PATHOPHYSIOLOGY
OF THE
RESPIRATORY SYSTEM
1



RESPIRATORY INSUFFICIENCY
and

acute (adult) respiratory distress
syndrome (ARDS)
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Outline

Reminder: respiratory gases, hypoxia, polycytemia, etc.
Introduction

Patophysiology of respiratory insufficiency type 1 and 2
Mechanisms of lower p_ O, in respiratory diseases

- alveolary hypoventilation

- diffusion block

- pulmonary shunt

Reactive pulmonary hypertension

Hyperkapnia in respiratory insufficiency type 2 (global)
ARDS (acute respiratory distress syndrome)

Remarks about oxygenotherapy

3 /50



Normal values of respiratory and blood gases

— A. Gas transport

Partial pressures

Pulmonary artery

Y Pulmonary veins

Partial pressures

kPa (mmHg) Fraction (L/L) kPa (mmHg)
Fo, =0.21
15.33(115) Fco,=0.0003
) 21.17(158.8)
P
443 (33) | S === _ =
6.27 (47) Expired air (wet) s — “ Inspired air (dry) —0.03(0.23)_
. 80.10(601)
75.33 (565)
Ve=8L/min | 45 . :
Y,=101.3(760) ! ST >=101.3(760)
4 Vo=2.4L/min - dlil L " (ealevel)
13.33(100) | Va=5.6L/min . ( :
5.2(39) N : ;
Alveoles ———— ; Vo, = 0.3L/min
6.27 (47)
76.5(574) | Veo,
=0.25L/mi
L | F il Cardiac output (CO)
3= 101.3 (760) Pulmonary capillaries ~61/min
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Normal values of respiratory and blood gases

Pulmonary artery \ A Pulmonary veins
N A
UL \ 12.66(95)
|
5.33 (40) EE:" {v
6.0 (45) , D - Arteries Gl s
Veins Right ~— Left 6.27 (47)
6.27 (47) (venae cavae) | heart heart
i avDo, I
5L0,/Lb
[ i |
' v
<5.33 (40) ; -
>6.0 (45) il
6.27 (47) fmer— ! i
4 =
] -
_E.%’: Inert Noble
e gases gases
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Some values, definitions:
760 mmHg=101 kPa=1000 cmH,0=100%

STPD - Standard Temperature and
Pressure, Dry (air), 0/15/20 °C, 101 kPa

BTPS — Body Temperature and Pressure,
Saturated (air), 37 °C, 100 % humidity

Atmospheric CO,: 300 ppm = 0.03 kPa
Exhaled CO,:4.4... 5.2 % = 5.2 kPa
Atmospheric O, : 21 % = 21 kPa
Exhaled O, : 15.3 % = 15.3 kPa
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Named in honor of

Professor Charles Dawd Keehng,
Scripps Insmuhon of Oceanography, 7

who mltlated contmuous CO, measurements at thlS sute |n 1958
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Eero Antero Mantyranta

(born 1937) is a former Finnish skier and
multiple Olympic Champion. With his
seven medals from four \Winter Olympics,
he is one of the most successful skiers
Finland has ever produced.
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,7/Advantageous mutation” of
erytropoietin receptor

Mantyranta has Primary familial and
congenital polycythemia (PFCP) causing
Increase In red blood cell mass and
hemoglobin due to a mutation in the
erythropoietin receptor (EPOR) gene,
which was identified following a DNA study
done on over 200 members of his family,
as reported in 1993
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High Altitude Hypoxia
2
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Normal values of(rié}ﬁiratory and blood gases

vzduch
pO,=21kPa; pCO,=0,03 kPa
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RESPIRATORY
INSUFFICIENCY

Type | (partial, hypoxemic, low O,)
Type Il (global, ventilatory, low O, , high CO,)
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RESPIRATORY INSUFFICIENCY

Functions of the respiratory systems are not
adequatelly fulfiled:

