsc
tissue celis

/
O,




Oxygen Transport

« Two ways of O, carried in blood

v’ Dissolved O, in plasma (<5%)

v Bound to hemoglobin (Hb) (> 95%)
* Dissolved O,

v"Normal arterial blood with a Po, of 100 mmHg contains
0.3 ml dissolved O,/100 ml of blood

* Bound to hemoglobin (Hb)
v Oxygen dissociation curve and factors affecting the curve

108




O, Bound to Hb

 Hemoglobin (Hb): heme + globin

Hemoglobin Molecule v Ala(2):(2)] tetrameric
i hemoprotein that is carried by

erythrocytes

v' An iron atom in heme is
responsible for the binding of
oxygen

v Each Hb combines with 4 O,
molecules

red blood cell
p chain

elical shape of the
polypeptide molecule
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O, Bound to Hb

* O, capacity: max. amount of O, that can combine with Hb
=15 g of Hb/100ml blood x 1.39 ml/g of Hb
= 20.9 ml /200mlI blood

* O, capacity varies individually
* Op saturation =

Hb-bound O, 0
O, Capacity X 100%

10

—20
Co,

° 02 dISSOCIatIOn Curve (mmol/1} | (vol %)
* Pulse oximeter: ;
Only measures oxygen
dissolved in the blood
plasma _ /]

physically dissolved 0,

Po, IkPal




O, Concentration & Saturation iIn Anemia

* Anemia (# = ): low O, concentration (low O,
capacity) but normal O, saturation

' “ ) : )( )
¥
fﬂaw / Hb i 1 5

[ ~ (HbCO = 33%)
/ /‘( { o o 0

(6))
o

- - - e S—
v — e a
—"
p—

3 /f \Hbz 10

HbO, saturation (%)

o
£
o
o
E
=
Qo
©
-
=
@
O
=
o,
o
Al
O
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O, Bound to Hb

» Characteristics of O, dissociation curve

 — v' P0,=100 mmHg (alveolar)

ooty - near saturated

g:;l;”ea o —> affinity good

v Po, ~ 70-100 mmHg

- little change
—> affinity changed little
N - v'Po, ~ 40-50 mmHg (tissue)
venous arterial - unload 02 eaSin

