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Respiratory System Physiology Lecture 3
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As introduced in lecture 1, lung diseases are divided into 3 parts: s oss sie @i sl sl Lol sl

e 70% are of obstructive pattern —- COPD: chronic bronchitis, emphysema, with or
without asthma.

20%
e 20% are of restrictive pattern — problems in the expansion of alveoli seenin 300550
. . . . . alsell Gl ) Elsell o5hasonll
pulmonary fibrosis, pulmonary edema, infant respiratory distress syndrome A e o
aie udtll 3as Loyl gl
(IRDS), and acute respiratory distress syndrome (ARDS); the last two show a 5= 00
huge tendency for the alveoli to collapse. iy
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e 10% are of vascular causes. 7 =% 75700 v st i
Cralegosell i Glinil ol gosell SVl ol i
Other non-lung related causes of hypoxia include the following: "7« e Hom S o tinbns o
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e Anemia and hemoglobinopathies. e 58 1 ST L o el Sl e Ji
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e Heartfailure. U il ot o o G

e Paralysis of the respiratory muscles, as in poliomyelitis affecting the phrenic
nerves. Drug overdoses can depress the respiratory center in medulla oblongata.
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As discussed previously, a driving force of +1 mmHg is enough for respiration to happen;

P —-P . .
remember that Flow = -2 —alveolar DR — Pjegiar — Pam for expiration.]
Rairways

This flow (RMV) can also be calculated using the following equation:

elogd] 355 arund

eaiegaie - Respiratory minute ventilation (RMV) = Tidal volume (V1) X Respiration Rate (RR)

S(RMV) 23 JS) 3l

breathes — L

Respiratory minute ventilation (RMV) = 0.5 L x 12 - = -
min min

:(Cardiac Output) oMl g5LI1L3
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Remember that Cardiac output (Q) = Stroke volume « Heart rate ~ 5——. =urJs i (Stroke volume) ot ol 2

L
min Qdall 58 ;U5 Jolay 545 (Heart rate) !l

Notice how the two flow values are close; to achieve a flow (Q) of 5 L/min, the heart
provides a driving force of 100 mmHg mean arterial pressure against the total peripheral
vascular resistance. Recall that the arterioles contribute the most for the resistance,
and this is evident since they require the largest pressure gradient to maintain the flow.

elsgd! 3acis pall 35 35,04
ST Gl ¥l Gysoall Teg¥ o Laglill o ¥ (@5l (o 3 5) Lagilash o Lol elsgll 3855 aall 365 o)1 o p] ol

Ll Laglall wus (855 ale 100 &Ls (Driving force) aés 358 kY1 (Jf aull 3iss ol

et elsa 345 3atl i 8405 alo T4 Gkl Llsell olall Ot Ailsell (6oladl e deshll Ll Ly Bla Laglall )l il o Ll

bl el Gabaill slall.5
sl R aglille
A G losall gl i g
1 1 27 AmEy e
Back to the lungs, beware that R ¢ — [Recallthat R &« — andthat A o =] .
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The air flow required only +1 mmHg of driving force to achieve a normal RMV; this S gl e
means that airway resistance is equal to 1% of the total peripheral vascular resistance,

given that both flows are close enough (5 = 6). w6
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How is the Resistance Measured?

s_mr\>

Resistance can be directly measured with the following equation: R = p—e
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However, for this equation to be used, three conditions must be met.

(_7

e The fluid must be homogenous, while blood contains different components. ae,iww s
o 3aall
e The flow must be steady, not pulsatile. B e
. (Laminar flow) o ass
e The flow must be laminar, not turbulent.
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These conditions cannot be met in physiological hemo/aerodynamics.
Itis also difficult for ‘’and ‘r’ to be measured, as we have 23 divisions through the lung.