* p,+O0, does not attain 12.6 .. 13.15 kPa =
=95 .. 100 mmHg

* p.{CO, may (but not necessarily does)
exceed 5.25 kPa = 40 mmHg
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p.CO, may be normal — even
decreased while p_,O, will be
always decreased (low)

the explanation is in different
compensatory possibilities of total lungs
to vary pCO, and pO, in individual alveol

such possibility is large for pCO, but
effectively it is lacking for pO,
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RESPIRATORY INSUFFICIENCY

RESPIRATORY INSUFFICIENCY type | (partial),
(hypoxemic)
* p,0O,does not reach 13 kPa (100 mmHg)

* p,CO,is normal or, often decreased
(hypocapnia)

RESPIRATORY INSUFFICIENCY type Il (global),
(ventilatory)

* p,O,does not reach 13 kPa (100 mmHg)

* p,CO, over 5.25 kPa (40mmHg = hypercapnia)
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Respiratory Insufficiency — Type |

 low p_{O, because of a respiratory
system pathology

* p.+{CO, normal or even decreased
(hypocapnia), due to regulation
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Four pathogenetic mechanisms of
decreased p_.O,

- Total alveolar hypoventilation
* Local alveolar hypoventilation
 Pulmonary shunt

 Diffusion block

(other classification according to etiology
is possible...)

19 /50



pALVOZ determines partoz (CartOZ)

* p.1O- In the arterial blood is given by p,,,0,
value in the particular alveolus

* paLvO, values exceeding 100 mmHg DO NOT
INCREASE oxygen content in the blood
significantly

* paLyO, values lower than 100 mm Hg
DECREASE oxygen content in the blood
significatly
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010, - normal (21 %) O,

breathing in norm
vvvvvv fig, =01

- normal (21 %) O,

ioam‘%/ breathi thol
BMM ™ reathing in pathology

MESMW“{ - high (up to 100 %) O,

@ fie,-10 breathing in pathol.,can be

(even higher = hyperbaric)
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Total versus Local
Alveolar Hypoventilation

* Total alveolar hypo-ventilation = the
sum of ventilations of all alveoli is
insufficient to eliminate CO, produced
in the metabolism

* Local alveolar hypo-ventilation = some
part of alveoli is hypoventilated while
others are hyperventilated — the sum is
adequate to CO, produced in the
metabolism or Is even excessive
(resulting in hypocapnia) 22150



A4 A, - hypo-
ventilated

B — hyper-
ventilated

C- normally
ventilated

alveolus;
summary

V/Q ratio is
OK
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The ,,S — shape® of the oxygen
dissociation curve

* The ,,S — shape” form of the oxygen
dissociation curve protects against
effects of a mild hypoxia in the arterial
blood (a low decrease in p_0O,)

* Respiratory insufficiency may progress
rapidly after hemoglobin saturation Iin
the arterial blood decreases below 85 to
80 % because the oxygen dissociation
curve becomes steep (vic. circ. ...)
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Alveolar hypoxia causes
pulmonary hypertension

Alveolar hypoxia (low p,0O,) shifts pulmonary
perfusion to regions wit% higher oxygen
tension ( p,O, ) through vasoconstriction

The vasoconstriction causes pulmonary
hypertension (,,reactive® - due to alveolar
hypoxia)

This creates a problem in patients with

chronic alveolar hypoventilation (chronic
bronchitis, emphysema)

Chronic pulmonary hypertension leads to
hypertrophy and dilatation of the right heart

(cor pulmonale) 2% /50



Pulmonary hypertension on
echocardlography

Trace
Peak

29.6 mmHg
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Arterial hypoxia stimulates
respiratory centers 1

 Arterial hypoxia (a low p_,0O,) stimulates
respiratory centers through activation
of peripheral chemoreceptors (glomus
caroticum, corpus aorticum)

* This is a fundamental change in control
of the lung ventilation which normally
depends on CO, produced by the
metabolism (blood pH is maintained)
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Arterial hypoxia stimulates
respiratory centers 2

* The fundamental change in control of
the lung ventilation in patients with a
low p_,O, makes them sensitive to
oxygen administration