Po, Po,

{ | —> affinity decrease

~~~
L
S
c
0
-
©
b
=
o)
(1]
)]
£
9
[c
o)
0
£
Q
s

P.,: Po, at 50% of saturation
* Higher P, = lower affinity
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O, Bound to Hb

 Factors affecting O, saturation curve

Normal O, Affinity

¥ O, Affinity {
50

*"’co2

*H*or *pH

*Temperature

423.0rc

Right shift of curve (O, unloading):
2P, 1 (| affinity)
v 1 Pco,: Bohr effect
v 1 H" (I pH)
v 1 body temp
v 1 2,3-DPG (diphosphoglycerate):
formed during anaerobic
metabolism of RBC
» high altitude, hypoxia, chronic
lung disease

Example: exercise 113



CO, Transport

« Three ways of CO, carried in blood: transported
from the body cells back to the lungs

v'Dissolved CO, in plasma (7-10%)

v'Carbamino Hb (15-30%): bound to hemoglobin
(Hb)

v'Bicarbonate (HCO,") (60-70%):

»most transport in plasma
»most formed in RBC by carbonic anhydrase
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CO, Transport

TISSUE

Carbamm R
HbH
CO Hb —>

/ (Fast) /

Ha O3 Ho CO3—->H"+ HCO ; —> HCO

(Slow, d -
CO2 + Hzo—;H2CO3 —_— 4t 4 HCO3 —_— HCO3

} :

Dissolved + Prolein. — H. Protein
002

 H* + Hb: to maintain the blood pH
« CA: carbonic anhydrase
» Chloride shift: exchange with HCO; to maintain electrical

neutrality -



CO, Equilibrium Curve

Bohr Effect

40 46 50
PC02<mm Hg)

« Haldane effect: deoxygenation of Hb increases its affinity
for CO, (curve left shift)

* Bohr effect: P-4, decreases the binding affinity of O, to
hemoglobin (curve right shift) 116
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Diffusion and gas transport

Neural control of respiration (=¥ ¥ e3¢ &34 3= )
Chemical control of respiration
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Control of Respiration

« Three components of resp. control system:
v  Sensors (receptors): e.g. mechanoreceptor
v Central controller: e.g. medulla
v’ Effectors: e.g. resp. muscle
« Central control of breathing
v Origination: cause of resp. drive in the brain
v Rhythmicity: how do neurons integrate to
give insp./exp.
v  Adjustment: meet different conditions, e.g.
exercise

118



Cerebral cortex,
Pons

Mechano-receptor Chemo-receptor <—
A \ /
\ 4

Respiratory center, medulla

l Nerve impulses
Force, Spinal cord _
displacement l Nerve impulses
Pco,
Respiratory muscles Po,

' i

Lung and chest wall | Ventilation

l (i F &)

Alveolo-capillary barrier
y Diffusion (3 4%)

Perfusion
— b[ Blood ; e
GEin# Gas transport (f 418 #5)




Receptors

 Chemoreceptors
v’ Peripheral: carotid bodies; aortic bodies
v’ Central: medulla
* Lung receptors:
v Rapidly adapting receptor (irritant R.)
»Located between airway epithelial cell

» Stimulated by noxious gas; cigarette smoke; inhaled
dusts; cold air

» Effect: hyperpnea; bronchoconstriction; coughing;
mucous secretion
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Receptors

Lung receptors (continue)
v’ Slowly adapting receptor (pulmonary stretch R.)
»Located at airway smooth m
» Stimulated by lung inflation
»Hering-Breuer inflation Reflex:
— 1 lung vol. = | inspiration activity
— Distention of lung - activate pul. stretch R. - vagus
n. = brain =2 inhibition of Insp. activity

Hering-Breuer reflex

Phrenic Inspiratory
nerve center

v
Diaphragm
contracts
¥
Stretch receptor

in lung 121




Receptors

e Lung receptors (continue)
v' J receptor

»Located in the alveolar wall close to capillaries — “juxta-
capillary receptor”

» Innervated by non-myelinated fibers
» Stimulated by pulmonary edema,; congestion
» Effect: apnea; rapid shallow breathing (tachypnea)
« Nociceptors (pain)
v Found in every tissue
v Effect: 1 breathing
« Skeletal m R: thoracic stretch R.
v' At intercostals m.
v Activated by m. elongation 122



Central Controller in Brain Stem

@ BrooksiCole - Thomson Learning

Pons
| Pneumotaxic center
respiratory

Apneustic center

Respiratory | centers
ggmgg in Pre-Botzinger
brain stem complex .
Dorsal respiratory
group
Ventral respiratory Medulla 123
group




Pre-Botzinger
complex

Dorsal
Respiratory

Group
(inspiratory)

Vagus and
Glossopharyngeal
()

Central Controller

Ventral
Respiratory

Group
(inspiratory/expiratory)

Adominal and Intercostal Muscles
Diaphragm

Pons:
v Pneumotaxic center

»fine tune respiratory rate
and rhythm

»switch off of the
Inspiratory ramp, thus
controlling the duration
of the filling phase of the
lung cycle

v Apneustic center
»located in the lower part
of the pons
»stimulates/prolongs
Inspiration
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Central Controller

* Medulla
. . v' Dorsal medullary resp.
neumotaxic center
() group
“ j »generate basic rhythm
i | of respiration
wetn Apneustic center . . .
Dorsal ) Y L »causes Iinspiration
Respirato s
Group istpiekery v Ventral medullary resp.
(insphaton) (inspiratory/expiratory) g rou p

»cause either expiration
or inspiration

Adominal and Intercostal Muscles

Diaphragm v Pre-Botzinger complex:
»>ventral side of medulla

»involve In oscillatory
(pacemaker) rhythm
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Central Controller

 The resp. sys. Is absolutely dependent on an
external neural drive

« Reflex alters respiratory movements

Sneezing: short inspiration, forced expirations
with glottis open

Swallowing: inhibition of respiration

Coughing: short inspiration = series of forced
expirations with glottis closed (pressure created
In airway) -2 glottis opens suddenly - blast of
air carries out irritant material
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Central Controller

« Cortical override: voluntary alterations in breathing
on a short term basis

v Diving: hold breath

v
v

v

N X

Speech & singing: interruptions of expiration

Laughter & weeping: deep inspiration then
short spasmodic expiration

Sighing: prolong expiration
Yawning: deep inspiration with mouth open