The resistance can be indirectly measured by this equation:

DF 1 mmH

= = I 9  too small
Flow 6 —
min

The airway resistance is physiologically small, yet it is important to know where exactly 7V

d3
:39a1lg (Velocity) &z ud! 6] Flow (T)

X . . . , d
dlin the respiratory tract it resides. Remember that Velocity (?) = drea(d®)”
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Plotting the velocity of air against lung divisions gives us the following figure:
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Velocity
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When the velocity of air is high, the (total division-specific) cross-sectional area is
small, and thus the resistance in high. This means that nearly 40% of the airway
resistance contribution is from airways above the larynx, another 40% of resistance is
presentin the first 4 divisions, and the last 20% of resistance is present in the rest of
divisions where the velocity becomes very low and almost reaches zero.

So, most of the airway resistance normally resides in the larger divisions.
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In pathological conditions that show increased airway resistance, which parts of the

airways contribute most to this increased resistance?

The large airways are surrounded by cartilage that prevents them from collapsing, and
they are, by definition, larger, so accumulation of mucus, for example, will not
significantly narrow them. On the other hand, smaller divisions lack supporting
cartilage and have narrower diameters, making them vulnerable to significant

obstructionby mucus. o, Ve TP

dagide §puiall Lilsell 55lall (ol Lalay Los (i palaill d SucLlls LA 413Y (Mucolytic drugs) Llasll davsll Lss¥ alasiol aie GIL2) Lyde OlS)e

Clinically, mucolytic drugs are given to dissolve the mucus and aid in its removal, and i (ks

Ul polaliel sicy
this maintains smaller divisions patent. Remember that mucus is composed of organic ;j'j'f%;‘l‘{

+ ea¥l as
compounds (primarily glycoproteins) and water. When water is reabsorbed from the ML"”L“JT.

sia U] b 4o

accumulated mucus, only the hard part stays, which is why drugs are needed. 52!

7D bl Jad 3y el 3
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Coughing reflexes are of great importance here, and this is why drugs that stop coughing i s
g gl EIP I M A RN
are contraindicated in patients with productive cough. They are also contraindicated in Ll 3 S
ey
Lga¥lsliae
Sn UL L pand ¥ LT
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Smoking worsens this case by many ways, including increasing mucus secretion by ~, s«

children as children usually cannot express their exact symptoms.

goblet cells, and paralyzing the cilia, which normally remove mucus outside the =%

135k Suny [iges gl w3 cpaile
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respiratory tract. ol e G
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In addition to the absence of cartilage and the narrow diameter, smaller air ways have === e |
. _"L‘“MLA{’;S:‘ Lebans Los oLl 5Ll

more smooth muscle content, which makes them more vulnerable to severe A ol st 1)

el el ga Je Ll Jine

bronchoconstriction, which is induced by several inflammatory mediators such as ol
leukotrienes, prostaglandins, and histamine. This is primarily what happens in asthma.

All these facts explain why smaller airways, not larger ones, are responsible for

increased airway resistance in pulmonary diseases. s

gl G151 o Ll 6t sl 505 s gy USts Uil 0 51 oy Sppieall Ll ke
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During what phase does high airway resistance show up more? r/> il
o gt s
As mentioned before, obstructive pulmonary diseases mainly show difficulty in e

Liall i iyl e indl Ja s biall ol

exhaling, not inhaling. This is mainly because of intrapleural pressure changes. Higher . e s o

STl e s Les ilsgll el Ll I
g ST il Jany

intrapleural pressure, which is the case during exhalation, causes the collapse of the
airways, further exacerbating the obstruction in addition to the aforementioned causes.

Because the resistance increases the required driving force to maintain normal flow, w2
Sla3 Lesies
additional work must be done to increase intrapleural pressure during exhalation. This): &=/ e=
fact makes exhalation a “paid” process, increasing energy expenditure significantly 222"
p p ) Yy exp Y o e
Megias® Llae e 3he il

above the normal 2%. Note that Work = AP « AV; AP = DF; AV = Tidal Volume. s swmiseisen

sball e <

This difficulty in exhalation shows as a wheezing sound, which varies with severity.