* Total alveolar hypoventilation may be
worsened by adminstration of oxygen

* This may lead to a dramatic worsening
of hypercapnia and respiratory acidosis
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alveolar
capillary
membrane

erythrocyte

blood plasma
endothelium
interstitium
epithelium
surfactant

alveolar space

alveolar interstitium (elastic and collagenous fibres)

surfactant

epithelium (alveolar surface cell; type )

basement membranes

endothelium

erythrocyte

nucleus of the endothelial cell

capillary lumen (blood plasma)

alveolar space
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P
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leucocyte

alveolar epithelial cell (type I)

~- — erythrocyte

— capillary endothelial cell

W pore of Kohn

1 Diffusion

L_10 pum

— [ aprormalities

Diffusion law:

dimensiones of the alveolar-capillary membrane

Q=DAdCI/L,

overall thickness:

0.30—1.00 um

alveolar epithelium:

0.15—-0.35 um

Q=flow,D=coeff.,

epithelial basement membrane:

0.05—0.20 um

endothelial basement membrane:

0.05—-0.40 um

capillary endothelium:

0.05—0.25 um

2.10 Structure and function of the

alveolus

schematized from E. R. Weibel, 1963

A=area, L=length
dC=conc.diffs



Diffusion block

* A widening of the alveolo-capilary lung barrier
results in ,diffusion block®

» The amount of O, and CO, transferred
between blood and the alveolar air depends
on. (Q=DAdC/L)

- exchange area A (surface)
- difference in partial pressures (dC, ,concentration gradient”)

- diffusion coefficient (D, higher for CO2 compared to O2)
- diffusion distance, L
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Diffusion block — a special case
of the ,,Latent Respiratory
Insufficiency*

* p,O, may be normal in cases of
»,diffusion block” (p,0, is also normal)

» To a certain stage of the pathology p_O,
may be normal and decrease only
during exercise (therefore ,,latent®)

* Respiratory insufficiency manifests
only in connection with a more rapid
blood flow that occurs during exercise
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~o.block is due to widening
of the barrier
separating the alveolar
air from the blood
= i passing in the
‘pulmonary capillaries
Diffusion

abnormalities

Diffusion law:
Q=DAdCI/L,

Q=flow,D=coeff.,
A=area, L=length
dC=conc.ehiffso
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Pulmonary shunt 1

« A fraction of blood passing the lungs DOES
NOT get into a gases exchanging contact
with the alveolar air.

* This functionally resembles the cardiac

shunts causing the ,right-to-left“ circulatory
shunts

* ,,Pulmonary shunt” refers to the functional
analogy, there is no anatomical shunt in the

blood circulation
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Pulmonary shunt 2

,2Pulmonary shunt“ has a devastating
effect on p,O, values causing severe
hypoxemia highly refractory to
administration of oxygen

Conditions of patients with pulmonary
shunts may worsen dramatically when
the extent of the shunt is enlarged

36 /50



ARDS

 ARDS — Adult (or Acute) Respiratory Distress
Syndrome

« Compare to: (Infant) Respiratory Distress

Syndrome - of immature newborn, lack of
surfactant

...atelectasis is one of the common
effects...
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Pa0O2 (mm Hg)
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Hypercapnia —
Respiratory Insufficiency Type I

* There is only a single pathogenetic
cause of hypercapnia (increased p,CO, )
and this is the total alveolar
hypoventilation.

* This is why this type of respiratory
insufficiency is sometimes
characterized as ,,ventilatory®.
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Respiration
and acid-base balance
[HCO;

pH=pK+log :
[chold - kPC02

74=61+log 230 mM
1.3mM....53 kPa pCO,
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pCO, will be in hypoventilated
alveoli increased and pO,
decreased ...

consequently

also in the blood leaving affected alveoli
partial pressures of these gases will
be adequatelly changed
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... also in the blood leaving
affected alveoli partial
pressures of these gases will
be adequatelly changed

accordingly, P,CO, should be increased
... however

after sampling the arterial blood and
meassurig P,O, and P_CO,

a little surprisingly
P_CO, may be normal — even decreased (!)
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— Effects of
e syane or THESE v | Altitudes