Fear & excitement: rapid breathing
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Effectors

« Dorsal & ventral resp. group cross the midline and
descend in ventrolateral column of cord

 Inspiratory m: diaphragm, external intercostal m.
* EXpiratory m: passive process

v’ forced expiration: internal intercostal m.,
abdominal m.
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Cerebral cortex,
Pons

Mechano-receptor

A

Chemo-receptor [¢—
\ v /

Respiratory center, medulla

l Nerve impulses
Force, Spinal cord _
displacement l Nerve impulses
Respiratory muscles
4
Lung and chest wall | Ventilation
I (L F2)
Alveolo-capillary barrier
vDiffusion
Perfusion
= b[ Blood -
i Gas transport (§ 4818 )

Pco,
Po,
pH
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Chemical Control of Resp.

Two sets of chemoreceptors:

v' Central chemoreceptors: Responsive to arterial
Pco, by way of [H*] in extracellular fluid

v' Peripheral chemoreceptors: Responsive to arterial
Po,, Pco,, and [H*]

The most important single driver of ventilation is Pco,
acting on the central chemoreceptors by altering
extracellular fluid [H*]

1 2 3 4 5 6 7 8 9 10

COy, varied
(O2 constant)

N
£
=
Se
o £
— =
=2
<
5]
’_

O, varied
(CO constant)

18 16 14 12 131
%




Central Chemoreceptor

 |Located in ventrolateral
surface of medulla, exposed to
extracellular fluid

il © Respond to Pa.,1, pH| In
sl extracellular fluid (not in blood,
due to blood brain barrier) -
Tventilation

v CO, diffuse across BBB
easier

* Do not respond to Pag,|
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Peripheral Chemoreceptor

* Glomus cells in carotid body
& aortic body (Respond to

Pag,|, Paco,T, PH|

-2 1V & 1 freq.
75 * Neural impulses from the
: carotid body increase as
Sorsry e s Pag,]

v’ potentiated by acidosis and

hypercapnia

« Peripheral chemoreceptor is

the ONLY way to sense low
POZ 133

sponse)

Carotid Body Nerve Activity
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Acid-base Balance

* Blood pH ~ 7.4 +/- 0.05
v" Acidosis (fi& # = ): too much acid in blood, pH |
v" Alkalosis (4 * # ): too much base in blood, pH 1
« Categorized by primary cause:
v Respiratory: lung; Pco, changes
v Metabolic: kidney, liver; [HCO;] changes
« Three ways of controlling blood pH.:
v’ Buffer systems: bicarbonate, phosphate and Hb
v Release of CO, from the lung (fast)
v Excretion of acids or bases from the kidney (slow)
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Effectiveness of a Buffer System

* pKa

v Gives the pH where a buffer is most effective
v Phosphate (pKa = 7.2), Hb (imidazole group of histidine,
pKa=6.8), bicarbonate (pKa = 6.1)

« Amount (concentration) of the buffer

v’ Bicarbonate & Hb

* Bicarbonate iIs the most
Important buffer in the
body

pH

+1 pH unit

A
7 The region where

the system acts
pKa — most effectively as
a buffer.

-1 pH unit

[HCO47] or other base added 136



Henderson-Hasselbalch Equation

HA = H' + A

K = [H'1x[A] K: dissociation
[HA] coefficient

[HA]

log[H'] = -logK - |
og[H"] = -logK - log A

[conjugate base]
[acid]

pH =pKa + log
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Bicarbonate
CO, + H,0 €= H,CO; > H* + HCO,

H=pKa+lo
i P . [acid]

H=pKa+l
i PraT e [acid]

[ HCOs ]
Clooe X Pl:' 02

pH =6.1 + log

[H,CO,] = 0.03 x Pco, (Henry’s law)
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The Effect of Bicarbonate on
Blood pH

* Released into the plasma from RBC buffers the H*
produced by the ionization of metabolic acids
(lactic acid, fatty acids, ketone bodies, etc.)

Nonvolatile — Anion + H* + HCO; —> ‘ H,CO,
(metabolic) acid Ricarbonats L ae=—v 139
buffer




Davenport Diagram

[HCOs]  Pco2=B0mmH§
RE Pcozs60mmH
(mM) s | o _ \g Pco2£40mm

Hg
21N Pco2<27mmHg
-0 i OO

Sh} Pooz:,}ffang
-

o < b
P A
- /"’
- o
r'/"’

A B gjf.e-r”"i'i/ﬁe

arterial blood: P-5, = 40 mmHg
* pH 7.4, a.co, = 0.03
* [HCO;] = 24 mM

pH = 6.1 + log 1= ]

Kcor X Peos
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Respiratory Disturbances

Figure 11
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Metabolic Disturbances

Figure 12
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Compensatory Responses

ACIDOStS ALKALOSIS

E.qg., diabetic patient: ketoacidosis, hyperventilation, pH=7.4
Metabolic acidosis with respiratory alkalosis 143



How to Increase Resp. Function During
Exercise?

» Deeper, faster breathing to match oxygen utilization and CO,
production = hyperpnea (ventilation 1; Pco, <)

« Expiration muscle contraction
« Pursed lip breathing (dynamic airway compression)
 Body heat is expelled during exhalation

« Excitation of sympathetic nerve - bronchodilation (resistance |)

* Increase blood flow - O, diffusion 1 (perfusion-limited gas),
perfusion 1, transport time |

» Decrease O, affinity of hemoglobin - unload O, to tissue
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How to Increase Resp. Function During
Exercise?

* Neurogenic and humoral mechanisms control this
* Neurogenic mechanisms

« Cerebral cortex stimulates respiration via respiratory
centers

« Sensory n. activity from exercising m. stimulates
respiration via spinal reflexes or brain stem resp. centers

 Humoral mechanisms (oxygen debt)

« Rapid and deep breathing continues due
to humoral factors

* P.o, and pH differences at sensors
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Cerebral cortex,
Pons

A

Mechano-receptor
\ v /

Chemo-receptor

Respiratory center, medulla

l Nerve impulses
Force, Spinal cord _
displacement l Nerve impulses
Respiratory muscles
Ventilation
A (i F &
Lung and chest wall « \Vol.
VIQ l *Vp
 Po,, Pco _ _ ‘P, P
2 2 Alveolo-capillary barrier | , CL R
Perfusion (ig;x &)  yDiffusion
* shunt

b[ =][ele]o

Gas transport (# %Ezié"ﬂi%])

Pco,
Po,
pH
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