Work = AP x AV
4 e
€ iy « APhaall (b &,all sa.
o8 il e il A o (o8 Lagudns ST 0055 Llsell (6ol Tl 3uLi3e + AV guiitl] p oo (Tidal Volume).
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To quantify things, imagine that the lungs need an intra-alveolar pressure of +10 mmHg
instead of the normal +1 mmHg for expiration. This means that the AP has increased 10
times, which will in turn increase the work done 10 times, and this will raise the energy
expenditure from 2% to 20% of the total ATP. In such cases, the lungs are no more an

efficient machine, and the patient will suffer of fatigue proportional to the degree of il i1 2

Ll sl iyl oLSTe
obstruction; more obstruction - more R - increased required AP > more work done. T
Jaall al3s ER) a‘,'&\;lwlmyl
. . . ssllall
Inhalation, on the other hand, decreases intrapleural pressure and causes the opening uisusns
iyl
of the airways. This is why inhalation is easier than exhalation in obstructive diseases. -=3aivee
o et BLATAY1 s g5
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Restrictive lung disease, as discussed before, shows difficulty in inhalation due to Fah ol ga 1iae

i i : . - . R e I e Lo
g increased collapsing forces or decreased compliance of the alveoli to fillin air. et
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The resting volume of the lungs, at which the lungs (excluding the airways) no longer
tend to collapse, is approximately 150 ml. This is analogous to a rubber band returning)
to its resting length once all external forces are removed. > <ie e &
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Volumes and Capacities of the Lungs =~~~

5

The figure below shows the 4 important lung volumes and their definitions.

Volume (L)
A
5.7 — -
/ \
R \
)
/ \
/ . — |RV=3L
/ \
" \‘
2.7 : =
V;=0.5L
2.9 /\/\/\/\ } T
\
v/ —ERV=1.1L
1.1 ot _
— RV=1.1L |
ploal da)l ag by il oluds alaals Blais paill 1iaflod Tl
ek S sl e
/4 ER NN

Tidal Volume (V+): volume of air inspired or expired during a normal breath. G s s s oo o
0.5 sa udiill pas JELU \%

Inspiratory Reserve Volume (IRV): maximum volume of air that can be inspired after a i neo e

(RV

normal inspiration; reflects inspiratory muscle strength and lung compliance. T RO
ol 358 ey

. . aye . Loyl Jals Lyl
Expiratory Reserve Volume (ERV): maximum additional volume of air that can be e il 50.pi

Sl 3 58 palanyl GMilaay

expired after a normal tidal expiration; depends on expiratory muscle effort. —— semeomesiois

(Reserve Volume - ERV
oo oad¥ | uall ae
galall i3l s 8 oS 1 clsgll

Residual Volume (RV): air remaining in the lungs after a maximal forced expiration. 520
pam JBL 1ia e
L) :(Residual Volume - RV) &l aaa4 »’“-‘MJ'&W'
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The following figure shows all 4 volumes and 4 capacities (sum of volumes) of the lungs
. . . . :E,m\gi,l».m Leasi s (volumes) )l alasls (capacities) 4usill olailly sy padl 1is i Coll
and their approximate physiological values. ==
,:Jcsmﬂjmw;. \;_\L;N,.a'sﬂ“),i”mm\,;egmf»uy-
«(Inspiratory Reserve Volume - IRV) 3Lyl phliayl aan2
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VOll.l me (L) ﬁxf:aﬂfj:r;/;\f\in:fzf:ﬂ ‘P:‘L:;V)‘:&S
. . e e
— TLC=5.7L
— IRV=3L
— IC=3.5L
— VC=4.6L
2.7 f=
} V;=0.5L

2.2 =

—ERV=1.1L L_FRC=2.2L
1.1 - —

— RV=1.1L

Inspiratory Capacity (IC): the maximum volume of air that can be inspired starting from

Al sl

the end of a normal expiration; it equals Vr + IRV, (nseiratory Capacity -10) watais,a.1

SIB5 =518+ 10561 VT + IRV @sludy solall il Bl oo s GLATL (S olsh pam groad] ot

Functional Residual Capacity (FRC): the volume of aigremaining in the lungs at the
end of a normal, passive expiration; it equals ERV + RV {Funstional Residual Gapacty - FRO) i 2l 5,412