ALTITUDE HAZARDS:
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THESE SYMPTOMS AVOID | 5" = — m
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BREATHING TOO SLOW AND . ity 6500 ft
TOO SHALLOW. EXERCISING 7 e : ;
CAUTION. RETURN TO A | e e e
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SYMPTOMS DO NOT SUBSIDE, |SEESuS s - Ab
,:.EEit. MEDICAL ASSISTANC E i S e s OVG Sea
LIGHTNING £y . =y
IF A STORM APPROACHES

TAKE SHELTER IMMEDIATELY [ S |€V€|
OR CROUCH LOW WITH onLy. | '
YOUR FEET IN
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ONE OF THE SAFEST F 5 | IS T Ien
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HYPOTHERMIA

i U | <80kPa
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Type | or Type Il ,Respiratory Insuficiency”?

Mount Everest
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High Altitude Hypoxia CIimbing'jl‘

Barometric pressure drop

Sk
Fall PO2 in inspired air
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Fall alveolar PO2
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High Altitude Hypoxia

CIimbingL‘

Barometric pressure drop

K
Fall PO2 in inspired air
i N
Fall alveolar PO2

~a
Fall arterial PO2

!

Respiratory centre stimulation

SO2

aseajal O

}

Hyperventilation

—>

Hypocapnia

.\

Alkalosis

Impairment of oxygen
release in tissue

Shift of oxyhemoglobin
saturation curve to left



High Altitude Hypoxia

Climbing.L

Increase of oxygen
release in tissue

Barometric pressure drop

ek

Shift of
oxyhemoglobi
n saturation
curve to right

T

=K
¢ _ Fall PO2 in inspired air
Hypoxia i
Improvement Fall alveolar PO2
~a
Fall arterial PO2
ADAPTATION

!

Blood

SO2

acidification

|

increase of
bicarbonate
excretion

Kidney response 7 /T
to alkalemia: v

Impairment of oxygen

aseajal ZO

aseajal O

Respiratory centre stimulation

}

Hyperventilation

Hypocapnia

release in tissue

Alkalosis

Shift of oxyhemoglobin
saturation curve to left




High Altitude Hypoxia

Climbingl‘

Increase of oxygen

Barometric pressure drop

release in tissue b . :
¢ _ Fall PO2 in inspired air
/ Hypoxia ~5
Shift of improvement Fall alveolar PO2
oxyhemoglobi N~
n saturation Fall arterial PO2
curve to right ADAPTATION l
T Respiratory centre stimulation
Blood l
acidification Decrease

|

Kidney response
to alkalemia:
increase of
bicarbonate
excretion

bicarbonate

resorption in
proximal tubule,

bicarbonate
excretion increases

Impairment of oxygen
release in tissue

Hyperventilation

o0

| Acetazolamid

Hypocapnia
Alkalosis

Shift of oxyhemoglobin
saturation curve to left




High Altitude Hypoxia ClimbingiA

release in tissue

S

ek

Increase of oxygen L Barometric pressure drop

Hypoxia

Shift of improvement

Fall PO2 in inspired air
N

Fall alveolar PO2

oxyhemoglobi
n saturation

curve to right Hematocrit

Blood
acidification

ADAPTATION N

Fall arterial PO2

Erythropoetin
production | l

hemopoiesis l
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/ Respiratory centre stimulation
Stimulation of
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Kidney response
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bicarbonate
excretion

Impairment of oxygen
release in tissue

Dehydration
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Hyperventilation
water loss
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Alkalosis

Shift of oxyhemoglobin
saturation curve to left




High Altitude Hypoxia

HEADACHE, INSOMNIA, ANOREXIA, TIREDNESS

Hypocapnia

t

Intracerebral
hypertension

1

Brain vasodilatation Fb Flow increase

Brain
vasiconstriction
(hypocapnic brain
vasoconstriction
lasts only 2-3 days)




High Altitude Hypoxia

Mount Everest climbing
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High Altitude Hypoxia

High altitude disease complication

HIGH ALTITUDE PULMONARY EDEMA

HIGH ALTITUDE BRAIN EDEMA

RIGHT VENTRICULAR INSUFFICIENCY




High Altitude Hypoxia _
Alveolar hypoxia

HIGH ALTITUDE PULMONARY EDEMA



High Altitude Hypoxia _
Alveolar hypoxia

Y

Unevennes hypoxic Pressure
vasoconstriction of lung arterioles fIS€

!