122= 111 + 3011 6TERV + RV gsboiy (ssdall uyll) golall i)l Lles wie oiill o il aaall

Vital Capacity (VC): the maximum volume of air that can be expelled forcefully dm%paﬂw-)w'ws
following a maximal inspiration; it equals IRV + V1 + ERV (all volumes except RV). =700 L o

31 RV + V_T + ERV sbuis .clsa
L. . alil4.6= 1011 + 3105+l
Total Lung Capacity (TLC): the total volume of air in the lungs after a maximal
inspiration; it equals VC + RV (all 4 volumes). (! Lung Capacity - TLO) i i 5,414 ;ML_& 5 S e bl oo
oly ouad¥ | SLAZ sy )] o clygl] SIS paadl ot o e Ly il oy dilie oY L (o G (o 059 Lt 3y
Ll 5.7 = 1.1 + o514.6 ¢1.VC + RV Q,yld&@;w\@ywl;k@)@j;& N

Residual volume (RV) is not the same as the resting lung volume (150 mL). RV is the %&?M
volume of air remaining in the lungs after maximal forced expiration (1100 mL), mainly jfﬁ““wgw
due to airway closure and gas trapping. In contrast, the resting lung volume is a Eﬂ?«ﬁéwm
theoretical volume reflecting the lung’s intrinsic elastic equilibrium if all distending =700 ..
forces were removed, which does not happen in physiological conditions. The resting ot

JalIl

lung volume is about 150 ml (not zero because of air trapping). Thus, RV is a measured s

o Yy Lals ol alasly

physiological volume, whereas the resting lung volume is a property of lung elasticity,

and they are fundamentally different. :resing Lung Volume) bt e i r2a2
(¥ aglie 1 Rl i) ey 1 (581 S A1) Ul (0 Bl 5] sl g Gl i &) pnae
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All volumes and capacities, except those depending on RV, can be calculated using a
spirometer. RV, TLC, and FRC need other methods. FRC calculation is shown next.
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Measurement of Functional Residual Capacity (FRC) ==y on - feium Bition etod
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Helium Dilution Method RO pidullgtctlpaad

The helium dilution method is based on the principle of conservation of mass.
Helium (He) is an inert, insoluble gas that:

Does not diffuse across the alveolar-capillary membrane

Is not absorbed into blood

Therefore, when a known amount of helium is allowed to mix with the gas in the lungs,
the degree of helium dilution can be used to calculate the unknown lung volume,
which is the functional residual capacity (FRC).

1. Asystem (analogous to a breathing bag) is filled with a known gas volume (V,)
containing helium at a known concentration (C,).
2. The patientis connected to the system at the end of a normal expiration, when
lung volume equals FRC.
3. The subject breathes normally from the closed system.
4. Helium gradually mixes between the spirometer gas and the lung gas. /\
5. After equilibration, the helium concentration becomes uniform and is measured _I
as the final concentration (C,). el 5 Tl il (FRO) Sl BEA11,81 b ol
IS s il L) il i
C_1 Gigne 5550 anlgll ol 530
Ll G2l Jass.2
im0 B bl iyl Bl o Ll G Juansi o
. . :(FRC)IE__A,,J?I: L84l 5,801 sa daalll s i 8 L)1
Conservation of helium: T ittt
13}&:«;{%%’%‘-4 | o 3001 g Bays | Lalin e
Initial amount of He = Final amount of He e
oolsll5
Cl X V1 = CZ X (Vl + FRC') e L) ] 5 3 ol

Final Equation:

Conservation of) psslsgll i

FRC=V1(E—;— )

A greater drop in helium concentration (C, much less than C,) indicates a larger FRC.

A small change in helium concentration indicates a smaller FRC.

STFRC (a3 :(C_1 oo 15 JST C_2) asebagd! 5553 (08 8l
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Changes from VERSION 0 to VERSION 1:

e Added page 7 (FRC calculations)
e Clarified more about the resting lung volume and differentiating it from residual
volume (in page 6)