Increase of pulmonary
arterial pressure

HIGH ALTITUDE PULMONARY EDEMA



Hypoxie vyskova

I Alveolar hypoxia

A 4

Unevennes hypoxic Pressure
vasoconstriction of lung arterioles fIS€

!

Increase of pulmonary
arterial pressure

Pressure

\ 4

Pressure rise in unprotected
capillaries

HIGH ALTITUDE PULMONARY EDEMA



Hypoxie vyskova

I Alveolar hypoxia

A 4

Unevennes hypoxic Pressure
vasoconstriction of lung arterioles fIS€

!

Increase of pulmonary
arterial pressure

Pressure

\ 4

Pressure rise in unprotected
capillaries

Exudation

HIGH ALTITUDE PULMONARY EDEMA



Hypoxie vyskova

I Alveolar hypoxia

A 4

Unevennes hypoxic Pressure
vasoconstriction of lung arterioles fIS€

!

Increase of pulmonary
arterial pressure

\ 4

Pressure rise in unprotected
capillaries

»

_ Basement membrane
Exudation damage

Neutrophiles activation Thrombocyte activation

Inflamatory factors
release Fibrine thrombi

HIGH ALTITUDE PULMONARY EDEMA




High Altitude Hypoxia _
Alveolar hypoxia

HIGH ALTITUDE LUNG ADAPTATION



High Altitude Hypoxia _
Alveolar hypoxia

A 4

Unevennes hypoxic Pressure
vasoconstriction of lung arterioles fIS€

!

Increase of pulmonary
arterial pressure

HIGH ALTITUDE LUNG ADAPTATION



High Altitude Hypoxia
PP —— (O

vasoconstriction

$ !
Unevennes hypoxic Pressure
vasoconstriction of lung arterioles fIS€

!

Increase of pulmonary
arterial pressure

M)
O

\ 4

Gradual muscular hypertrophy
even in capillaries with inferior
vasoconstriction

v
Pulmonary vasculature

remodelation — pulmonary

vasoconstriction is uniform All capillaries are protected
from high pressure
transmission from arteries to
capillaries

HIGH ALTITUDE LUNG ADAPTATION




High Altitude Hypoxia _
Alveolar hypoxia inferior /\
vasoconstriction

v : COMPLICATION:
Unevennes hypoxic
vasoconstriction of lung arterioles RIGHT VENTRICULAR
] INSUFFICIENCY

Increase of pulmonary /
arterial pressure

\ 4

Gradual muscular hypertrophy
even in capillaries with inferior
vasoconstriction

v
Pulmonary vasculature
remodelation — pulmonary
vasoconstriction is uniform

All capillaries are protected
from high pressure
transmission from arteries to

capillaries
HIGH ALTITUDE LUNG ADAPTATION




High Altitude Hypoxia

| Hypocapnia | | Hypoxia |
Hypocapnic
stimulus for 1l
brain v
vasoconstrictio Big stimulus for

vasodilatation
and hyperemia

Hypocapnic
stimulus for
brain
vasoconstrictio Increase of
n lasts only 2-3- brain vascular
days flow

HIGH ALTITUDE BRAIN EDEMA
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OF THE LECTURE
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Alveolar hypoventilation

 |s a disturbance of the ventilation/perfusion ratio
(VA/Q ratio) when ventilation of an alvelus is
insuficient to eliminate CO,, delivered here by the

blood)

« This can be a problem of selected alveoli (,local
alveolar hypoventilation®) or of all alveoli

In both cases in the affected alveoli pCO, will be
increased and pO, decreased.
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Heart
Defects
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